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A B S T R A C T   

Stress inducible protein 1 (STI1) is a co-chaperone acting with Hsp70 and Hsp90 for the correct client proteins’ 
folding and therefore for the maintenance of cellular homeostasis. Besides being expressed in the cytosol, STI1 
can also be found both in the cell membrane and the extracellular medium playing several relevant roles in the 
central nervous system (CNS) and tumor microenvironment. During CNS development, in association with 
cellular prion protein (PrPc), STI1 regulates crucial events such as neuroprotection, neuritogenesis, astrocyte 
differentiation and survival. In cancer, STI1 is involved with tumor growth and invasion, is undoubtedly a pro- 
tumor factor, being considered as a biomarker and possibly therapeutic target for several malignancies. In this 
review, we discuss current knowledge and new findings on STI1 function as well as its role in tissue homeostasis, 
CNS and tumor progression.   

1. Introduction 

The stress inducible protein 1 (STI1; HOP/STI1) or stress inducible 
phosphoprotein 1 (STIP1), also known as HSP70/HSP90 organizing 
protein (HOP), is a co-chaperone acting with Hsp70 and Hsp90 chap
erones for the correct client proteins’ folding, being essential for the 
maintenance of cellular homeostasis. STI1 interacts with other proteins 
due to its structure composed of three tetratricopeptide repeat TPR 
domains (TPR1, TPR2A and TPR2B) and two domains with aspartate 

and proline residues (DP1 and DP2). The TRP domains are the ones 
which allow STI1 interactions with HSP70/HSP90 complex members 
involved with regulation of RNA splicing, transcription, protein folding 
and cell signaling mechanisms (reviewed by [1,2]). 

STI1 is expressed in the cytosol, Golgi, cell membrane or nuclei of 
cells in most of the tissues [3–6]. Furthermore, many cells can also 
secrete STI1. Glial cells, for example, can secret STI1 as a neurotrophic 
ligand, triggering prion protein (PrPc) signaling in neurons [7]. In 
addition, STI1/HSP70/HSP90 complex is associated not only with 
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cellular stress [3] but also with tissue homeostasis by playing a role in 
protein clearance, as amyloid-like proteins in neurodegenerative dis
eases [2]. 

Besides its involvement in neurodegeneration, several studies have 
been pointed STI1 as a cancer biomarker, both for diseases’ diagnosis 
and prognosis. High expression of STI1 has been observed in diverse 
cancer types, such as carcinomas, gastric, oral, colorectal cancer and 
brain tumors [8–11]. In fact, overexpression of STI1 has been correlated 
with tumor progression [12–18], which suggests that it could be used as 
a biomarker for better diagnosis in many diseases. Further, the knock
down of STI1 in different cancer cells interferes with several signaling 
pathways resulting in a decreased tumor cell proliferation and migration 
[15,19,20]. Thus, in the context of tumor biology, STI1 rises as an 
important factor involved with tumorigenesis. 

In this review, we focus on STI1 function in tissue homeostasis, 
neurogenesis and cancer. We will summarize STI1 cellular expression 
patterns and the ascribed STI1 functions obtained from several different 
study models, especially those employing genetic manipulation (e.g. 
knockout mice, interference RNA or overexpression). Some of these STI1 
functions have been studied in the context of neurodegeneration, 
particularly Parkinson’s and Alzheimer’s diseases, and have been 
covered by other excellent reviews [1,2]. Here, we will highlight STI1 
functions in general cellular processes and physiology, particularly 
regarding its emerging cytokine-like function in CNS development and 
cancer. 

2. Co-chaperones and STI1 functions 

Chaperones are molecular complexes responsible for the acquisition 
of the correct tertiary structure, activation, regulation and stabilization 
of specific proteins, therefore called ‘clients’ [21,22]. They have a 
fundamental role in most cellular processes, such as cell cycle control, 
cell survival, hormone signaling, signal transduction and response to 
cellular stress [23,24]. Hence, chaperones are key structures for main
taining cellular homeostasis. To exert its precise function, they require a 
machinery of associated molecules that modulate their activity called 
co-chaperones, forming a dynamic multiprotein complex. These mole
cules can promote direct and indirect influence on clients folding [25]. 
They can also act by recruiting specific client proteins, altering their 
conformational dynamics or acting lately in the last stages of client 
maturation [26–29] As chaperones, co-chaperones play a determinant 
role over several cellular processes and not only regulate chaperones 
activity but are also regulated by them [30,31]. 

One of the largest representatives of these proteins is the co- 
chaperone STI1. This co-chaperone is present in multiple fungal, 
plants and animal species and families, from yeast to mammals, and is 
important for supporting the transference of client proteins from chap
erone Hsp70 to Hsp90 [32]. Structurally, STI1 is composed of three 
tetratricopeptide repeat (TPR) domains and two aspartate and proline 
rich domains (DP domains), which are located on the C-terminal of the 
TPR1 and TPR2B domains (DP1 and DP2 respectively) [33]. 

Although some protein remodeling functions of the HSP90 and 
HSP70 chaperones are independent, others may depend on their inter
action with each other and with other chaperones. This interaction in 
turn is mediated by presence of co-chaperones that have the TRP domain 
in their structures, such as STI1, which when interacting with Hsp90 
mutually modify both of its conformational dynamics [34–36]. 

TPR domains are directly involved in binding to Hsp70/Hsp90 C- 
terminal stretches. Regarding Hsp70, it was observed in vivo that the 
STI1 domains most related to its binding are TPR1 and TPR2B, while the 
TPR2A and TPR2B are mainly related to the co-chaperone interaction 
with Hsp90. Together, these domains are considered the key structures 

which mediate the formation of a ternary Hsp90-STI1-Hsp70. These 
domains are important for inhibiting Hsp90 ATPase activity in a non- 
competitive way, preventing the N-terminal dimerization reaction, 
promoting its interaction with the intermediate domain and hence 
allowing the complex formation and a client protein transfer [33,37]. 
Binding with STI1 also stabilizes specific regions in all three domains of 
the Hsp90 molecule and decreases the dissociation of these dimers 
(Fig. 1) [36,38]. 

This relationship, however, proved to be much more complex than 
used to be believed. It was seen that the affinity between Hsp70/STI1, as 
well as between Hsp90/STI1 are modulated by multiple factors, such as 
the presence of Hsp90 itself [39], Cdc37 [40] STI1 phosphorylation and 
structural rearrangements [41] and other co-chaperones Aha1, Cpr6 and 
Sba1 that modulate Hsp90 conformation [42,43]. For more details on 
STI1-Hsp interactions specifically, extensive reviews are available 
[34–36]. 

Many groups have tried to elucidate STI1 physiological and devel
opmental role using several different study models. In yeasts, STI1 was 
found to act as a regulator of post-translational importation of proteins 
into the mitochondria. Furthermore, its deletion causes an alteration in 
the morphology of this organelle, and also the instability of several 
mitochondrial proteins [44,45]. In plants, STI1 seems to have important 
functions in rice innate immunity, helping in the transportation of 
pathogen-associated molecular patterns (PAMP) receptors from the 
endoplasmic reticulum (ERe) to the plasma membrane and also in 
signaling in the defensome (a protein complex that plays a role in 
PAMP-triggered immunity in rice) at the plasma membrane [46]. 
Another well-studied function of STI1 was related to the steroid hor
mones receptors activation cascade, where STI1 facilitates the trans
ference of these receptors to Hsp90 chaperone and stabilizes the 
complexes of Hsp70/90 and these receptors [47,48]. Furthermore, STI1 
activity can be regulated by many signaling mechanisms, such as 
phosphorylation [49] or even by other proteins, as Cpr6, which is also a 
TPR containing protein and can revert STI1 effect over Hsp90 [26]. 

STI1 gene knockout is lethal during mouse embryonic development 
(between E9.5 and E10.5) due to neural tube defects and limb buds [3], 
suggesting that this protein is also essential in the development and 
maintenance of the nervous system. 

3. STI1 in central nervous system (CNS) 

In 2002, Zanata and co-workers [5] identified STI1 as a previously 
described PrPc-binding protein predicted by complementary hydropathy 
concept [50]. These in vitro studies first demonstrated the presence of 
STI1 on the cell surface, a distinct cellular compartment from its pre
viously described location, as a cytoplasmic component of the macro
molecular Hsp70-Hsp90 chaperone complex. STI1 binding to PrPc in this 
context was capable of inducing neuroprotective signals that rescues 
neurons from apoptosis [5,51]. Also, the demonstration of this molecule 
as a novel PrPc ligand opened the doors for further understanding the 
biological functions of PrPc and its ligands. 

STI1 interaction with PrPc was then demonstrated to be important 
for a plethora of functions in the developing and adult CNS. In retinal 
and hippocampal cultured neurons, it was shown that STI1 binding to 
PrPc induced neuroprotection through cAMP-dependent protein kinase 
A (PKA) [5,51] and neuritogenesis via mitogen-activated protein kinase 
(MAPKs, Erk1/2) [52]. Furthermore, the Erk1/2-induced neuritogenesis 
was dependent of STI1-PrPc complex internalization via clathrin, but not 
the PKA activation [53]. As PrPc is not a classical tyrosine kinase re
ceptor (TKR) or G protein-coupled receptor, it activates signaling 
pathways by acting as a scavenger and forming different multiprotein 
functional complexes at the cell surface. For neuroprotection and 
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neuritogenesis, PrPc forms a complex with α7 nicotinic acetylcholine 
receptor (α7nAChR) and, upon STI1 binding, it triggers an increase in 
intracellular Ca2+ levels [54]. In this context, the induction of neurito
genesis is achieved by the orchestration of an even larger PrPc-based 
protein complex involving other ligands: laminin-γ1 chain and Type I 
metabotropic glutamate receptors (mGluR1/5) [55]. Neuroprotection, 
in this case, is also achieved by α7nAChR-driven activation of auto
phagic flux that depends on PrPc expression [56]. Finally, all these 
neurotrophic and neuroprotective events orchestrated by STI1-PrPc 

interaction were dependent on increased protein synthesis mediated by 
PI3K/AKT/mTOR activation [57] (Fig. 2). 

The description of all these neuronal events induced by STI1-PrPc 

interaction reveals an essential question regarding the source of STI1 for 
signaling in PrPc-expressing neurons. Indeed, cultured glial cells express 
high levels of STI1, besides PrPc, in their cell surface and are capable of 
secreting them in their conditioned media [7]. 

Astrocytic-derived STI1 was capable to modulate neuronal survival 
and differentiation [7]. Independently of PrPc expression, astrocytic 
STI1 induced neuronal survival. Nevertheless, astrocytic PrPc expression 
was crucial for the complete induction of neuritogenesis, despite 
dependent of two other phenomena: (1) astrocytic PrPc interaction with 
neuronal N-CAM and (2) neuronal PrPc interaction with laminin-γ1 
chain [7,55]. This second phenomenon is disturbed in PrPc null astro
cytes as their extracellular matrix (ECM) is composed of punctual and 
not fibrillar laminin [7]. 

During astrocytic development, PrPc expression is important not only 

for the correct deposition of the ECM but also interacting with STI1 to 
control astrocyte differentiation and survival, via MAPK (Erk1/2) and 
PKA signaling, respectively [58,59]. In glial cultures, STI1 is still capable 
of blocking astrocyte proliferation via PKC in a PrPc-independent 
manner (Fig. 2) [58,59]. During in vivo retina development, STI1 also 
reduced proliferation without PrPc interaction [60]. In this sense, this 
study suggests that STI1 can also signal in the CNS in a PrPc-independent 
manner, through a still unknown receptor. 

STI1 is largely involved in astrocyte biology. To better understand 
astrocyte response to cellular stress, Soares and collaborators studied the 
correlation of STI1 and the DNA damage stress mediated by ©-irradia
tion. It was shown in vitro that after irradiation, STI1 accumulates in the 
astrocyte nucleus and that STI1 haploinsufficiency reduces cell survival 
[61]. Another interesting finding is the identification of the protein in
hibitor of activated STAT (PIAS1) as a factor specifically involved in 
STI1 nuclear retention that directly interacts with STI1, which means 
that it can act as a small ubiquitin-like modifier (SUMO) E3 ligase for 
STI1 (Fig. 2) [61]. Besides, it was demonstrated by microarray analysis 
that PIAS1, a nuclear protein that is critical for DNA damage response 
(DDR) regulation [62], is present in high levels in glioblastoma cells 
(GBM) in comparison with non-neoplastic tissue, making a correlation 
with enhanced STI1 in the nucleus of these cells [61,63,64]. These re
sults seem to be important since GBM is very resistant to radiotherapy 
[62], but further studies are needed to highlight this novel mechanism. 

The observation of a secreted form of STI1 suggests an unconven
tional secretion mechanism, due to the lack of a consensus secretory 

Fig. 1. Hsp90 / Hsp70 chaperones interac
tion mediated by co-chaperone STI1. TPR2A 
and TPR2B domains of STI1 bind to the C-ter
minal of Hsp90, while the TRP1 domain phys
ically interacts with Hsp70, bringing both 
together on a ternary Hsp90-STI1-Hsp70 com
plex and facilitating the transferring process of 
client proteins. This process is modulated by the 
presence of other co-chaperones, such as Aha1, 
Cpr6, Sba1 and Cdc37, which interfere in the 
structural conformation of Hsp90 and modify 
its ATPase activity.   
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Fig. 2. STI1 role in neurons and astrocytes. STI1 is highly expressed by several cell types in the CNS, such as neurons and astrocytes. In neurons, STI1 binds to PrPc 

inducing neuritogenesis through MAPK (Erk1/2) signaling via clathrin. Whereas, STI1 induces neuroprotection by the cAMP-dependent protein kinase A. In addition, 
PrPc -α7nAChR-STI1 complex triggers an increase in intracellular Ca2+ levels and promotes neuritogenesis and neuroprotection. Besides, STI1 can be secreted by 
astrocytes through extracellular vesicles (EVs) of different sizes (20–50, 100–200 and 300–400 nm) with exosome morphology. During astrocytic development, PrPc 

plays an important role not only for the correct deposition of ECMs, but also by interacting with STI1 to induce astrocyte differentiation and survival, via MAPK 
(Erk1/2) and PKA signaling, respectively. STI1 is still capable of blocking astrocyte proliferation via PKC in a PrPc-independent manner. In astrocytes, the protein 
inhibitor of activated STAT (PIAS1) withholds STI1 in the nucleus by acting as a small ubiquitin-like modifier (SUMO) E3 ligase for STI1, inhibiting the target genes. 
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signal peptide in its structure. Indeed, it was initially described that STI1 
secretion occurs through extracellular vesicles (EVs) of different sizes 
(20–50, 100–200 and 300–400 nm) with exosomal morphology [65]. 
These EVs are derived from multivesicular bodies (MVBs) and have STI1 
located in their outer leaflet [65]. This unconventional secretion struc
ture was also important for enhancing STI1-PrPc signaling by the 
interaction between EVs and other components of the neuronal cellular 
membrane [65]. Interestingly, another extracellular source of STI1, not 
associated with EVs, was also observed by Hajj and co-authors; however, 
the route used by this STI1 to reach the extracellular milieu remains 
unknown. 

STI1, as an extracellular soluble molecule or a plasma membrane 
(PM)-associated protein, was shown to be important for complex 
neurobiological processes, as short-term memory formation and long- 
term memory consolidation [66]. Recently, using a neuronal cell line 
lacking STI1 and a mouse line with a hypomorphic Stip1 allele, it was 
shown that decreased levels of STI1 can disturb the stability of 
Hsp70/Hsp90 client proteins leading to hippocampal neuro
degeneration and volume reduction, both age-dependent, which cul
minates in spatial memory deficit [67]. STI1 is also important for 
response to ischemic stroke as STI1 heterozygous mice exhibits decrease 
survival after 60 min unilateral ischemia (by middle cerebral artery 

Table 1 
Summary table of STI1 role in cancer.  

Type of cancer Increased STI1 
expression 

STI1 suggested as 
a biomarker 

STI1 effect/ 
correlation 

References 

Oral squamous cell 
carcinoma 

✓   - Expression increases during tumor progression. [12,82] 

Esophageal squamous 
cell carcinoma 

✓ ✓  - Patients present higher serum levels of autoantibodies against STI1. [83,84,85] 

Papillary thyroid 
carcinoma 

✓ ✓  - Related with tumor progression and poor prognosis. [86,87] 

Cholangio 
carcinoma 

✓ ✓  - Increased expression in a cohort of 60 patients. [88] 

Hepatocellular 
carcinoma (HCC) 

✓ ✓  - Associated with worse overall survival and recurrence-free survival of patients;  
- Correlated both with HCC staging and patient prognosis;  
- Levels in patients’ serum higher;  
- Higher expression in human metastatic tissues and serum samples;  
- - Related to metastasis of residual HCC after radiofrequency ablation;-  
- In vivo: depletion of STI1 strongly decreased tumor growth, and intrahepatic and lung 

metastasis;  
- Activates Wnt/β-catenin pathway, promoting growth and migration of cells. 

[8,20,88,89,90] 

Gastric cancer ✓ ✓  - Associated with tumor progression and poor prognosis;  
- High levels in patients’ serum;  
- Induces tumor cell proliferation via PLCγ1-ERK1/2 pathway and apoptosis inhibition 

by caspase-3, -9 and BCL2 activities;  
- Increases the migration and invasion of cancer cells, induces epithelial-to- 

mesenchymal transition and promotes lung metastasis with involvement of Wnt/ 
β-catenin pathway;  

- Suggested as a prognostic factor. 

[13,91] 

Colorectal cancer ✓   - Correlated with advanced tumor-node-metastasis stage, being a marker of worse 
prognosis;  

- An independent prognostic factor for overall and disease-free survival. 

[9,92] 

Ovarian cancer ✓ ✓  - Patients present high serum levels of anti-STI1 antibodies;  
- Correlated with tumor stage and grade, and to a poor overall and progression-free 

survival of patients;  
- In vivo: silencing of STI1 in cancer cells resulted in inhibition of tumor growth;  
- Acts through the ALK2 receptor, activating the Smad-ID3 signaling, resulting in 

proliferation of tumor cells;  
- Suggested as a potential prognostic marker. 

[14,15,16,93,94, 
95,101] 

Lung adenocarcinoma    - High levels associated with proliferation and migration of tumor cells, and regulation 
of epithelial-to-mesenchymal transition proteins, both with involvement of the JAK2/ 
STAT3 signaling pathway. 

[97] 

Melanoma    - Induces proliferation, migration and invasiveness of cancer cells through the JAK2/ 
STAT3 pathway. 

[98] 

Breast cancer ✓   - High level of STI1 in breast cancer tissues positive for the oncogene HER-2. [102] 
Renal cell carcinoma ✓   - High expression associated with an advanced stage of disease;  

- - STI1 silencing induces a reduction in proliferation and migration/invasion. 
[19] 

Glioma ✓   - In glioblastomas (GBM), STI1 and PrPc are highly expressed, contributing to tumor 
aggressiveness and poor outcome of patients;  

- In vivo: Interference with STI1/PrPc binding in tumor site or PrPc knockdown in GBM 
cells reduce tumor growth;  

- In vivo: overall expression of STI1 increases over time, and infiltrating microglia, 
macrophages and lymphocytes have their STI1 expression upregulate along with 
tumor development;  

- In vivo: Wnt3a-treated GBM cells generate large tumor mass with aggressive features 
and also present a prominent microglia infiltration;  

- GBM cells treated with Wnt3a induce microglia to acquire a pro-tumor M2-like 
phenotype, increasing the expression of STI1, Arginase-1, Interleukin-10 and Wnt3a;  

- Human GBM cells synthesize and secrete STI1 that, in turn, induces the proliferation 
of these cells;  

- Microglia also produce and release STI1 to the extracellular medium, inducing GBM 
cell proliferation and migration;  

- - STI1 knockdown in glioma cells presents a reduction in cell proliferation and 
invasiveness through TRAP1/AKT pathway. 

[4,10,17,105, 
106,107,110]  
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occlusion) with an increased stroke area, decreased performance in 
behavioral tests and decreased weight [3]. 

Finally, STI1 deletion during embryonic development is lethal in 
mice around E9.5 and E10.5, although evidence show that it also affects 
survival of the embryos prior to implantation [3]. STI1− /− embryos 
showed defects in neural tube and limb buds formation, increase in 
cellular apoptosis and placental disruption [3]. Mechanistically, STI1 
knockout did not affect the protein levels of Hsp90, but the levels of 
G-protein-receptor kinase 2 (GRK2), signal transducer and activator of 
transcription 3 (STAT3) and p53 were greatly decreased [3]. 

Newer functions of STI1 in the CNS development and pathogenesis 
are still being decrypted. Both STI1 and Hsp90 can modulate neuroblast 
migration in the subventricular zone through an extracellular mecha
nism [68]. Also, cultured neurons submitted to oxygen-glucose depri
vation and treated with STI1 presents significantly less apoptosis not 
only in a PrPc-α7nAChR-STI1 complex dependent manner but also upon 
STI1 binding to activin A receptor-type II-like kinase 2 (ALK2) [69]. 
When STI1 is transiently silenced in embryonic stem cells, these get to a 
more differentiated phenotype which causes a reduction in the ability to 
form embryoid bodies [70,71], linking STI1 with a role in embryonic 
stem cell biology. In fact, STI1 has also been detected in extracellular 
vesicles of mouse embryonic stem cells [72]. Besides, studies have 
shown that STI1-PrPc signaling is crucial for neurosphere formation, 
maintenance and proliferation [73]. Hajj and collaborators investigated 
the expression of STI1, PrPC, and Vitronectin on PrPC KO and wild-type 
mice development. It was observed that the expression of these proteins 
was spatiotemporal. STI1 expression in the nervous system was evident 
at E8 and, interestingly, at E10 it was noticed a distribution of STI1, PrPC 

and Vitronectin on the notochord and floor plate, indicating a role in 
axonal growth [74]. Evidence also supports this idea by showing that 
STI1 interacts with small GTPase Rnd1 to enhance neurite outgrowth in 
neuronal cell lines [75]. 

In a context of neurodegeneration, STI1 was proved to prevent 
neurons from soluble amyloid-β oligomers (AβOs)-induced toxicity [76]. 
AβOs are known to induce, at least partially, their cytotoxic activity by 
binding PrPc residues 95–105 [77–81]; adjacent to the STI1-binding 
113–128 residues [5,51]. In this sense, STI1 binding to PrPc was 
capable of inhibiting AβOs binding and toxicity [76]. Treatment with 
STI1 inhibited the classical neurotoxic pathway of AD in a PrPc-de
pendent manner, showing once more the potential of manipulating 
STI1-PrPc signaling for the treatment of neurological disorders. 

4. STI1 and Cancer 

Besides its role on CNS cells and development, STI1 has been strongly 
related to several types of cancer, including those of the CNS. Here, we 
will discuss the role of STI1 in several malignancies. Table 1 summarizes 
these findings. 

Oral cancer studies, especially in oral squamous cell carcinoma, have 
shown that STI1 expression is higher in neoplastic cells than in healthy 
cells [82] and also its expression increases during tumor progression 
[12]. In esophageal squamous cell carcinoma (ESCC) increased levels of 
STI1 were observed as compared to healthy cells and tissues [83,84]. 
Recently, it was demonstrated that ESCC patients present higher serum 
levels of autoantibodies against STI1 compared to healthy patients, 
making it possible to discriminate with sensitivity and specificity 
early-stage patients from controls, and, despite their small sample sizing 
of patients, suggesting that STI1 could be used as a biomarker for ESCC 
[85]. 

As observed in ESCC, in papillary thyroid carcinoma (PTC), STI1 
expression is also elevated in tumor tissues compared to noncancerous 
tissues, being related with tumor progression and poor prognosis, 

pointing STI1 also as a biomarker for PTC [86,87]. 
Cholangiocarcinoma (CCC) is a rare malignant tumor originated 

from the epithelial cells lining the bile ducts. The challenging diagnosis 
and limited treatment options have revealed the need of new biomarkers 
to improve diagnosis. Padden and colleagues identified STI1 as a novel 
diagnostic biomarker for CCC by analyzing the increase in protein 
expression in a cohort of 60 patients using immunohistochemistry 
studies complemented with 2D-Dige and mass-spectrometry-based 
label-free proteomics [88]. 

Another tumor with high expression of STI1 is hepatocellular carci
noma (HCC), compared to non-tumor tissue, and high STI1 levels were 
associated with worse overall survival and recurrence-free survival of 
patients [20,89,90]. Additionally, STI1 levels in serum were also higher 
in HCC patients. In an HCC mouse model, depletion of STI1 strongly 
decreased tumor growth, suggesting STI1 could be a promising thera
peutic target [20]. Moreover, it was also reported that STI1 was closely 
related to metastasis of residual HCC after radiofrequency ablation [89]. 
In another study, using an HCC mouse model, deletion of STI1 in HCC 
cells reduced intrahepatic and lung metastasis. Remarkably, in human 
metastatic tissue and serum samples, STI1 had higher expression than in 
non-metastatic controls [88]. Besides, STI1 activates Wnt/β-catenin 
pathway, promoting growth and migration of HCC cells [8]. Finally, 
STI1 was identified as a biomarker considering the Barcelona Clinic 
Liver Cancer staging; where STI1 levels would correlate both with HCC 
staging and patient prognosis [90]. 

In the same way, STI1 was analyzed in gastric cancer exhibiting 
higher levels than in healthy tissue and being associated with advanced 
Bormann classification and tumor-node-metastasis (TNM) staging, 
namely, tumor progression and poor prognosis [13]. Mechanistically, it 
was demonstrated that tumor cell proliferation and apoptosis inhibition 
were induced by autocrine STI1 signaling, via PLCγ1-ERK1/2 pathway 
and caspase-3, -9 and BCL2 activities, respectively. Interestingly, pa
tients with gastric cancer also had higher STI1 serum levels than healthy 
ones, suggesting STI1 as both a biomarker and a prognostic factor [13]. 
Furthermore, the same research group showed that STI1 expression in
creases the migration and invasion of gastric cancer cells, induces 
epithelial-to-mesenchymal transition (EMT) and promotes lung metas
tasis. Wnt/β-catenin pathway was demonstrated to be upregulated and 
responsible for this metastasis process [91]. 

In colorectal cancer, it was shown that STI1 expression was increased 
when compared to healthy tissue [9,92]. Moreover, higher STI1 
expression was correlated with advanced TNM stage, being a marker of 
worse prognosis. STI1 expression was also demonstrated to be an in
dependent prognostic factor for overall and disease-free survival, sug
gesting STI1 as a prognosis biomarker for patients with colorectal cancer 
[9]. 

Another cancer intimately associated with STI1 expression is ovarian 
cancer. It has been reported that ovarian tumors have increased 
expression of STI1 and that patients present high serum levels of anti- 
STI1 antibodies and STI1 protein itself compared to healthy controls, 
suggesting that STI1 could be used as a biomarker for this type of cancer 
[93–95]. More specifically, it was shown that STI1 is secreted by ovarian 
cancer cells and acts through the ALK2 receptor, activating the 
Smad-ID3 signaling, which results in proliferation of tumor cells in an 
autocrine/paracrine fashion [95]. The increase in STI1 expression in 
ovarian tumors was correlated with tumor stage and grade, and to a poor 
overall and progression-free survival of patients, being also suggested as 
a potential prognostic marker [14,15]. Other mechanisms regulated by 
STI1 can be associated to the worst prognosis like as the histone 
lysine-specific demethylase 1 (LSD1) which interacts with other onco
genes, such as p53 and DNMT1, by being phosphorylated by GSK3-β 
through the STI1-HSP90 complex. It has been shown that gene silencing 
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of STI1 in human ovarian cancer cells reduced the interaction of 
LSD1/HSP90 and LSD1 expression showing an antiproliferative effect 
[96]. Lastly, in vivo experiments showed that silencing STI1 in ovarian 
cancer cells resulted in inhibition of tumor growth [15], confirming the 
importance of STI1 in ovarian cancer. 

In addition to STI1, STAT3 can also form a complex with Hsp70/ 
Hsp90. Recently, Guo and collaborators demonstrated that in lung 
adenocarcinoma cells, proliferation and migration of tumor cells is 
associated with high levels of STI1 through the JAK2/STAT3 signaling 
pathway and regulation of EMT proteins such as E-cadherin and 
vimentin [97]. The correlation of STI1 and JAK2/STAT3 pathway was 
also observed in melanoma cells by being responsible for the prolifera
tion, migration and invasiveness of cancer cells [98]. Besides, the role of 
STI1 in the regulation of the JAK-STAT pathway using RNA interference 
in ovarian and endometrial cancer cell lines was explored [98]. Thus, it 
was demonstrated that silencing STI1 reduced STAT3 phosphorylation 
and suppressed JAK2 and, consequently, levels of IL-6 were reduced. 
Cells treated with anti-TPR peptide, which binds to TPR2A domains of 
STI1, decreased the levels of JAK2 and phospho-STAT3. Histological 
analysis in patients’ biopsies demonstrated that the expression of JAK2 
accompanies the presence of STI1. Proximity ligation assay (PLA) 
corroborated these data in samples from ovarian cancer patients, thus 
demonstrating that the interactions between STI1, STAT3, JAK2 and 

HSP90 occur in the cytoplasm of the cells. In vivo, treatment with pep
tide 520, a peptide fragment in the DP2 domain of STI1, reduced tumor 
progression in nude mice demonstrating Hsp90/STI1 plays an important 
role in tumor progression via JAK2 / STAT3 [16]. Although, it has been 
demonstrated that STIP1 binds to MMP-9 promoter by increasing its 
transcriptional activation independent of JAK2 and NF-kB in endome
trial cancer cells [99].Since STI1 is involved in invasiveness of ovarian 
cancer cells by activating the MMP7 levels, the aptamer TOV6 was able 
to target the STI1 by blocking the cellular invasion in a TOV-21 G 
ovarian cancer cells [100]. The development of a smart hybrid nano
composite has contributed to a better diagnosis at different phases of the 
disease. This type of nanocomposite can select and detect at high 
sensitivity a target protein-triggered DNA polymerase activation in cells, 
as S-DNA-functionalized citrate-capped gold nanoparticles (GNPs), for 
instance. In the serum from ovarian cancer patients, the levels of STI1 
were rapidly detected by using S-DNA-GNPs. Besides, STI1 expression 
was significantly different in the serum samples from an early and 
advanced stage of ovarian cancer, demonstrating its importance as a 
useful biomarker for better distinguishing the stages of ovarian cancer in 
patients [101]. 

Most breast cancers are estrogen receptor (ER)-positive, and the 
usual therapy applied to the patients involves anti-hormonal therapy. 
The oncogene HER-2 is associated with the relapse and shorter overall 

Fig. 3. STI1 in glioma microenvironment. 
Glioma cells secrete STI1 to the extracellular 
medium and can promote M2-like phenotype in 
microglial cells, inducing the expression of 
Wnt3a, Arginase-1, IL-10 and also STI1. On the 
other hand, microglia act in a pro-tumor 
fashion in gliomas promoting proliferation and 
migration of these cells by releasing STI1. 
During the tumor growth, macrophages and 
lymphocytes infiltrate the tumor and have their 
STI1 expression upregulated. Moreover, STI1 
induces tumoral proliferation and invasion 
through TRAP1/AKT pathway.   
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survival in patients. Recently, the expression of STI1 protein was 
investigated in breast cancer specimens and adjacent healthy tissues by 
immunohistochemistry. A high level of STI1 was observed in breast 
cancer tissues positive for HER-2 [102]. Furthermore, in another study, 
it was shown that STI1 expression was reduced after the treatment with 
resveratrol in a breast cancer cell line MCF-7 [103]. However, the 
mechanism underlying the STI1 and HER-2 connection is still 
misunderstood. 

One of the most common cancers in adults, the renal cell carcinoma 
(RCC), causes several skeletal-related events (SREs), as bone metastasis, 
which occurs aggressively, even before diagnosis. The elevated levels of 
STI1 mRNA and, consequently, the high expression of STI1 protein in 
RCC tumor cells is associated with an advanced stage of disease ac
cording to proteome analysis and TCGA renal dataset [19]. Moreover, 
STI1 has been associated with the signaling of tumor-niche interactions. 
A study showed that the cell proliferation and migration/invasion in a 
human renal cancer OS-RC-2-BM5 cells were reduced by STI1 shRNA, 
while in cells treated with human recombinant protein hrSTI1 and in
hibitor of ALK2 (LDN193189), the SMAD1/5 activation was suppressed, 
demonstrating the autocrine STI1-ALK2-SMAD1/5 during bone metas
tasis of RCC [19]. The hrSTI1 treatment induced the expression of PrPC 

in the mouse monocyte-macrophage RAW264.7 cells and, in another 
way, the treated cells with anti-PrPC antibody reduced the osteoclast 
differentiation through ERK1/2 and CTSK [19]. 

As described above, during brain development STI1 interact with 
PrPc and promote neurogenesis, differentiation and neuroprotection [7, 
104]. In tumors from the CNS, these proteins are highly expressed, 
especially in glioblastoma (GBM), contributing to tumor aggressiveness 
and poor outcome of patients [105,106]. In vivo study showed that the 
injection of the human homologue peptide of STI1 (HOP-230-245), 
which interferes with STI1/PrPc binding in tumor site, was able to 
reduce the tumor growth by inducing the apoptosis of tumor cells. 
Further, PrPc knockdown in GBM cells reduces tumor growth and 
consequently increases the survival of mice [105]. Also, recent evidence 
shows that STI1 knockdown in glioma cells presents a reduction in cell 
proliferation and invasiveness through TRAP1/AKT pathway [107]. 
Indeed, there are a significant number of papers on STI1 and glioma. Our 
group, specifically, has given much attention to this topic. In 2007, 
Erlich and colleagues showed in vitro that human GBM cells are able to 
synthesize and secrete STI1, and that STI1 induces the proliferation of 
these cells [10]. Following, we demonstrated for the first time that 
microglia, the resident immune cells in the CNS and owning an intimate 
crosstalk with malignant gliomas [108,109], also produce and release 
STI1 to the extracellular medium; more than that, microglial STI1 was 
efficient in inducing GBM cells proliferation and migration (Fig. 3) [4]. 
Moreover, using an in vivo glioma model, we observed that the overall 
expression of STI1 increased over time; and that infiltrating microglia, 
macrophages and lymphocytes had their STI1 expression upregulated 
along with tumor development, unprecedentedly correlating the STI1 
expression with glioma progression [17]. In fact, analyzing human 
samples, it was verified that STI1 expression was higher in GBM than in 
lower astrocytoma grades (I-III) or healthy tissue [105]. Currently, STI1 
has been recognized as a factor released by glioma-associated microglia 
that promotes tumor progression [18]. On the context of this 
glioma-microglia crosstalk, we also showed that GBM cells treated with 
recombinant Wnt3a, a factor presents in this neoplastic microenviron
ment, induce microglia to acquire a pro-tumor M2-like phenotype, 
increasing the expression of STI1, Arginase-1, Interleukin-10 and also 
Wnt3a (Fig. 3). In line with these in vitro data, Wnt3a-treated GBM cells 
implanted intracranially in mice generate larger tumor mass with more 
aggressive features, compared to control, and also present a more 
prominent microglia infiltration [110], exacerbating the role of STI1 on 

this glioma-microglia interaction. 

5. Concluding remarks 

In this review, we highlight the importance of STI1 in health and 
disease. Briefly, STI1 is a co-chaperone acting with Hsp70 and Hsp90 for 
the correct client proteins’ folding and therefore for the maintenance of 
cellular homeostasis. Nevertheless, STI1 can be found in the extracel
lular medium, presenting several crucial roles in the CNS and cancer 
microenvironment. In association with PrPc, STI1 induces neuro
protection, neuritogenesis, astrocyte differentiation and survival, for 
instance. In cancer, STI1 is undoubtedly a pro-tumor factor, being 
considered as a biomarker and possibly therapeutic target for several 
malignancies, specifically to glioma. Altogether, STI1 protein stands out 
as a hot topic for future basic, translational and clinical researches. 
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[41] A. Röhl, D. Wengler, T. Madl, S. Lagleder, F. Tippel, M. Herrmann, J. Hendrix, 
K. Richter, G. Hack, A.B. Schmid, H. Kessler, D.C. Lamb, J. Buchner, Hsp90 
regulates the dynamics of its cochaperone Sti1 and the transfer of Hsp70 between 
modules, Nat. Commun. 6 (2015) 6655, https://doi.org/10.1038/ncomms7655. 

[42] J. Li, J. Buchner, Structure, function and regulation of the Hsp90 machinery, 
Biomed. J. 36 (2013) 106–117, https://doi.org/10.4103/2319-4170.113230. 

[43] C. Graf, C.T. Lee, L. Eva Meier-Andrejszki, M.T.N. Nguyen, M.P. Mayer, 
Differences in conformational dynamics within the Hsp90 chaperone family 
reveal mechanistic insights, Front. Mol. Biosci. 1 (2014) 1–15, https://doi.org/ 
10.3389/fmolb.2014.00004. 

[44] H. Hoseini, S. Pandey, T. Jores, A. Schmitt, M. Franz-Wachtel, B. Macek, 
J. Buchner, K.S. Dimmer, D. Rapaport, The cytosolic cochaperone Sti1 is relevant 
for mitochondrial biogenesis and morphology, FEBS J. 283 (2016) 3338–3352, 
https://doi.org/10.1111/febs.13813. 

[45] R.D, B.A. Cichocki, K. Krumpe, D.G. Vitali, Pex19 is involved in importing dually 
targeted tail-anchored proteins to both mitochondria and peroxisomes, Traffic 19 
(2018) 770–785, https://doi.org/10.1111/tra.12604. 

[46] L. Chen, S. Hamada, M. Fujiwara, T. Zhu, N.P. Thao, H.L. Wong, P. Krishna, 
T. Ueda, H. Kaku, N. Shibuya, T. Kawasaki, K. Shimamoto, The Hop/Sti1-Hsp90 
chaperone complex facilitates the maturation and transport of a PAMP receptor in 
rice innate immunity, Cell Host Microbe 7 (2010) 185–196, https://doi.org/ 
10.1016/j.chom.2010.02.008. 

[47] Y. Morishima, K.C. Kanelakis, A.M. Silverstein, K.D. Dittmar, L. Estrada, W. 
B. Pratt, The Hsp organizer protein hop enhances the rate of but is not essential 

A.C.C. da Fonseca et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.neuroscience.2011.10.025
https://doi.org/10.1016/j.neuroscience.2011.10.025
https://doi.org/10.1093/emboj/cdf325
https://www.ncbi.nlm.nih.gov/pubmed/1569099
https://www.ncbi.nlm.nih.gov/pubmed/1569099
https://doi.org/10.1111/j.1471-4159.2007.04904.x
https://doi.org/10.1111/j.1471-4159.2007.04904.x
https://doi.org/10.1016/j.gene.2018.03.076
https://doi.org/10.1016/j.gene.2018.03.076
https://doi.org/10.1016/j.humpath.2018.05.016
https://doi.org/10.1002/glia.20579
https://doi.org/10.1002/glia.20579
https://doi.org/10.1016/j.cca.2018.07.037
https://doi.org/10.1016/j.cca.2018.07.037
https://doi.org/10.1016/S0929-6646(10)60060-5
https://doi.org/10.1159/000490080
https://doi.org/10.1371/journal.pone.0057084
https://doi.org/10.1371/journal.pone.0057084
https://doi.org/10.1002/gcc.22136
https://doi.org/10.1002/gcc.22136
https://doi.org/10.18632/oncotarget.10500
https://doi.org/10.18632/oncotarget.10500
https://doi.org/10.1016/j.jneuroim.2014.06.021
https://doi.org/10.1038/nn.4185
https://doi.org/10.18632/oncotarget.15222
https://doi.org/10.1016/j.bbrc.2017.09.016
https://doi.org/10.1016/j.bbrc.2017.09.016
https://doi.org/10.1016/j.cell.2014.05.039
https://doi.org/10.1016/j.cell.2017.01.023
https://doi.org/10.1002/jcp.1131
https://doi.org/10.3181/00379727-217-44252
https://doi.org/10.3181/00379727-217-44252
https://doi.org/10.1080/10409230490892513
https://doi.org/10.1080/10409230490892513
https://doi.org/10.1016/j.bbamcr.2011.09.003
https://doi.org/10.1146/annurev.biochem.75.103004.142738
https://doi.org/10.1146/annurev.biochem.75.103004.142738
https://doi.org/10.1016/j.molcel.2008.07.021
https://doi.org/10.1016/j.molcel.2008.07.021
https://doi.org/10.1016/j.tibs.2013.02.003
https://doi.org/10.1016/j.tibs.2013.02.003
https://doi.org/10.7554/eLife.04659
https://doi.org/10.1093/emboj/18.3.754
https://doi.org/10.1104/pp.011940
https://doi.org/10.1038/emboj.2011.472
https://doi.org/10.1074/jbc.REV118.002806
https://doi.org/10.1074/jbc.REV118.002806
https://doi.org/10.1002/bies.20107
https://doi.org/10.1002/bies.20107
https://doi.org/10.1038/emboj.2012.37
https://doi.org/10.1074/jbc.M213094200
https://doi.org/10.1073/pnas.1719969115
https://doi.org/10.1073/pnas.1719969115
https://doi.org/10.15252/embr.201439198
https://doi.org/10.1074/jbc.M112.439257
https://doi.org/10.1038/ncomms7655
https://doi.org/10.4103/2319-4170.113230
https://doi.org/10.3389/fmolb.2014.00004
https://doi.org/10.3389/fmolb.2014.00004
https://doi.org/10.1111/febs.13813
https://doi.org/10.1111/tra.12604
https://doi.org/10.1016/j.chom.2010.02.008
https://doi.org/10.1016/j.chom.2010.02.008


Cytokine and Growth Factor Reviews 57 (2021) 73–84

82

for glucocorticoid receptor folding by the multiprotein Hsp90-based chaperone 
system, J. Biol. Chem. 275 (2000) 6894–6900, https://doi.org/10.1074/ 
jbc.275.10.6894. 

[48] S. Chen, D.F. Smith, Hop as an adaptor in the heat shock protein 70 (Hsp70) and 
hsp90 chaperone machinery, J. Biol. Chem. 273 (1998) 35194–35200, https:// 
doi.org/10.1074/jbc.273.52.35194. 

[49] A. Rohl, F. Tippel, E. Bender, A.B. Schmid, K. Richter, T. Madl, J. Buchner, Hop/ 
Sti1 phosphorylation inhibits its co-chaperone function, EMBO Rep. 16 (2015) 
240–249, https://doi.org/10.15252/embr.201439198. 

[50] V.R. Martins, E. Graner, J. Garcia-Abreu, S.J. de Souza, A.F. Mercadante, S. 
S. Veiga, S.M. Zanata, V.M. Neto, R.R. Brentani, Complementary hydropathy 
identifies a cellular prion protein receptor, Nat. Med. 3 (1997) 1376–1382, 
https://doi.org/10.1038/nm1297-1376. 

[51] L.B. Chiarini, A.R. Freitas, S.M. Zanata, R.R. Brentani, V.R. Martins, R. Linden, 
Cellular prion protein transduces neuroprotective signals, EMBO J. 21 (2002) 
3317–3326, https://doi.org/10.1093/emboj/cdf324. 

[52] M.H. Lopes, G.N. Hajj, A.G. Muras, G.L. Mancini, R.M. Castro, K.C. Ribeiro, R. 
R. Brentani, R. Linden, V.R. Martins, Interaction of cellular prion and stress- 
inducible protein 1 promotes neuritogenesis and neuroprotection by distinct 
signaling pathways, J. Neurosci. 25 (2005) 11330–11339, https://doi.org/ 
10.1523/JNEUROSCI.2313-05.2005. 

[53] F.A. Caetano, M.H. Lopes, G.N. Hajj, C.F. Machado, C. Pinto Arantes, A. 
C. Magalhaes, P. Vieira Mde, T.A. Americo, A.R. Massensini, S.A. Priola, 
I. Vorberg, M.V. Gomez, R. Linden, V.F. Prado, V.R. Martins, M.A. Prado, 
Endocytosis of prion protein is required for ERK1/2 signaling induced by stress- 
inducible protein 1, J. Neurosci. 28 (2008) 6691–6702, https://doi.org/10.1523/ 
JNEUROSCI.1701-08.2008. 

[54] F.H. Beraldo, C.P. Arantes, T.G. Santos, N.G. Queiroz, K. Young, R.J. Rylett, R. 
P. Markus, M.A. Prado, V.R. Martins, Role of alpha7 nicotinic acetylcholine 
receptor in calcium signaling induced by prion protein interaction with stress- 
inducible protein 1, J. Biol. Chem. 285 (2010) 36542–36550, https://doi.org/ 
10.1074/jbc.M110.157263. 

[55] T.G. Santos, F.H. Beraldo, G.N. Hajj, M.H. Lopes, M. Roffe, F.C. Lupinacci, V. 
G. Ostapchenko, V.F. Prado, M.A. Prado, V.R. Martins, Laminin-gamma1 chain 
and stress inducible protein 1 synergistically mediate PrPC-dependent axonal 
growth via Ca2+ mobilization in dorsal root ganglia neurons, J. Neurochem. 124 
(2013) 210–223, https://doi.org/10.1111/jnc.12091. 

[56] J.K. Jeong, S.Y. Park, Neuroprotective effect of cellular prion protein (PrPC) is 
related with activation of alpha7 nicotinic acetylcholine receptor (alpha7nAchR)- 
mediated autophagy flux, Oncotarget 6 (2015) 24660–24674, https://doi.org/ 
10.18632/oncotarget.4953. 

[57] M. Roffe, F.H. Beraldo, R. Bester, M. Nunziante, C. Bach, G. Mancini, S. Gilch, 
I. Vorberg, B.A. Castilho, V.R. Martins, G.N. Hajj, Prion protein interaction with 
stress-inducible protein 1 enhances neuronal protein synthesis via mTOR, Proc. 
Natl. Acad. Sci. U. S. A. 107 (2010) 13147–13152, https://doi.org/10.1073/ 
pnas.1000784107. 

[58] C. Arantes, R. Nomizo, M.H. Lopes, G.N. Hajj, F.R. Lima, V.R. Martins, Prion 
protein and its ligand stress inducible protein 1 regulate astrocyte development, 
Glia 57 (2009) 1439–1449, https://doi.org/10.1002/glia.20861. 

[59] C.A. Hartmann, V.R. Martins, F.R. Lima, High levels of cellular prion protein 
improve astrocyte development, FEBS Lett. 587 (2013) 238–244, https://doi.org/ 
10.1016/j.febslet.2012.11.032. 

[60] M. Arruda-Carvalho, B. Njaine, M.S. Silveira, R. Linden, L.B. Chiarini, Hop/STI1 
modulates retinal proliferation and cell death independent of PrPC, Biochem. 
Biophys. Res. Commun. 361 (2007) 474–480, https://doi.org/10.1016/j. 
bbrc.2007.07.038. 

[61] I.N. Soares, F.A. Caetano, J. Pinder, B.R. Rodrigues, F.H. Beraldo, V. 
G. Ostapchenko, C. Durette, G.S. Pereira, M.H. Lopes, N. Queiroz-Hazarbassanov, 
I.W. Cunha, P.I. Sanematsu, S. Suzuki, L.F. Bleggi-Torres, C. Schild-Poulter, 
P. Thibault, G. Dellaire, V.R. Martins, V.F. Prado, M.A. Prado, Regulation of 
stress-inducible phosphoprotein 1 nuclear retention by protein inhibitor of 
activated STAT PIAS1, Mol. Cell Proteomics 12 (2013) 3253–3270, https://doi. 
org/10.1074/mcp.M113.031005. 

[62] L. Schneider, M. Fumagalli, F. d’Adda di Fagagna, Terminally differentiated 
astrocytes lack DNA damage response signaling and are radioresistant but retain 
DNA repair proficiency, Cell Death Differ. 19 (2012) 582–591, https://doi.org/ 
10.1038/cdd.2011.129. 

[63] A.M. Mabb, S.M. Wuerzberger-Davis, S. Miyamoto, PIASy mediates NEMO 
sumoylation and NF-kappaB activation in response to genotoxic stress, Nat. Cell 
Biol. 8 (2006) 986–993, https://doi.org/10.1038/ncb1458. 

[64] Y. Galanty, R. Belotserkovskaya, J. Coates, S. Polo, K.M. Miller, S.P. Jackson, 
Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA 
double-strand breaks, Nature 462 (2009) 935–939, https://doi.org/10.1038/ 
nature08657. 

[65] G.N. Hajj, C.P. Arantes, M.V. Dias, M. Roffe, B. Costa-Silva, M.H. Lopes, I. Porto- 
Carreiro, T. Rabachini, F.R. Lima, F.H. Beraldo, M.A. Prado, R. Linden, V. 
R. Martins, The unconventional secretion of stress-inducible protein 1 by a 
heterogeneous population of extracellular vesicles, Cell. Mol. Life Sci. 70 (2013) 
3211–3227, https://doi.org/10.1007/s00018-013-1328-y. 

[66] A.S. Coitinho, M.H. Lopes, G.N. Hajj, J.I. Rossato, A.R. Freitas, C.C. Castro, 
M. Cammarota, R.R. Brentani, I. Izquierdo, V.R. Martins, Short-term memory 
formation and long-term memory consolidation are enhanced by cellular prion 

association to stress-inducible protein 1, Neurobiol. Dis. 26 (2007) 282–290, 
https://doi.org/10.1016/j.nbd.2007.01.005. 

[67] M.A.M.P. Rachel, E. Lackie, Abdul R. Razzaq, Sali M.K. Farhan, Gilli Moshitzky, 
Flavio H. Beraldo, Marilene H. Lopes, Andrzej Maciejewski, Robert Gros, Jue Fan, 
Wing-Yiu Choy, David S. Greenberg, Vilma R. Martins, Martin L. Duennwald, 
Hermona Soreq, Vania F. Prado, Modulation of hippocampal neuronal resilience 
during aging by the Hsp70/Hsp90 co-chaperone STI1, J. Neurochem. (2019), 
https://doi.org/10.1111/jnc.14882. 

[68] L.M. Miyakoshi, D. Marques-Coelho, L.E.R. De Souza, F.R.S. Lima, V.R. Martins, 
S.M. Zanata, C. Hedin-Pereira, Evidence of a cell surface role for Hsp90 complex 
proteins mediating neuroblast migration in the subventricular zone, Front. Cell. 
Neurosci. 11 (2017) 138, https://doi.org/10.3389/fncel.2017.00138. 

[69] F.H. Beraldo, V.G. Ostapchenko, J.Z. Xu, G.M. Di Guglielmo, J. Fan, P.J. Nicholls, 
M.G. Caron, V.F. Prado, M.A.M. Prado, Mechanisms of neuroprotection against 
ischemic insult by stress-inducible phosphoprotein-1/prion protein complex, 
J. Neurochem. 145 (2018) 68–79, https://doi.org/10.1111/jnc.14281. 

[70] E. Prinsloo, M.M. Setati, V.M. Longshaw, G.L. Blatch, Chaperoning stem cells: a 
role for heat shock proteins in the modulation of stem cell self-renewal and 
differentiation? Bioessays 31 (2009) 370–377, https://doi.org/10.1002/ 
bies.200800158. 

[71] G.L. Longshaw, M. Victoria, Melissa Baxter, Marina Prewitz, Blatch, Knockdown 
of the co-chaperone Hop promotes extranuclear accumulation of Stat3 in mouse 
embryonic stem cells, Eur. J. Cell Biol. 88 (2009) 153–166, https://doi.org/ 
10.1016/j.ejcb.2008.09.003. 

[72] T.G.S, M.H.L, Lilian Cruz, Jenny Andrea Arevalo Romero, Mariana 
Brandão Prado, Evidence of extracellular vesicles biogenesis and release in mouse 
embryonic stem cells, Stem Cell Rev. Rep. 14 (2017) 262–276. 

[73] T.G. Santos, I.R. Silva, B. Costa-Silva, A.P. Lepique, V.R. Martins, M.H. Lopes, 
Enhanced neural progenitor/stem cells self-renewal via the interaction of stress- 
inducible protein 1 with the prion protein, Stem Cells 29 (2011) 1126–1136, 
https://doi.org/10.1002/stem.664. 

[74] G.N. Hajj, T.G. Santos, Z.S. Cook, V.R. Martins, Developmental expression of 
prion protein and its ligands stress-inducible protein 1 and vitronectin, J. Comp. 
Neurol. 517 (2009) 371–384, https://doi.org/10.1002/cne.22157. 

[75] L.E. de Souza, M.D. Moura Costa, E.S. Bilek, M.H. Lopes, V.R. Martins, A. 
W. Puschel, A.F. Mercadante, L.S. Nakao, S.M. Zanata, STI1 antagonizes 
cytoskeleton collapse mediated by small GTPase Rnd1 and regulates neurite 
growth, Exp. Cell Res. 324 (2014) 84–91, https://doi.org/10.1016/j. 
yexcr.2014.03.017. 

[76] V.G. Ostapchenko, F.H. Beraldo, A.H. Mohammad, Y.F. Xie, P.H. Hirata, A. 
C. Magalhaes, G. Lamour, H. Li, A. Maciejewski, J.C. Belrose, B.L. Teixeira, 
M. Fahnestock, S.T. Ferreira, N.R. Cashman, G.N. Hajj, M.F. Jackson, W.Y. Choy, 
J.F. MacDonald, V.R. Martins, V.F. Prado, M.A. Prado, The prion protein ligand, 
stress-inducible phosphoprotein 1, regulates amyloid-beta oligomer toxicity, 
J. Neurosci. 33 (2013) 16552–16564, https://doi.org/10.1523/ 
JNEUROSCI.3214-13.2013. 

[77] J. Lauren, D.A. Gimbel, H.B. Nygaard, J.W. Gilbert, S.M. Strittmatter, Cellular 
prion protein mediates impairment of synaptic plasticity by amyloid-beta 
oligomers, Nature 457 (2009) 1128–1132, https://doi.org/10.1038/ 
nature07761. 

[78] D.A. Gimbel, H.B. Nygaard, E.E. Coffey, E.C. Gunther, J. Lauren, Z.A. Gimbel, S. 
M. Strittmatter, Memory impairment in transgenic Alzheimer mice requires 
cellular prion protein, J. Neurosci. 30 (2010) 6367–6374, https://doi.org/ 
10.1523/JNEUROSCI.0395-10.2010. 

[79] C. Bate, A. Williams, Amyloid-beta-induced synapse damage is mediated via 
cross-linkage of cellular prion proteins, J. Biol. Chem. 286 (2011) 37955–37963, 
https://doi.org/10.1074/jbc.M111.248724. 

[80] D.B. Freir, A.J. Nicoll, I. Klyubin, S. Panico, J.M. Mc Donald, E. Risse, E.A. Asante, 
M.A. Farrow, R.B. Sessions, H.R. Saibil, A.R. Clarke, M.J. Rowan, D.M. Walsh, 
J. Collinge, Interaction between prion protein and toxic amyloid beta assemblies 
can be therapeutically targeted at multiple sites, Nat. Commun. 2 (2011) 336, 
https://doi.org/10.1038/ncomms1341. 

[81] W. Kudo, H.P. Lee, W.Q. Zou, X. Wang, G. Perry, X. Zhu, M.A. Smith, R. 
B. Petersen, H.G. Lee, Cellular prion protein is essential for oligomeric amyloid- 
beta-induced neuronal cell death, Hum. Mol. Genet. 21 (2012) 1138–1144, 
https://doi.org/10.1093/hmg/ddr542. 

[82] S.A. Karsani, N.A. Saihen, R.B. Zain, S.C. Cheong, M. Abdul Rahman, 
Comparative proteomics analysis of oral cancer cell lines: identification of cancer 
associated proteins, Proteome Sci. 12 (2014) 3, https://doi.org/10.1186/1477- 
5956-12-3. 

[83] D.P. Liu, R.Z. Qi, Y. Wang, P.P. Chen, H.P. Koeffler, D. Xie, Discovery of stage- 
related proteins in esophageal squamous cell carcinoma using proteomic analysis, 
Proteomics Clin. Appl. 1 (2007) 312–320, https://doi.org/10.1002/ 
prca.200600815. 

[84] M. Moghanibashi, F.R. Jazii, Z.S. Soheili, M. Zare, A. Karkhane, K. Parivar, 
P. Mohamadynejad, Proteomics of a new esophageal cancer cell line established 
from Persian patient, Gene 500 (2012) 124–133, https://doi.org/10.1016/j. 
gene.2012.03.038. 

[85] Y.W. Xu, C.T. Liu, X.Y. Huang, L.S. Huang, Y.H. Luo, C.Q. Hong, H.P. Guo, L. 
Y. Xu, Y.H. Peng, E.M. Li, Serum autoantibodies against STIP1 as a potential 
biomarker in the diagnosis of esophageal squamous cell carcinoma, Dis. Markers 
2017 (2017) 5384091, https://doi.org/10.1155/2017/5384091. 

A.C.C. da Fonseca et al.                                                                                                                                                                                                                       

https://doi.org/10.1074/jbc.275.10.6894
https://doi.org/10.1074/jbc.275.10.6894
https://doi.org/10.1074/jbc.273.52.35194
https://doi.org/10.1074/jbc.273.52.35194
https://doi.org/10.15252/embr.201439198
https://doi.org/10.1038/nm1297-1376
https://doi.org/10.1093/emboj/cdf324
https://doi.org/10.1523/JNEUROSCI.2313-05.2005
https://doi.org/10.1523/JNEUROSCI.2313-05.2005
https://doi.org/10.1523/JNEUROSCI.1701-08.2008
https://doi.org/10.1523/JNEUROSCI.1701-08.2008
https://doi.org/10.1074/jbc.M110.157263
https://doi.org/10.1074/jbc.M110.157263
https://doi.org/10.1111/jnc.12091
https://doi.org/10.18632/oncotarget.4953
https://doi.org/10.18632/oncotarget.4953
https://doi.org/10.1073/pnas.1000784107
https://doi.org/10.1073/pnas.1000784107
https://doi.org/10.1002/glia.20861
https://doi.org/10.1016/j.febslet.2012.11.032
https://doi.org/10.1016/j.febslet.2012.11.032
https://doi.org/10.1016/j.bbrc.2007.07.038
https://doi.org/10.1016/j.bbrc.2007.07.038
https://doi.org/10.1074/mcp.M113.031005
https://doi.org/10.1074/mcp.M113.031005
https://doi.org/10.1038/cdd.2011.129
https://doi.org/10.1038/cdd.2011.129
https://doi.org/10.1038/ncb1458
https://doi.org/10.1038/nature08657
https://doi.org/10.1038/nature08657
https://doi.org/10.1007/s00018-013-1328-y
https://doi.org/10.1016/j.nbd.2007.01.005
https://doi.org/10.1111/jnc.14882
https://doi.org/10.3389/fncel.2017.00138
https://doi.org/10.1111/jnc.14281
https://doi.org/10.1002/bies.200800158
https://doi.org/10.1002/bies.200800158
https://doi.org/10.1016/j.ejcb.2008.09.003
https://doi.org/10.1016/j.ejcb.2008.09.003
http://refhub.elsevier.com/S1359-6101(20)30080-0/sbref0360
http://refhub.elsevier.com/S1359-6101(20)30080-0/sbref0360
http://refhub.elsevier.com/S1359-6101(20)30080-0/sbref0360
https://doi.org/10.1002/stem.664
https://doi.org/10.1002/cne.22157
https://doi.org/10.1016/j.yexcr.2014.03.017
https://doi.org/10.1016/j.yexcr.2014.03.017
https://doi.org/10.1523/JNEUROSCI.3214-13.2013
https://doi.org/10.1523/JNEUROSCI.3214-13.2013
https://doi.org/10.1038/nature07761
https://doi.org/10.1038/nature07761
https://doi.org/10.1523/JNEUROSCI.0395-10.2010
https://doi.org/10.1523/JNEUROSCI.0395-10.2010
https://doi.org/10.1074/jbc.M111.248724
https://doi.org/10.1038/ncomms1341
https://doi.org/10.1093/hmg/ddr542
https://doi.org/10.1186/1477-5956-12-3
https://doi.org/10.1186/1477-5956-12-3
https://doi.org/10.1002/prca.200600815
https://doi.org/10.1002/prca.200600815
https://doi.org/10.1016/j.gene.2012.03.038
https://doi.org/10.1016/j.gene.2012.03.038
https://doi.org/10.1155/2017/5384091


Cytokine and Growth Factor Reviews 57 (2021) 73–84

83

[86] W.L, M.H. Yuan, R.S. Zhou, B. She, H.F. Xu, J.Y. Wang, Expression and clinical 
significance of STIP1 in papillary thyroid carcinoma, Tumour Biol. 35 (2014) 
2391–2395, https://doi.org/10.1007/s13277-013-1316-8. 

[87] L.M.G, Enas M. Fouad, Ola A. Harb, Salem Reham Amin, OlaM. El farargy, Fady 
M. Habib, The expression of FOXE-1 and STIP-1 in papillary thyroid carcinoma 
and their relationship with patient prognosis, Iran. J. Pathol. 13 (2018) 256–271. 
PMCID:PCM6339506. 

[88] J. Padden, D.A. Megger, T. Bracht, H. Reis, M. Ahrens, M. Kohl, M. Eisenacher, J. 
F. Schlaak, A.E. Canbay, F. Weber, A.C. Hoffmann, K. Kuhlmann, H.E. Meyer, H. 
A. Baba, B. Sitek, Identification of novel biomarker candidates for the 
immunohistochemical diagnosis of cholangiocellular carcinoma, Mol. Cell 
Proteomics 13 (2014) 2661–2672, https://doi.org/10.1074/mcp.M113.034942. 

[89] T. Su, J. Liao, Z. Dai, L. Xu, S. Chen, Y. Wang, Z. Peng, Q. Zhang, S. Peng, 
M. Kuang, Stress-induced phosphoprotein 1 mediates hepatocellular carcinoma 
metastasis after insufficient radiofrequency ablation, Oncogene 37 (2018) 
3514–3527, https://doi.org/10.1038/s41388-018-0169-4. 

[90] W. Xu, Q. Rao, Y. An, M. Li, Z. Zhang, Identification of biomarkers for Barcelona 
Clinic Liver Cancer staging and overall survival of patients with hepatocellular 
carcinoma, PLoS One 13 (2018), e0202763, https://doi.org/10.1371/journal. 
pone.0202763. 

[91] L. Huang, E. Zhai, S. Cai, Y. Lin, J. Liao, H. Jin, S. Peng, L. Xu, M. Chen, Z. Zeng, 
Stress-inducible Protein-1 promotes metastasis of gastric cancer via Wnt/beta- 
catenin signaling pathway, J. Exp. Clin. Cancer Res. 37 (2018) 6, https://doi.org/ 
10.1186/s13046-018-0676-8. 

[92] H. Kubota, S. Yamamoto, E. Itoh, Y. Abe, A. Nakamura, Y. Izumi, H. Okada, 
M. Iida, H. Nanjo, H. Itoh, Y. Yamamoto, Increased expression of co-chaperone 
HOP with HSP90 and HSC70 and complex formation in human colonic 
carcinoma, Cell Stress Chaperones 15 (2010) 1003–1011, https://doi.org/ 
10.1007/s12192-010-0211-0. 

[93] S. Kim, H. Cho, E.J. Nam, S.W. Kim, Y.T. Kim, Y.W. Park, B.W. Kim, J.H. Kim, 
Autoantibodies against stress-induced phosphoprotein-1 as a novel biomarker 
candidate for ovarian cancer, Genes Chromosom. Cancer 49 (2010) 585–595, 
https://doi.org/10.1002/gcc.20769. 

[94] T.H. Wang, A. Chao, C.L. Tsai, C.L. Chang, S.H. Chen, Y.S. Lee, J.K. Chen, Y.J. Lin, 
P.Y. Chang, C.J. Wang, A.S. Chao, S.D. Chang, T.C. Chang, C.H. Lai, H.S. Wang, 
Stress-induced phosphoprotein 1 as a secreted biomarker for human ovarian 
cancer promotes cancer cell proliferation, Mol. Cell Proteomics 9 (2010) 
1873–1884, https://doi.org/10.1074/mcp.M110.000802. 

[95] C.L. Tsai, C.N. Tsai, C.Y. Lin, H.W. Chen, Y.S. Lee, A. Chao, T.H. Wang, H. 
S. Wang, C.H. Lai, Secreted stress-induced phosphoprotein 1 activates the ALK2- 
SMAD signaling pathways and promotes cell proliferation of ovarian cancer cells, 
Cell Rep. 2 (2012) 283–293, https://doi.org/10.1016/j.celrep.2012.07.002. 

[96] W.T. Tsai, Chao A.S. CL, S.M. Jung, C.Y. Lin, A. Chao, Stress-induced 
phosphoprotein 1 acts as a scaffold protein for glycogen synthase kinase-3 beta- 
mediated phosphorylation of lysine-specific demethylase, Oncogenesis 7 (2018) 
31, https://doi.org/10.1038/s41389-018-0040-z. 

[97] X.H.M. Guo, Z. Yan, G. Zhang, X. Wang, Y. Pan, STIP1 regulates proliferation and 
migration of lung adenocarcinoma through JAK2/STAT3 signaling pathway, 
Cancer Manag. Res. 11 (2019) (2019) 10061–10072, https://doi.org/10.2147/ 
CMAR.S233758. 

[98] C.W, X. Sun, N. Cao, L. Mu, Stress induced phosphoprotein 1 promotes tumor 
growth and metastasis of melanoma via modulating JAK2/STAT3 pathway, 
Biomed. Pharmacother. 116 (2019), https://doi.org/10.1016/j. 
biopha.2019.108962. 

[99] H.S. Wang, C.L. Tsai, P.Y. Chang, et al., Positive associations between upregulated 
levels of stress-induced phosphoprotein 1 and matrix metalloproteinase-9 in 
endometriosis/adenomyosis, PLoS One 13 (2018) e0190573, https://doi.org/ 
10.1371/journal.pone.0190573. 

[100] D. Van Simaeys, D. Turek, C. Champanhac, J. Vaizer, K. Sefah, J. Zhen, 
R. Sutphen, W. Tan, Identification of cell membrane protein stress-induced 
phosphoprotein 1 as a potential ovarian cancer biomarker using aptamers 
selected by cell systematic evolution of ligands by exponential enrichment, Anal. 
Chem. 86 (2014) 4521–4527, https://doi.org/10.1021/ac500466x. 

[101] Y. Huang, H. Li, L. Wang, X. Mao, G. Li, Highly sensitive protein detection based 
on smart hybrid nanocomposite-controlled switch of DNA polymerase activity, 
ACS Appl. Mater. Interfaces 8 (2016) 28202–28207, https://doi.org/10.1021/ 
acsami.6b09270. 

[102] R. Wu, F. Liu, P. Peng, H. Qiu, H. Xiong, S. Yu, X. Huang, H. Zhang, L. Zhuang, 
Tumor stress-induced phosphoprotein 1 as a prognostic biomarker for breast 
cancer, Ann. Transl. Med. 6 (2018) 302, https://doi.org/10.21037/ 
atm.2018.06.46. 

[103] J. Diaz-Chavez, M.A. Fonseca-Sanchez, E. Arechaga-Ocampo, A. Flores-Perez, 
Y. Palacios-Rodriguez, G. Dominguez-Gomez, L.A. Marchat, L. Fuentes-Mera, 
G. Mendoza-Hernandez, P. Gariglio, C. Lopez-Camarillo, Proteomic profiling 
reveals that resveratrol inhibits HSP27 expression and sensitizes breast cancer 
cells to doxorubicin therapy, PLoS One 8 (2013) e64378, https://doi.org/ 
10.1371/journal.pone.0064378. 

[104] T.G. Santos, M.H. Lopes, V.R. Martins, Targeting prion protein interactions in 
cancer, Prion 9 (2015) 165–173, https://doi.org/10.1080/ 
19336896.2015.1027855. 

[105] M.H. Lopes, T.G. Santos, B.R. Rodrigues, N. Queiroz-Hazarbassanov, I.W. Cunha, 
A.P. Wasilewska-Sampaio, B. Costa-Silva, F.A. Marchi, L.F. Bleggi-Torres, P. 
I. Sanematsu, S.H. Suzuki, S.M. Oba-Shinjo, S.K. Marie, E. Toulmin, A.F. Hill, V. 
R. Martins, Disruption of prion protein-HOP engagement impairs glioblastoma 
growth and cognitive decline and improves overall survival, Oncogene 34 (2015) 
3305–3314, https://doi.org/10.1038/onc.2014.261. 

[106] R.P. Iglesia, M.B. Prado, L. Cruz, V.R. Martins, T.G. Santos, M.H. Lopes, 
Engagement of cellular prion protein with the co-chaperone Hsp70/90 organizing 
protein regulates the proliferation of glioblastoma stem-like cells, Stem Cell Res. 
Ther. 8 (2017) 76, https://doi.org/10.1186/s13287-017-0518-1. 

[107] H. Yin, Z. Deng, X. Li, Y. Li, W. Yin, G. Zhao, D. Jiang, C. Sun, Y. Zhou, Down- 
regulation of STIP1 regulate apoptosis and invasion of glioma cells via TRAP1/ 
AKT signaling pathway, Cancer Genet. 237 (2019) 1–9, https://doi.org/10.1016/ 
j.cancergen.2019.05.006. 

[108] A.C. da Fonseca, B. Badie, Microglia and macrophages in malignant gliomas: 
recent discoveries and implications for promising therapies, Clin. Dev. Immunol. 
2013 (2013) 264124, https://doi.org/10.1155/2013/264124. 

[109] A.C. da Fonseca, R. Amaral, C. Garcia, L.H. Geraldo, D. Matias, F.R. Lima, 
Microglia in Cancer: For Good or for Bad? Adv. Exp. Med. Biol. 949 (2016) 
245–261, https://doi.org/10.1007/978-3-319-40764-7_12. 

[110] D. Matias, L.G. Dubois, B. Pontes, L. Rosario, V.P. Ferrer, J. Balca-Silva, A.C. 
C. Fonseca, L.W. Macharia, L. Romao, E.S. TCLS, L. Chimelli, P.N. Filho, M. 
C. Lopes, J.G. Abreu, F.R.S. Lima, V. Moura-Neto, GBM-derived Wnt3a induces 
M2-Like phenotype in microglial cells through Wnt/beta-catenin signaling, Mol. 
Neurobiol. 56 (2019) 1517–1530, https://doi.org/10.1007/s12035-018-1150-5.  

Anna Carolina Carvalho da Fonseca graduated in Biological 
Sciences at the Institute of Biomedical Sciences (ICB) of Federal 
University of Rio de Janeiro (UFRJ), Brazil, followed by Master 
and Doctorate degrees in Morphological Sciences and a post- 
doctorate in Neurosciences with an emphasis on Cancer 
Immuno-biology at the Glial Cell Biology Laboratory, ICB, 
UFRJ. She is currently in a Post-doctorate working in the area 
of Cancer Biology at the Laboratory of Multi-user Biomedical 
Research, Nova Friburgo Institute of Health, Fluminense Fed
eral University, Brazil.  

Diana Matias is a Post-Doctoral research fellow from Giuseppe 
Battaglia’s lab at University college London (UCL, UK), United 
Kingdom. She is graduated in biochemistry by University of 
Evora, Portugal, and hold a master’s in biomedical research by 
Faculty of Medicine of the University of Coimbra, Portugal. 
During her PhD in Morphological Sciences at Institute of 
Biomedical Sciences (ICB) of Federal University of Rio de 
Janeiro (UFRJ), Brazil, she studied the heterogeneity of glio
blastomas. For 6 months, she was a Post-doctoral fellow at 
Paulo Niemeyer State Institute of Brain and ICB-UFRJ, Rio de 
Janeiro, Brazil. Her current interest is in neuro-oncological 
precision nanomedicines - design a multiplexed biodegrad
able carrier with characteristics suitable for the treatment of 
brain tumors. 

Luiz Henrique Medeiros Geraldo is a Post-Doctoral research fellow at Université de 
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