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An imbalance between protein aggregation and protein degradation may induce ‘stress’ in
the functionality of the endoplasmic reticulum (ER). There are quality control (QC) mech-
anisms to minimize misfolding and to eliminate misfolded proteins before aggregation be-
comes lethal for the cell. Proper protein folding and maturation is one of the crucial functions
of the ER. Chaperones of the ER and folding enzymes guarantee correct conformational
maturation of emerging secretory proteins. Histone deacetylase (HDAC) 6 (HDACS6) is a mas-
terpiece coordinating the cell response to protein aggregate formation. The balance between
HDACS6 and its partner Valosin-containing protein/p97 determines the fate of polyubiquiti-
nated misfolded proteins. WT161 is a terrific, selective, and bioavailable HDAC6 inhibitor.
WT161 selectively inhibits HDAC6 and adequately increases levels of acetylated «-tubulin.
This compound induces accumulation of acetylated tubulin and cytotoxicity in multiple
myeloma (MM) cells. In this journal, Sun et al. (Biosci. Rep. 41, DOI: 10.1042/BSR20203905)
identified that WT161 suppresses the cell growth of osteosarcoma cells. This discovery
opens the door to future chemotherapeutic regimens of this bone neoplasm.

The synthesis of proteins is not a smooth road, but each protein undergoes a series of pitfalls to be-
come fully functional. Protein folding is a natural event and often occurs in cells, particularly for relatively
small proteins. A sequence of folding intermediates takes place, and during this folding, the exposure of
hydrophobic domains leads to incongruous associations, which consequently trigger protein aggregation.
The balance between unfolded polypeptides, misfolded, and folded macromolecules determine the via-
bility of the cell or, in other terms, a state of toxicity if such a setting is unbalanced. Ultimately, a protein
should either correct its folding or aggregate. The fate is determined by genetic and environmental events,
including mutations, modification, translation misreading, or, even, unequal synthesis of subunits. Also,
pH, temperature, ionic strength, and redox environment substantially influence cellular misfolding. Thus,
nature has two mechanisms to deal with protein misfolding.

Accumulation of misfolded proteins can induce disease, and some of these, are known in the medical
literature as amyloid diseases. Alzheimer’s disease is the most prevalent amyloid disease affecting approx.
10 percent of the adult population aged 65 years or over living in the United States and Canada [1,2]. Other
neurodegenerative diseases associated with the accumulation of misfolded proteins are Parkinson’s dis-
ease and Huntington’s disease. No matter which type, the risk of contracting any of these diseases increases
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Consequently, the production and accumulation of misfolded proteins that form aggregates ensues.
Non-neurodegenerative diseases associated with the collection of misfolded proteins are also common world-
wide. These conditions are type 2 diabetes mellitus, atherosclerosis, cataract, and hemodialysis-related disorders,
among others. In all these diseases, there is the expression of a protein outside its usual context. This situation leads
to an irreversible change of the protein, which seems to be connotated as a ‘sticky’ configuration because it is rich in
(3 sheets. Accordingly, the protein molecules ‘stick’ with each other. Protein aggregation may also be a consequence of
protein hyperphosphorylation, self-catalytic conformational conversion, or genetic mutations leading to an unstable
protein [3-8].

These are quality control (QC) mechanisms to minimize misfolding and to eliminate misfolded proteins before
aggregation becomes lethal for the cell. Proper protein folding and maturation is one of the crucial functions of the
endoplasmic reticulum (ER). ER chaperones and folding enzymes guarantee correct conformational maturation of
emerging secretory proteins. The ER protein QC system closely screens protein folding using specific factors that
support newly synthesized proteins to accomplish their final conformation. ER chaperones are critical to many as-
pects of this crucial ER function, whether in protein folding modes, as calcium binders, as sensors of stress such as the
unfolded protein response, or due to cell-surface localization or extracellular release, as immune modulators [9]. Fur-
thermore, some scarcity of key components can determine imbalances between protein aggregation and degradation
in the proteasome, which remains crucial as the cellular machinery involved in the degradation of aging proteins and
autophagy inhibition [10]. The severity of degenerative diseases correlates with increased mitochondrial dysfunction,
oxidative stress, cytoplasmic membrane permeability, and abnormal ion (e.g., calcium) concentration [11,12].

In the cell, the ER plays a crucial role in the biogenesis of secretory and cell surface proteins. The recently syn-
thesized polypeptides enter the ER using a proteinaceous pore called the translocon [13-19]. In addition, there are
ER-resident enzymes, which guide protein folding towards the native state by post-translational modification and
chaperoning. Proteins that fail to incorporate their native conformation remain in the ER and are eventually targeted
for ER-associated degradation (ERAD). Protein homeostasis or proteostasis includes processes governing protein
production, QC, and degradation. Efficiency is vital, and efficient protein folding within the ER necessitates tight
matching of a load of synthesized proteins entering the organelle with the capacity of its folding apparatus. Suppose
the burden of client proteins outweighs the ability. In that case, the cell experiences ‘ER stress,” representing a poten-
tial life-threatening status because there is an accumulation of unfolded aggregation-prone species. In this setting, an
unfolded protein response (UPR) is employed to restore proteostasis [19,20].

Four classes of agents can induce ER stress [8,15,21]. These classes are hypoxia, inhibitors of glycosylation, cal-
cium metabolism, and reducing agents. In addition, the ER stress response can result in the activation of apoptosis,
which is regulated in mammalians by PERK, which is a transmembrane kinase, ATF6, which is a transmembrane
transcription factor, and IRE1, a transmembrane RNase. Tumor cells are exposed to several environmental stressors,
including hypoxia, limited nutrients, acidosis, and chemotherapy, but some activation of the stress response could
confer resistance to drugs.

Cancer drug resistance is a complex phenomenon. It is influenced by numerous phenomena or processes,
including drug inactivation, drug target alteration, DNA damage repair, drug efflux, cell death inhibition,
epithelial-mesenchymal transition, inherent cell heterogeneity, epigenetic effects, as well as any combination of these
mechanisms [22]. Currently, combination therapy is the best treatment option because it often prevents the develop-
ment of drug resistance. Such treatment regimens are often considered and developed to act against the increasing
prevalence of drug resistance in cancers. At the origin, cancer progenitor cells are often drug resistant and the persis-
tent progenitor cells can remain stationary or migrate to other sites during metastasis [23].

Molecular chaperones have progressed to assist with folding newly synthesized proteins and refolding proteins
damaged by stress and cellular injury. An essential survival mechanism is a ubiquitin-proteasome system, which is
the first QC mechanism and degrades proteins that cannot fold correctly. The proteasome is a multisubunit complex
localized in the cytosol and nucleus. It can degrade cytosolic, nuclear, secretory, and transmembrane proteins into
smaller peptides. Misfolded proteins are retained in the lumen or membrane of the ER and subsequently retrotranslo-
cated back to the cytosol and transported to the proteasome.

There is full acknowledgment in science that a disorder in protein regulation can be highly deleterious for the
organism. A large portion of molecular interactions depend on the complementary interaction between struc-
turally organized proteins and intrinsically disordered proteins (IDPs), i.e., proteins that lack a fixed or ordered
three-dimensional structure. The disorder is often identified in intrinsically disordered regions (IDRs) within a
well-structured protein. Thus, IDPs include proteins that contain IDRs as well as fully disordered proteins. The struc-
tural condition confers various advantages to the proteins, including rapid and specific binding and carrying out some
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Figure 1. Unfolded or misfolded proteins can originate from proteins damaged by stress, from translating polysomes inap-
propriately, from proteins retrotranslocated or from the ER to the cytosol

These unfolded/misfolded proteins, which fail to fold correctly, may be degraded by the proteasome. Alternatively, they can form
aggregates throughout the cells. These aggregates are transported in a microtubule-dependent manner to the MTOC. This appara-
tus requires the dynein/dynactin motor complex. HDAC6 acetylates «-tubulin. Also, it associates with dynein to facilitate transport
of aggregated macromolecules through the cytosol to lysosomes for degradation. HDACSG is key in coordinating the cell response
to protein aggregate formation. Balance between HDAC6 and its partner VCP/p97 ultimately assigns the fate of polyubiquitinated
misfolded proteins. The recruitment of HDAC6 to ubiquitinated proteins leads to the induction of HSP90-dependent pathway that
stimulates protection against cell stress.

interdependent functions. A disordered state occurs in proteins involved with transcription, signaling, phosphoryla-
tion, RNA processing, cytoskeletal organization, ion transport, ubiquitination, cell cycle control, as well as other highly
regulated biological mechanisms. However, considering an evolutionary point of view, intrinsic disorders in proteins
might have been the stimulus behind many of the adaptability processes found in proteins and organisms. The pro-
cess called ‘ERAD’ targets misfolded proteins, which can be retained in the ER and retrotranslocated into the cytosol
for proteasomal degradation. As indicated above, ubiquitination is one mechanism involved in a disordered state of a
protein and a form of a post-translational modification. In detail, ubiquitination is the biochemical process in which
proteins are targeted by ubiquitin, a polypeptide constituted by 76 amino acids. Ubiquitination, which occurs intracel-
lularly in eukaryotes, is temporally controlled. It is a highly coordinated process that plays significant roles in various
pathways during cell life, death, and health and disease [24]. The ubiquitination of a protein often results in protein
degradation via the ubiquitin—proteasome pathway, although it can also alter protein-protein interaction. Ubiquitina-
tion is a three-step process involving three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin-protein ligase (E3). These reactions promote the subsequent linkage of ubiquitin molecules to a
protein attached to any of the seven lysine amino acids or the N-terminus of the ubiquitin molecule. Ubiquitin chains
are added, resulting in polyubiquitination. This process leads to the initiation of proteolysis of the substrate by serving
as the recognition signal for the 26S proteasome.

In case of complex or impossible folding, degradation does not occur promptly. Thus, the interaction of proteins
with other unfolded or partially folded proteins leads to the formation of aggregates. At this point, the aggresome path-
way, the second QC mechanism, plays a significant role. This proteasome-independent pathway eliminates misfolded
polyubiquitinated proteins, known as the aggresome. The aggresome pathway is then used by the cells to destroy pro-
tein aggregates. Aggresomal particles that arise from nascent chains seem to be at the start of the initial aggregation
process. They are transferred toward the microtubule organizing center (MTOC) (Figure 1). At this localization, the
particles are sequestered into a single large cellular garbage bin-like structure, which is indeed known as the aggre-
some [25,26]. The transfer of the particles toward the MTOC is an active process requiring energy, well-functioning
mitochondria, intact microtubules, and an integer motor dynein-dynactin engine, which is also important for cilia
movements [27-29]. Transmission electron microscopy of aggresomes identifies multiple loosely associated parti-
cles. However, aggresomes are not just ‘garbage’ bins, but recycling departments able to recruit cytosolic components,
including chaperones, ubiquitination enzymatic armamentarium and proteasome subunits, to facilitate the clearance
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Figure 2. Chemical formula of WT161

The compound, whose the formal chemical name is 8-(hydroxyamino)-8-oxo-octanoicacid,2-[[4-(diphenylamino)phenyllmethylene]
hydrazide and the molecular formula is C>7H3zgN4O3, belongs to the class of hydrazides. Hydrazides in organic chemistry are a
class of organic compounds with the formula R-NHNH, where R is acyl, sulfonyl, or phosphoryl.

of aggregated proteins. Some of these chaperones are particularly essential, including heat shock protein (HSP) 40
and HSP70. The clearance of aggregated proteins seems to activate autophagy, which is involved in the degradation
of various structures ranging from small structures and large organelles such as peroxisomes and mitochondria [10].
The aggresome and autophagy pathways are linked. The parkin-mediated K63-linked polyubiquitination appears to
couple misfolded proteins to the dynein motor. It occurs through the interaction with histone deacetylase 6 (HDAC6).

Consequently, aggresomes are formed, and clearance by autophagy occurs. HDACS6 acetylates o-tubulin and asso-
ciates it with dynein. This process facilitates the cytosolic transport of ‘aggregated’ macromolecules to the lysosomal
compartment for degradation. Tyrosination of «-tubulin controls the initiation of dynein-dynactin motility [30].
Thus, HDACE6 is a masterpiece coordinating the cell response to protein aggregate formation. The balance between
HDACS6 and its partner Valosin-containing protein (VCP)/p97 determines the fate of polyubiquitinated misfolded
proteins. Nonselective inhibition of HDAC6 with vorinostat (suberoylanilide hydroxamic acid, SAHA) or panobino-
stat (LBH589) blocks lysosomal protein degradation. However, the side-effect profile of the pan-HDAC inhibitors
includes fatigue, diarrhea and thrombocytopenia, and this spectrum may limit the clinical utility of this treatment.
Thus, the selective targeting HDAC6 could be a potential approach to overcome drug resistance in cancer while re-
ducing the overall toxicity seen using less selective HDAC inhibitors.

Osteosarcoma is the most common primary bone tumor in children, adolescents, and young adults and com-
prises approx. 20% of primary bone sarcomas. The pediatric age group is most concerned as the peak incidence
of the osteosarcoma tumor coincides with rapid skeletal bone growth. Osteosarcoma is slightly more prevalent in
males, with most cases (60-70%) affecting the 15-25 age group. Although the incidence of osteosarcoma is lower
than other malignancies, this tumor is characterized by a high mortality rate and early distance metastasis, espe-
cially to the lungs. Management of osteosarcoma consists of surgery, along with radiotherapy and chemotherapy. The
current chemotherapy regimen consists of cisplatin, doxorubicin, methotrexate, and ifosfamide. Despite advance-
ments in medical treatment, the overall survival rate for osteosarcoma, especially in patients with metastasis, is still
low. Patients diagnosed with localized disease harbor a 5-year survival rate of approx. 67% (two-thirds), compared
with patients with metastasis, whose 5-year survival rate is 20-30% [31,32]. The axis constituted by the insulin-like
growth factor (IGF) and the IGF-binding protein (IGFBP) influences the proliferation and survival of various tumors,
including osteosarcoma, a malignant bone cancer typically diagnosed in adolescents and young adults. IGFBP-3 is a
component of a protein family that can bind IGF-I. Thereby; it regulates the mitogenic activity of IGF-I in the extra-
cellular environment. The tumor suppressor p53 transcriptionally activates the IGFBP-3 gene, and it is assumed that
increased expression of IGFBP-3 contributes to p53-dependent apoptosis [31,33-37].

WT161 is a terrific, selective, and bioavailable HDACS6 inhibitor whose chemical formula is depicted in Figure 2.
WT161 selectively inhibits HDAC6 and adequately increases levels of acetylated «-tubulin. This compound induces
accumulation of acetylated tubulin and cytotoxicity in multiple myeloma (MM) cells [38]. Although WT161 as a single
agent does not cause ER stress, it mediated hyperacetylation and inhibition of HSP90 chaperone function, increasing
the intracellular levels of polyubiquitinated proteins in vitro combined with other treatments [38,39]. WT161 triggers
apoptotic cell death in several cell lines, including MCF7, T47D, BT474, and MDA-MB231 cells, which are associated
with decreased EGFR, HER2, and ERx and downstream signaling. In vivo experiments have identified that WT161
significantly inhibits in vivo MCF?7 cell growth, associated with down-regulation of ERc, in a murine xenograft model
[39].

Sun et al. identified that WT161 suppresses the cell growth of osteosarcoma cells [40]. These authors treated os-
teosarcoma cell lines (U20S and MG63) with WT161. The enhancement of acetyl-«-tubulin concentration upon
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WT161 treatment showed the efficiency of WT'161. Also, a viability assay showed that WT161 suppressed the growth
of malignant cells in a dose- and time-dependent manner. The authors also consolidated their results by apply-
ing a colony formation assay, which showed that WT161 inhibits the colony formation of osteosarcoma cells in a
dose-dependent way. Also, WT161 induced the apoptosis of osteosarcoma cells demonstrated by flow cytometry and
the measurement of cleaved PARP. WT161 increased the apoptosis of osteosarcoma cells mainly through regulat-
ing PTEN/protein kinase-B signaling pathway. Silencing of PTEN reduced WT161-induced cell apoptosis of tumor
cells. Thus, WT161 increases the apoptosis of osteosarcoma cells mainly through the PTEN/AKT signaling pathway
regulation.

Moreover, WT161 shows synergistic effects on osteosarcoma cells combined with 5-FU in a mouse xenograft
model. WT161 and 5-FU inhibited the growth and weight of osteosarcoma. Previously, the treatment of osteosar-
coma with 5-azacytidine significantly increased the expression of PTEN and down-regulated AKT signaling. This
process caused apoptosis of osteosarcoma cells [28]. Dr. Sun et al. found that WT161 increased PTEN expression and
inhibited the downstream PI3K/Akt signal pathway, thus inducing apoptosis of osteosarcoma cells. The up-regulation
of PTEN or inactivation of its downstream signal PI3K/AKT pathway is crucial. It increases the number of dead cells
following 5-FU administration on cancer cells. Moreover, it seems to overcome drug resistance, which is a significant
burden for oncology. These results are spectacularly promising. They would suggest that WT161 and 5-FU may have
a synergistic effect on osteosarcoma in vivo. These findings provide evidence that WT161 might become a promising
agent against osteosarcoma in the nearest future.

Competing Interests

Consolato M. Sergi is an I.LA.R.C./W.H.O. Chair in multiple committees and an awardee of the Women and Children’s Health Re-
search Institute (WCHRI), Alberta, Canada. The senior author has received research funding from the Canadian Women and Chil-
dren’s Health Research Institute (WCHRI), Canadian Foundation for Women’s Health (CFWH), Austrian Tyrolean Cancer Research
Institute (Tiroler Krebsforschungsinstitut), Austrian Research Fund (Fonds zur Férderung der wissenschaftlichen Forschung, FWF),
and Saudi Cultural Bureau of Saudi Arabia. The author declares that there is no conflict of interest regarding the publication of this
paper and the emphasis of this chemical compound.

Abbreviations

ATF6, activating transcription factor 6; ER, endoplasmic reticulum; ERAD, ER-associated degradation; FU/5FU, Fluorouracil
/ 5-Fluorouracil (C4H3FN2O5); HDAC, histone deacetylase; HSP, heat shock protein; IDP, intrinsically disordered protein; IDR,
intrinsically disordered region; IGF, insulin-like growth factor; IGFBP, IGF-binding protein; IRE1, inositol-requiring enzyme 1;
MTOC, microtubule organizing center; PERK, protein kinase RNA-like endoplasmic reticulum kinase; QC, quality control.

References

1 Khan, A, Das, S. and Sergi, C. (2021) Therapeutic potential of Neu1 in Alzheimer’s disease via the immune system. Am. J. Alzheimers Dis. Other
Demen. 36, 1533317521996147, https://doi.org/10.1177/1533317521996147

2 Barucker, C., Sommer, A., Beckmann, G., Eravci, M., Harmeier, A., Schipke, C.G. et al. (2015) Alzheimer amyloid peptide abeta42 regulates gene
expression of transcription and growth factors. J. Alzheimers Dis. 44, 613—-624, https://doi.org/10.3233/JAD-141902

3 Reynaud, E. (2010) Protein misfolding and degenerative diseases. Nat. Educ. 3, 28

4 Buell, A.K. (2021) Editorial for the special issue “Protein misfolding and amyloid aggregation” of Biophysical Chemistry. Biophys. Chem. 272, 106566,
https://doi.org/10.1016/j.bpc.2021.106566

5 Kritsiligkou, P., Nowicki-Osuch, K., Carter, Z., Kershaw, C.J., Creamer, D.R., Weids, A.J. et al. (2021) Tolerance to nascent protein misfolding stress
requires fine-tuning of the cCAMP/PKA pathway. J. Biol. Chem. 296, 100690, https://doi.org/10.1016/j.jbc.2021.100690

6 Diteepeng, T., Del Monte, F. and Luciani, M. (2021) The long and winding road to target protein misfolding in cardiovascular diseases. Eur. J. Clin.
Invest. 51, 13504, https://doi.org/10.1111/eci.13504

7 Usmanova, D.R., Plata, G. and Vitkup, D. (2021) The relationship between the misfolding avoidance hypothesis and protein evolutionary rates in the
light of empirical evidence. Genome. Biol. Evol. 13, https://doi.org/10.1093/gbe/evab006

8 Arystarkhova, E., Ozelius, L.J., Brashear, A. and Sweadner, K.J. (2021) Misfolding, altered membrane distributions, and the unfolded protein response
contribute to pathogenicity differences in Na,K-ATPase ATP1A3 mutations. J. Biol. Chem. 296, 100019, https://doi.org/10.1074/jbc.RA120.015271

9 Graner, M.W., Lillehei, K.0. and Katsanis, E. (2014) Endoplasmic reticulum chaperones and their roles in the immunogenicity of cancer vaccines. Front.
Oncol. 4, 379

10 Klionsky, D.J., Abdel-Aziz, A K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel, S. et al. (2021) Guidelines for the use and interpretation of assays for
monitoring autophagy (4th edition)(1). Autophagy 17, 1-382, https://doi.org/10.1080/15548627.2020.1797280

11 Cave, D., Ross, D.B., Bahitham, W., Chan, A., Sergi, C. and Adatia, . (2013) Mitochondrial DNA depletion syndrome-an unusual reason for interstage
attrition after the modified stage 1 Norwood operation. Congenit. Heart Dis. 8, E20-E23, https://doi.org/10.1111/j.1747-0803.2011.00569.x

12 Mohammed, S., Bahitham, W., Chan, A., Chiu, B., Bamforth, F. and Sergi, C. (2012) Mitochondrial DNA related cardiomyopathies. Front. Biosci. (Elite
Ed.)4,1706-1716, https://doi.org/10.2741/e491

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 5
Attribution License 4.0 (CC BY).


https://doi.org/10.1177/1533317521996147
https://doi.org/10.3233/JAD-141902
https://doi.org/10.1016/j.bpc.2021.106566
https://doi.org/10.1016/j.jbc.2021.100690
https://doi.org/10.1111/eci.13504
https://doi.org/10.1093/gbe/evab006
https://doi.org/10.1074/jbc.RA120.015271
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1111/j.1747-0803.2011.00569.x
https://doi.org/10.2741/e491

Bioscience Reports (2021) 41 BSR20210952

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/BSR20210952

13 Oswald, J., Njenga, R., Natriashvili, A., Sarmah, P. and Koch, H.G. (2021) The dynamic SecYEG translocon. Front. Mol. Biosci. 8, 664241,
https://doi.org/10.3389/fmolb.2021.664241

14 Huang, Y., Xu, X., Arvan, P. and Liu, M. (2021) Deficient endoplasmic reticulum translocon-associated protein complex limits the biosynthesis of
proinsulin and insulin. FASEB J. 35, €21515, https://doi.org/10.1096/1j.202002774R

15 Phoomak, C., Cui, W., Hayman, T.J., Yu, S.H., Zhao, P., Wells, L. et al. (2021) The translocon-associated protein (TRAP) complex regulates quality control
of N-linked glycosylation during ER stress. Sci. Adv. 7, https://doi.org/10.1126/sciadv.abc6364

16 Koch, S., Seinen, A.B., Kamel, M., Kuckla, D., Monzel, C., Kedrov, A. et al. (2021) Single-molecule analysis of dynamics and interactions of the SecYEG
translocon. FEBS J. 288, 2203-2221, https://doi.org/10.1111/febs.15596

17 Manie, S.N., Lebeau, J. and Chevet, E. (2014) Cellular mechanisms of endoplasmic reticulum stress signaling in health and disease. 3. Orchestrating
the unfolded protein response in oncogenesis: an update. Am. J. Physiol. Cell Physiol. 307, C901-C907, https://doi.org/10.1152/ajpcell.00292.2014

18 Dufey, E., Sepulveda, D., Rojas-Rivera, D. and Hetz, C. (2014) Cellular mechanisms of endoplasmic reticulum stress signaling in health and disease. 1.
An overview. Am. J. Physiol. Cell Physiol. 307, C582-C594, https://doi.org/10.1152/ajpcell.00258.2014

19 Chambers, J.E. and Marciniak, S.J. (2014) Cellular mechanisms of endoplasmic reticulum stress signaling in health and disease. 2. Protein misfolding
and ER stress. Am. J. Physiol. Cell Physiol. 307, C657—C670, https://doi.org/10.1152/ajpcell.00183.2014

20 Diaz-Villanueva, J.F., Diaz-Molina, R. and Garcia-Gonzalez, V. (2015) Protein folding and mechanisms of proteostasis. /nt. J. Mol. Sci. 16,
17193-17230, https://doi.org/10.3390/ijms160817193

21 Jantuan, E., Chiu, B., Chiu, B., Shen, F.,, Oudit, G.Y. and Sergi, C. (2021) The tumor microenvironment may trigger lymphoproliferation in cardiac
myxoma. Transl. Oncol. 14, 100911, https://doi.org/10.1016/j.tranon.2020.100911

22 Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N. et al. (2014) Drug resistance in cancer: an overview. Cancers (Basel) 6,
1769-1792, https://doi.org/10.3390/cancers6031769

23 Shenouda, S., Kulkarni, K., Abuetabh, Y. and Sergi, C. (2020) Cancer stem cells and their management in cancer therapy. Recent Pat. Anticancer Drug
Discov. 15, 212-227, https://doi.org/10.2174/1574892815666200713145931

24 Guo, H.J. and Tadi, P. (2021) Biochemistry, Ubiquitination., StatPearls, Treasure Island (FL)

25 Galindo-Moreno, M., Giraldez, S., Saez, C., Japon, M.A., Tortolero, M. and Romero, F. (2017) Both p62/SQSTM1-HDAC6-dependent autophagy and the
aggresome pathway mediate CDK1 degradation in human breast cancer. Sci. Rep. 7, 10078, https://doi.org/10.1038/s41598-017-10506-8

26 Rodriguez-Gonzalez, A., Lin, T., Ikeda, A.K., Simms-Waldrip, T., Fu, C. and Sakamoto, K.M. (2008) Role of the aggresome pathway in cancer: targeting
histone deacetylase 6-dependent protein degradation. Cancer Res. 68, 2557—2560, https://doi.org/10.1158/0008-5472.CAN-07-5989

27 Gradilone, S.A., Habringer, S., Masyuk, T.V., Howard, B.N., Masyuk, A.l. and Larusso, N.F. (2014) HDAC6 is overexpressed in cystic cholangiocytes and
its inhibition reduces cystogenesis. Am. J. Pathol. 184, 600-608, https://doi.org/10.1016/j.ajpath.2013.11.027

28 Trindade, S.H., de Mello, Jr, J.F., Mion Ode, G., Lorenzi-Filho, G., Macchione, M., Guimaraes, E.T. et al. (2007) Methods for studying mucociliary
transport. Braz. J. Otorhinolaryngol. 73, 704-712, https://doi.org/10.1016/S1808-8694(15)30133-6

29 Sergi, C.M. (2021) Vitamin D and primary ciliary dyskinesia: a topic to be further explored. Appl. Sci. 11, 3818, https://doi.org/10.3390/app11093818

30 McKenney, R.J., Huynh, W., Vale, R.D. and Sirajuddin, M. (2016) Tyrosination of alpha-tubulin controls the initiation of processive dynein-dynactin
motility. EMBO J. 35, 1175-1185, https://doi.org/10.15252/embj.201593071

31 Osasan, S., Zhang, M., Shen, F, Paul, PJ., Persad, S. and Sergi, C. (2016) Osteogenic sarcoma: a 21st century review. Anticancer Res. 36,
4391-4398, https://doi.org/10.21873/anticanres.10982

32 Sergi, C. and Zwerschke, W. (2008) Osteogenic sarcoma (osteosarcoma) in the elderly: tumor delineation and predisposing conditions. Exp. Gerontol.
43, 1039-1043, https://doi.org/10.1016/j.exger.2008.09.009

33 Burnett, M., Abuetabh, Y., Wronski, A., Shen, F., Persad, S., Leng, R. et al. (2020) Graphene oxide nanoparticles induce apoptosis in wild-type and
CRISPR/Cas9-I1GF/IGFBP3 knocked-out osteosarcoma cells. J. Cancer 11, 5007-5023, https://doi.org/10.7150/jca.46464

34 Sergi, C., Shen, F. and Liu, S.M. (2019) Insulin/IGF-1R, SIRT1, and FOXOs pathways-an intriguing interaction platform for bone and osteosarcoma.
Front. Endocrinol. (Lausanne) 10, 93, https://doi.org/10.3389/fendo.2019.00093

35 Ali, N., Venkateswaran, G., Garcia, E., Landry, T., McColl, H., Sergi, C. et al. (2019) Osteosarcoma progression is associated with increased nuclear
levels and transcriptional activity of activated beta-Catenin. Genes Cancer 10, 63—79, https://doi.org/10.18632/genesandcancer.191

36 Ressler, S., Radhi, J., Aigner, T., Loo, C., Zwerschke, W. and Sergi, C. (2009) Insulin-like growth factor-binding protein-3 in osteosarcomas and normal
bone tissues. Anticancer Res. 29, 2579-2587

37 Santer, F.R., Bacher, N., Moser, B., Morandell, D., Ressler, S., Firth, S.M. et al. (2006) Nuclear insulin-like growth factor binding protein-3 induces
apoptosis and is targeted to ubiquitin/proteasome-dependent proteolysis. Cancer Res. 66, 3024-3033,
https://doi.org/10.1158/0008-5472.CAN-05-2013

38 Hideshima, T., Qi, J., Paranal, R.M., Tang, W., Greenberg, E., West, N. et al. (2016) Discovery of selective small-molecule HDACS inhibitor for
overcoming proteasome inhibitor resistance in multiple myeloma. Proc. Natl. Acad. Sci. U.S.A. 113, 13162-13167,
https://doi.org/10.1073/pnas.1608067113

39 Hideshima, T., Mazitschek, R., Qi, J., Mimura, N., Tseng, J.C., Kung, A.L. et al. (2017) HDAC6 inhibitor WT161 downregulates growth factor receptors in
breast cancer. Oncotarget 8, 80109-80123, https://doi.org/10.18632/oncotarget.19019

40 Sun, J., Wu, W., Tang, X., Zhang, F., Ju, C., Liu, R. et al. (2021) HDAC6 inhibitor WT161 performs anti-tumor effect on osteosarcoma and synergistically
interacts with 5-FU. Biosci. Rep. 41 (4), BSR20203905, https://doi.org/10.1042/BSR20203905

6 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).


https://doi.org/10.3389/fmolb.2021.664241
https://doi.org/10.1096/fj.202002774R
https://doi.org/10.1126/sciadv.abc6364
https://doi.org/10.1111/febs.15596
https://doi.org/10.1152/ajpcell.00292.2014
https://doi.org/10.1152/ajpcell.00258.2014
https://doi.org/10.1152/ajpcell.00183.2014
https://doi.org/10.3390/ijms160817193
https://doi.org/10.1016/j.tranon.2020.100911
https://doi.org/10.3390/cancers6031769
https://doi.org/10.2174/1574892815666200713145931
https://doi.org/10.1038/s41598-017-10506-8
https://doi.org/10.1158/0008-5472.CAN-07-5989
https://doi.org/10.1016/j.ajpath.2013.11.027
https://doi.org/10.1016/S1808-8694(15)30133-6
https://doi.org/10.3390/app11093818
https://doi.org/10.15252/embj.201593071
https://doi.org/10.21873/anticanres.10982
https://doi.org/10.1016/j.exger.2008.09.009
https://doi.org/10.7150/jca.46464
https://doi.org/10.3389/fendo.2019.00093
https://doi.org/10.18632/genesandcancer.191
https://doi.org/10.1158/0008-5472.CAN-05-2013
https://doi.org/10.1073/pnas.1608067113
https://doi.org/10.18632/oncotarget.19019
https://doi.org/10.1042/BSR20203905

