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The progress of CAR-T therapy in cancer and beyond
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ABSTRACT
Chimeric antigen receptor T (CAR-T) technology is the pinnacle of modern immunology, system biology, 
synthetic biology and cellular engineering. It is the powerful new player of cancer therapy since the 
concept of adoptive cell therapy. Clinical success of CAR-T cells targeting antigen unique to B cell 
leukemia has made it the focus of new development in cancer therapy. The latest success is reported in 
a clinical case of using CAR-T cells to treat pediatric acute lymphoblastic leukemia. However, the major 
challenges are to make CAR-T cells a reliable, controllable, safe and effective platform that could apply to 
diverse cancer types including solid tumors. In this review we summarize the recent research progress to 
tackle the challenges and discuss the broader application of CAR-T cells beyond cancer in the context of 
genome editing era.
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Introduction
  Since the “War on Cancer” was launched by US 
President Richard Nixon in 1971, at the time when human 
had successfully landed on the moon, however, people 
are frustrated to see the uprising of cancer incidences 
worldwide and cancer still remains the top mortality 
cause in the world (1). The doubt looms in the minds of 
people whether we could ever win the war. Fortunately, 
we become so confident in recent years with the advance 
of new technologies. We have seen the booming of 
immunotherapy for cancer since it was named the 
number one breakthrough of the year in 2013 by Science 
journal (2). The success of immunotherapy in clinics 
has won the scientists behind the discovery the Nobel 
Prize in 2018. A new technology of immunotherapy: 
chimeric antigen receptor T cell (CAR-T) therapy was 
awarded the Advance of the Year 2018 by the American 
Society of Clinical Oncology. It holds the hope for the 
final resolution for cancer, the grail therapy. The latest 
success of using CAR-T technology to combat cancer 
was reported in a clinical case in Singapore to treat acute 
lymphoblastic leukemia after the chemotherapy and stem 
cell transplant failed to deliver the outcome (3,4). No 

doubt it will be the star of Cancer Moonshot task force. In 
this article, we will briefly introduce the background, the 
progress and the challenges of CAR-T cell therapy.

CAR-T cell therapy: the next generation of medicine
  Modern medicine was for a long time the extract of 
natural product or small chemical compound obtained 
by chemical synthesis. The key technology is analytical 
and synthetic chemistry. They still remain the mainstay 
of drugs today and the first pillar of modern medicine. 
With the development of molecular biology and 
bioengineering, recombinant proteins or macromolecules 
became the second pillar of medicine, with Genentech as 
the herald and model of biotech pharma. Recombinant 
bio-products like insulin and monoclonal antibodies stand 
for a substantial proportion of drug market. Now we have 
the third pillar of medicine, cell therapies like CAR-T 
cells which have been approved by the Food and Drug 
Administration (FDA) to treat certain leukemia (5). The 
therapeutic capabilities of cell entities are distinct. So far, 
they are the first kind of “live” medicine, which possess 
unique traits never seen in previous types of medicine. 
They can grow, proliferate, and move actively towards 
the drug target. They serve as a platform to equip with 
multiple armors to tackle the tumor cells and escape 
the suppressive control of microenvironment (6). They 
are complex system and subject to manipulation by the 
theory of control through positive or negative feedback 
mechanism. The design and manufacture of these agent are
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totally different from previous generations of drugs 
and are more challenging. The foundation comprises 
of cellular system and synthetic biology, gene transfer 
technique, monoclonal antibody technology, cell 
engineering method, and the latest genome editing 
toolkits. Nonetheless, the corner stone for CAR-T therapy 
is the deep understanding of immunology and the concept 
of immunotherapy of cancer.

The foundation of immunotherapy
  Immune checkpoint therapy and cell-based therapy like 
CAR-T are all dependent on the function of immune 
system: to recognize the danger and clear the threat, either 
from the outside world or inside the cells of the organism. 
Immune system in mammals comprises the innate and 
adaptive branches of immunity. Innate immunity is found 
in most animals and plants, it is responsible for the first-
line defense of pathogens through pattern recognition of 
different types of foreign molecules, which is usually non-
specific and antigen-independent (7). Adaptive immunity 
is only found in vertebrates and it has evolved to provide 
delicately regulated repertoire of recognition for both self 
and non-self antigens through complex network between 
different cell types, especially between antigen-presenting 
cells (APC) and T/B lymphocytes which involve the 
formation of immunological synapse consisting of B or T 
cell receptors (BCR or TCR) and their cognate ligand with 
antigen and co-stimulatory molecules. The recognition 
of different antigens in specific circumstances leads to 
pathogen-specific effector T cell activation and elimination 
of pathogens or diseased cells, generation of memory T or 
B cells, or immune tolerance of self-antigen, collectively 
regulating the homeostasis of the immune system (8).
  Before we introduce the structure of chimeric antigen 
receptor, we first briefly talk about the natural TCR. 
The TCR is normally a heterodimer composed of two 
different subunits selected from the four different types 
of polypeptides: α, β, γ, δ (Figure 1). In human T cells, 
95% of the TCR consists of an α and β chain, the rest 
5% TCR is composed by γ and δ chains. TCR is a 
member of immunoglobulin superfamily and resembles 
the structure of a half antibody (light chain and heavy 
chain without the Fc region). The TCR module is like an 
antibody anchored on T cell membrane and responsible 
for recognizing antigens which are presented by major 
histocompatibility complex (MHC) molecules on the 
surface of APCs or tumor cells. However, it has no 
signaling function on its own as its cytoplasmic tail is 
very short. The TCR heterodimer then forms a complex 
with Cluster of Differentiation (CD)3 and ζ chain which 
can transduce the signal into different pathways such as 
nuclear factor kappa B (NFκB), phosphoinositide 3-kinase 
(PI3K), mitogen activated protein kinase (MAPK) through 
recruitment of tyrosine kinases lymphocyte-specific 
protein tyrosine kinase (Lck), tyrosine protein kinase 
Fyn, zeta-chain associated protein kinase 70 (Zap70), 
subsequently promoting the proliferation and differentiation 
of cells (9). The TCR complex also recruits or interacts 
with co-receptors like CD4, CD8, and co-stimulatory 

molecules CD28, Inducible T-cell COStimulator (ICOS), 
OX40, and 4-1BB for optimal activation upon MHC 
engagement. Upon binding of its ligands CD80/CD86, 
CD28 is activated and helps amplifying the TCR signaling 
which turns on cytokine production, cell cycle progression 
and metabolism reprogramming. 4-1BB belongs to TNFR 
superfamily and can be induced by TCR and CD28 
signaling in both CD4+ and CD8+ cells (10). When 
engaged with 4-1BB ligand, 4-1BB transduces signal 
to enhance T cell proliferation, cytokine secretion and 
cytolytic potential, and more importantly, to reduce the 
sensitivity of cells to inhibition by transforming growth 
factor-β (TGFβ) (11). T cells are also under negative 
regulation of inhibitory molecules like Programmed 
cell death 1 (PD1), Cytotoxic T lymphocyte antigen-4 
(CTLA-4), Lymphocyte activation gene 3 (LAG3) and T 
cell immunoglobulin-3 (TIM-3) which are the targets of 
immune check point therapy (12).
  Many different subtypes of T cells are identified to 
distinguish their diverse functions in immune response: 
CD8+ cytotoxic T cell, CD4+ T helper cells, memory T 
cells, regulatory T cells, and innate-like T cells including 
natural kill T cells and gamma delta T cells (13-15). 
Once activated, cytotoxic T cells are found to have the 
direct killing ability to eliminate cancer cells, infected or 
damaged cells by releasing cytotoxins perforin, granzymes 
and granulysin, or through FAS ligand mediated apoptosis. 
The targeting of cytotoxic T cells was tightly regulated by 
MHC-I complex with antigen presented by APCs or tumor 
cells. This unique trait makes it a potential therapeutic 
agent for cancers (16).

Figure 1. The diagram of TCR structure.
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The hint from adoptive cell therapy
  More than a century ago, pioneer immunologist Paul 
Ehrlich has proposed the term of “magic bullet” which 
means to harness the power of immune system for disease 
intervention (17). His scientific achievements won him 
the Nobel Prize in 1908. The bullet is to specifically target 
diseased tissue/cells and leave healthy tissue intact. With 
scientific breakthrough in the biomedical field, people 
have seen antibiotics, antibodies and targeted small 
chemical compounds as the examples of magic bullets at 
different stages. Now we have the latest version, CAR-T 
cells, also the most advanced generation.
  The use of T cells in cancer treatment, adoptive cell 
therapy, can trace back to more than 20 years ago, when 
non-genetically modified T cells were expanded in ex-
vivo and infused back to melanoma patients to show 
good safety and achieve objective tumor regression 
in 50% of the patients (18,19). Similar treatment was 
used on infectious disease such as CMV and HIV virus 
infected patients (20,21). Autologous tumor-infiltrating 
lymphocytes (TILs) are the most effective source of 
adoptive cell treatment so far. However, there are several 
limitations for this therapy. Firstly, the isolation and 
preparation of this kind of TIL are labor-intensive and 
complex. Secondly, activation of these TILs is dependent 
on the native TCR and optimal engagement with MHC 
matching to each patient, which is a daunting task given 
the enormous pool of MHC alleles. Thirdly, the affinity 
between TCR and tumor antigen is roughly low, in 
micromolar range, compared to the high affinity between 
viral peptide and TCR at nanomolar range. This will likely 
limit the recognition and antigen-specific activation of 
cytotoxic T cells.
  To overcome the limitations of endogenous TILs used in 
adoptive cell therapy, researchers developed the chimeric 
antigen receptor T cells.

The concept of CAR-T design and evolution
  In a word, the design of CAR-T is following the 
principles governing the behaviors of endogenous T cell in 
the body. Firstly, T cells need to move towards the target 
via the leukocyte trafficking system. They are mobilized 
by chemokine signaling and leukocyte recruitment 
pathway. Secondly, they can recognize the target. The 
recognition of antigen is assisted by APC via processing 
of antigen peptides and presenting on the surface by the 
MHC complex. It has super flexibility and enormous 
potential rendered by TCR rearrangement and MHC 
diversity. This is critical for the organism to respond to 
numerous antigens in a well-controlled manner. However, 
the delicate system is highly prone to being hijacked by 
tumors and becomes a weakness for immune defense. 
Thirdly, T cells need to be activated and able to proliferate 
under tight control to avoid the self-damage of normal 
tissues. When the threat is cleared, T cells need to return 
to dormant or inactive state, but possess the ability to 
revive when the old threat is detected again. Lastly, T cells 
need to survive in or overcome the suppressive tumor 
environment, which is frequently associated with inert of 

T cells seen in various cancers especially in solid tumors.
  The key innovation of CAR-T cells is to replace the 
variable region of TCR heterodimer with the counterpart 
from another antibody, both of which are responsible 
for antigen recognition and are structurally similar. The 
concept that CAR could recognize target independent 
of the MHC complex and co-stimulation signal was 
successfully validated in late 1980s by Kuwana and 
Eshhar group (22,23). Another key innovation is to 
simplify intracellular signaling domain into a single 
chain receptor comprising of CD8 extracellular and 
transmembrane domain and CD3ζ cytoplasmic domain. 
The chimeric receptor can express independently of 
TCR and transduce signal like the native TCR complex 
(24). These scientific innovations paved the road for the 
application of CAR-T cells in clinics. It takes more than 
20 years from basic concept to actual clinical approval.
  In the first-generation CAR-T cells, the sensor domain of 
conventional TCR was replaced by a single chain variable 
fragment (scFv) which mimicked the antigen recognition 
structure of anti-CD19 antibody (Figure 2). This design 
significantly reduced the complexity of heterodimer TCR 
chains and it enabled the convenient expansion to various 
targets by switching the scFv module to desired antigen 
binding domain. Target selection is key to the success 
of CAR-T and will be discussed further in the later 
section. Then the extracellular antigen binding domain 
was fused through a hinge and transmembrane domain 
with intracellular signaling module CD3 ζ chain. In this 
way a single chain chimeric receptor could execute the 
core functions of the native TCR complex composed of 
more than eight subunits, even in the absence of the MHC 
complex. This is a great leap of progress in the design of 
CAR.
  To enhance the activation of CAR-T cells, a co-
stimulatory domain from CD28 or 4-1BB was inserted 
between transmembrane domain and the TCR signaling 
motif CD3 ζ domain. This is the design of the second-
generation CAR (Figure 2). There was some difference 
between CD28 and 4-1BB-based CAR co-stimulation 
effect: CD28-based CAR showed enhanced proliferation 
and effector functions, while 4-1BB-based CAR induced 
more pronounced progressive T cell accumulation which 
may compensate for less immediate potency (11). Other 
co-stimulation domains from CD27, OX40, ICOS and 
RIAD were also tested in various settings.
  The first FDA approved CAR-T therapy Kymriah is the 
third generation of CAR-T therapy. The upgrade from the 
second generation is to insert both CD28 and 4-1BB co-
stimulatory domains in tandem before the CD3 ζ domain, 
which will further enhance the activation of T cells (Figure 2). 
Moreover, this combination of co-stimulatory domains 
can boost the efficacy of CAR with low binding affinity, 
expanding the choice of antigen recognition motifs (25). 
There was also different combination of co-stimulation 
domains like CD28 plus OX40 in the third generation 
CAR-T which showed largely similar functionality and 
persistence. However, some unique trait was found in 
CAR-T with different combinations. In a neuroblastoma 
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tumor cell model, preclinical results demonstrated that 
CD28/4-1BB combination outperformed the CD28/OX40 
combination in terms of several CAR-T cell properties 
such as T cell persistence, basal T cell activation and 
alleviation of T cell exhaustion (26).
  Of note, the precise molecular mechanism of CAR-
mediated tumor killing has not been well elucidated. The 
anti-cancer capability may be mediated by direct tumor 
cytolysis and cytokine secretion. Interestingly, CD4+ 
CAR-T cells possess the comparable cytolytic ability 
with CD8+ CAR-T cells. Cytokines like TNFα and IFNγ 
produced by CAR-T cells may contribute to the damage 
of tumor microenvironment and growth arrest of tumor 
cells (10,11).
  On the basis of the third generation, new design of 
CAR-T focuses on the addition of other co-expressed 
molecules as “armors” that serve various purposes: 
i) enhance the cytotoxic potential and leukocyte 
trafficking ability to target site, ii) prolong the cell 
survival in the suppressive environment, iii) put CAR-T 
cells under specific control. They are classified as the 
fourth generation (Figure 2). There could be diverse 
combinations of different “armors” in the final design for 
the optimal clinical result in particular cancer types. For 
instance, the CAR-T cells against mesothelin were engineered 
to co-express cytokine interleukin (IL)-7 and chemokine 
CCL19 on the backbone of the third generation design, 
which could significantly enhance the T cell proliferation 
and survival in solid tumor animal model (27).

The application of CAR-T in blood cancer
Clinical study summary
  CAR-T targeting CD19 was the paradigm for the design 
of CAR-T and achieved remarkable success in B cell 
leukemia and lymphoma. Based on the robust clinical 
results, FDA has approved two products. Many CAR-T 
therapies in B cell lymphoma showed extraordinary 
clinical outcomes. Some examples were listed in Table 1.

The mechanism/reason for success
  The success of CD19 CAR-T could be primarily 
accounted by the following factors: i) the specific target 
chosen for B cell malignancy. CD19 is almost the perfect 
target which displays the broad expression at high level 
in B cell malignancy. The expression of CD19 is tightly 
restricted to B cell lineage. ii) The on-target off-tumor 
side effect is very mild. Some patients often showed 
profound B cell aplasia and concurrently many of them 
often showed complete remission of disease. The loss of B 
cells can be effectively managed by replacement therapy 
with the infusion of immunoglobulin. iii) The acceptable 
control of severe adverse effects like cytokine release 
syndrome (CRS) and brain edema even without complete 
understanding of the mechanism. Currently anti-IL6 
antibody, JAK inhibitors and corticosteroids are used for 
CRS. iv) The easy penetration of CAR-T cells to the target 
cells and relatively friendly and simple microenvironment 
for blood malignancy.
 

Figure 2. The evolution of CAR. The figure illustrates the different designs of CAR with the addition of various functional modules.



HUANG, et al.

 https://doi.org/10.37175/stemedicine.v1i3.47 5

STEMedicine 1(3).e47. JUL 2020.

Challenge in B cell leukemia
  Some form of resistance of CD19 CAR-T has emerged 
in B cell leukemia under treatment. The loss of CD19 
antigen epitope appears to be the primary mechanism of 
tumor escape in acute leukemia. This is also the common 
observation for TCR-based cell therapy which depends on 
the efficient presentation of tumor antigen peptide on the 
surface of APCs by the MHC complex. About 28% of the 
patients in a trial with young adults and pediatric patients 
with acute leukemia were reported to lose the expression 
of CD19 epitope (35). The potential solution to this 
problem is to develop dual targeting CAR-T against CD19 
and CD22 which are also restricted to B cell lineage (38).
  Whereas in patients with chronic lymphocytic leukemia, 
the resistance to CAR-T therapy was largely due to the 
insufficient proliferation of CAR-T cells (39). The lack 
of persistence of CAR-T cells could be solved by better 
understanding the stimulatory signaling domains (40) or 
using different type of T cells like sorted memory T cells 
or stem cells (41). Another challenge is the development 
of idiotypic antibody against murine scFv region, which 
could be solved by the use of humanized scFv (42).
  The mechanism of and the relationship between CRS 
and cerebral edema are still elusive. Brain edema could be 
the consequence of CRS and the extreme manifestation 
of CRS in neurological system, or totally independent 
process. It is speculated to be related to inflammatory 
cytokines. Further study in proper animal model is 
warranted to elucidate the details.

Expansion of CAR-T beyond B cells and challenge 
in solid tumors
  The success of CAR-T in B cell leukemia has inspired 
the application into other cancers including melanoma, 
synovial sarcoma, prostate cancer, colon cancer, kidney 
cancer and lung cancer (43). However, there are some 
lessons learned from the CAR-T experiments in solid 
tumors, which remain as challenges to solve.

Tumor recognition
  The crucial issue is the specificity of target molecule. 
This determines the cross-reactivity toxicity of T cells, 
either on-target or off-target. It is challenging to find an 
ideal target antigen on solid tumors. As a restriction of 
CAR-T therapy, the target must be on the cell surface. 
Very often the tumor associated antigen (TAA) is enriched 
on tumor surface, but it is also expressed at low level on 
normal tissues. So far, this problem is seen on the targets 
tested in clinical trials like carcinoembryonic antigen 
(CEA), melanoma antigen (MAGE-A3), folate receptor 
1, ganglioside 2 (GD2), human epidermal growth factor 
receptor 2 (ERBB2), mesothelin, intracellular adhesion 
molecule 1 (ICAM-1), carbonic anhydrase IX (CAIX), 
prostate stem cell antigen (PSMA) and mucin 1 (MUC1) 
(44). The tiny amount of TAA expressed on normal tissues 
could cause catastrophic consequence in patients with 
CAR-T treatment (45-48). The higher affinity of CAR to 
the target is not necessarily correlated with the better efficacy, 
although the binding affinity is related to safety. The in vivo 
study with CAR-T against ICAM-1 demonstrated that 
lower affinity CAR showed better safety and efficacy 
with enhanced proliferation and less exhaustion when 
compared to the higher affinity CAR-T cells (49,50). 
There are new developments with system engineering 
concept to create more sophisticated recognition circuits. 
For example, in addition to the single TAA targeting 
strategy, dual targeting CAR-T cells are also under testing. 
They have two receptors which constitute the AND-gate, 
NOT-gate and OR-gate circuits: the function of CAR-T 
cells is specifically determined by the combination of 
different targets. The general strategy is to construct 
two separate CARs against two targets, respectively, 
and one receptor bears the CD3 ζ chain and the other 
receptor harbors the co-stimulatory domains (51,52). 
The upgrade version for AND-gate recognition involves 
the two receptors in a setting that activation of the first 
receptor will turn on the expression of the second receptor   

Table 1: The clinical result of CD19 CAR-T in B cell leukemia.

Sponsor CAR co-stimulatory domain Year Patients ORS (%) Notes Ref

SCH 4-1BB 2016 36 91% 91% MRD negative CR [26]

MSKCC CD28 2014 44 84% 84% CR; MRD after CAR-T treatment is 
negatively correlated with survival [27, 28]

NCI CD28
2015 39 61% 61% CR; a dose-escalation trial [29, 30]

2016 5 80% 80% MRD negative CR; first allogeneic 
CAR without causing GVHD [31, 32]

UPENN 4-1BB 2014 59 93% 93% CR [33]

BCM CD28 2013 4 25% First allogeneic CAR [34]

FHCRC CD28 2016 33 94% First CAR with defined CD4+ and CD8+ 
T-cell subsets [35]

BCM, Baylor College of Medicine; CAR, chimeric antigen receptor; FHCRC, Fred Hutchinson Cancer Research Center; ORS, objective 
responses; MRD, minimal residual disease; MSKCC, Memorial Sloan-Kettering Cancer Center; NCI, National Cancer Institute; SCH, 
Seattle Children’s Hospital; UPENN, University of Pennsylvania.
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that is responsible for cytotoxic function (53,54). The 
NOT-gate design usually incorporates the signaling 
motif of inhibitory molecules like PD-1 receptor into the 
cytoplasmic tail of the CAR which recognizes the antigen 
expressed on normal tissues. This inhibitory CAR will 
override the activation CAR which targets TAA (55). 
In a similar manner, the OR-gate CARs involve two 
different receptors recognizing two TAAs to refine the 
targeting and reduce tumor escape, such as CD19/CD22 
or CD19/CD20 dual targeting CAR-T cells for B cell 
leukemia. The clinical result suggested these CAR-T cells 
were less sensitive to the resistance due to CD19 loss in 
patients (56,57). These novel designs greatly improve the 
ability of CAR-T cells to specifically recognize tumor 
cells yet reduce the collateral damage on normal tissue. 
The progress of neo-antigen research has found a new 
treasure of TAA pools which will be the focus of future 
development of MHC-restricted CAR/TCR design. 
Recently, a CAR/TCR chimera design targeting the 
intracellular antigen NY-ESO-1 with the help of HLA-A2 
showed promising result (58).
  To better handle the potential on-target off-tumor side 
effect of CAR-T cells, researchers have developed the 
suicide gene cassette into CAR-T design (59). Inducible 
caspase 9 could trigger apoptosis when the core fragment 
of caspase 9 fused to FK506 binding protein (FKBP12) 
is activated by dimerization induced by FK506 small 
compound analogue AP1903 (60,61). Another control 
measure is to co-express the truncated epidermal growth 
factor receptor (EGFR) without intracellular domain 
in the CAR-T cells which can be eliminated by EGFR 
antibody cetuximab-mediated antibody-dependent cellular 
cytotoxicity (62). In case of unexpected severe adverse 
event, CAR-T cells could be removed in a controllable 
manner by these suicide gene designs.
  To treat solid tumors effectively, CAR-T cells need to 
conquer the other challenges: how to find and penetrate 
into tumor tissues, how to survive and proliferate in 
the suppressive environment. Next, we will discuss the 
solutions to tackle the above problems.

Trafficking
  T cells need to first move to the site of tumor. This 
is generally not a big issue for blood malignancies, 
however, it will take considerable effort for CAR-T 
cells to do so in solid tumors which are generally more 
fibrotic and not easy to penetrate. Given the important 
role of chemokine signaling in leukocyte trafficking, 
CAR-T cells were engineered to co-express chemokines 
or chemokine receptors, such as CCR2 and CCL19, to 
enhance the homing and migration ability of T cells. A 
case of mesothelin CAR with CCR2 expression showed 
more than 12-fold increase of T cell trafficking and 
tumor regression in subcutaneous malignant pleural 
mesotheliomas tumors. Another GD2 targeting CAR-T 
cells with CCR2b expression had higher than 10-fold T 
cell homing in neuroblastoma tumor model (63,64).
  Instead of systemic administration of CAR-T cells, 
local delivery of CAR-T cell is an alternative approach 

which has been tested in pre-clinical studies with some 
promising results. In a mouse xenograft study, a breast 
cancer model with brain metastasis was established, when 
the CAR-T cells targeting HER2 were injected to tumor 
intracranially, the tumor was eradicated completely and 
100% survival of animals was observed even with re-
challenge of tumor cells (65). Another study demonstrated 
that local administration of HER2-BB ζ CAR-T cells 
eliminated cancer with much lower dose compared to 
intravenous delivery (66).

Survive in tumor microenvironment
  Many solid tumors are notorious for the suppressive 
microenvironment which comprises of inhibitory small 
molecules, suppressive stromal cells and immune cells. 
Due to the defect in vascular system, tumor cells prefer 
glycolytic metabolism and further render the environment 
hypoxic, acidic, oxidative and nutrient deprived. 
Inhibitory molecules like PD-1 and Galectin-9 are up-
regulated in the inflammatory environment and bind to the 
receptor on T cells and suppress their function. In addition 
to the combinatory therapy with the checkpoint antibodies 
which have been the most popular and successful strategy 
to prevent T cell exhaustion/inhibition, new CAR-T 
cells with expression of checkpoint inhibitor antibodies 
have shown promising results in preclinical studies. For 
example, anti-CAIX CAR-T cells with secretion ability 
of anti-PD-1 antibody showed substantially enhanced 
activity against tumor cells compared to normal CAR-T 
cells, in terms of increased cytokine secretion and immune 
cell recruitment in human clear cell renal carcinoma 
mouse model (67). Similar results were observed on 
CD19 CAR-T with anti-PD-1 antibody in CD19+ lung 
cancer xenograft model (68).
  The tumor cells and their associated stromal and 
immune cells secrete soluble factors like TGFβ, vascular 
endothelial growth factor, adenosine, lactate, reactive 
oxygen species (ROS), prostaglandin E2 and soluble 
Fas ligand, which contribute to the inflammation 
related polarization of tumor associated macrophages, 
abnormal tumor vasculature and suppression of T cell 
immune responses (69-71). One strategy for CAR-T 
design is to incorporate the antagonizing enzyme or 
neutralizing receptor onto cell surface. For instance, a 
type of CAR-T cells was engineered with catalase, the 
enzyme for hydrogen peroxide hydrolysis, and showed 
reduced oxidative stress and improved proliferation and 
cytotoxicity against tumor cells, compared to the original 
CAR without catalase (72). TGFβ has been reported to 
downregulate the secretion of critical Th1 cytokine like 
IFNγ and impair the cytolytic function of T cells (73). 
To alleviate the suppressive role of TGFβ, a dominant 
negative receptor of TGFβRII was co-expressed in T 
cells targeting EBV, and promoted the persistence and 
proliferation of such T cells which showed expected 
result in EBV positive cancers like lymphoma and 
nasopharyngeal carcinoma (74). Recently, a fusion protein 
of PD-L1 antibody and TGFβRII truncate was engineered 
to express on the surface of CAR-T cells and enabled the
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dual resistance to both PD-L1 and TGFβ inhibitory 
signaling (75). To cope with the hypoxic environment 
of tumors, a CAR was engineered with oxygen-sensing 
domain of hypoxia-inducible factor (HIF) 1α which is 
the critical transcription factor stabilized in hypoxia. In 
this way the CAR will be regulated by HIF1α to express 
at very low level in normal oxygen level, but it will be 
highly induced in hypoxia condition (76).
  As discussed in previous section, the co-stimulatory 
domains of different factors are evaluated in CARs. The 
combination of different co-stimulatory domains plays an 
important and distinct role to promote T cell activation 
and persistence in tumor microenvironment. Many studies 
have suggested that 4-1BB is superior to CD28 in terms of 
promoting differentiation and persistence. Mechanistically, 
4-1BB signaling could reprogram the metabolism 
of T cells to greater level of fatty acid oxidation and 
mitochondria generation than CD28, which preferentially 
turns on the glycolysis pathway (11,77). In addition, the 
co-expression of cytokines and receptors vital for T cell 
proliferation is another effective approach. The cytokines 
include IL-4, IL-7, IL-15, IL-12 and IL-18 (78-80). A CAR 
targeting prostate stem cell antigen was engineered with a 
chimera cytokine receptor composed of the extracellular 
domain of IL-4 receptor and the intracellular domain of 

IL-7. This kind of cells showed enhanced proliferation 
and good anti-tumor ability against pancreatic cancer (81).

The new direction of CAR
  The CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats) technology has been the most 
exciting progress in biotechnology. Coincidentally it 
was listed as the runner-up of the Top Ten Advances of 
the Year 2013 in Science journal in which the champion 
is immunotherapy for cancer. Simply put, CRISPR can 
be combined with CAR-T therapy to make possible the 
following innovative design: i) precise editing of T cells 
to remove the inhibitory signaling receptor like PD-1 
pathway (82,83); ii) precise insertion of CAR construct 
into specific locus of genome, such as TCR promoter 
region (84); iii) using CRISPR or other genome editing 
tool to knockout HLA and TCR to generate the off-the-
shelf CAR-T for universal application (85-87).
  The application of CAR-T therapy has expanded 
beyond cancer, recently CD19 CAR-T is also tested in 
autoimmune diseases like systemic lupus erythematosus, 
as B cells play an essential role in the pathogenesis (88). 
CAR targeting myelin oligodendrocyte glycoprotein was 
also tested in multiple sclerosis model. More of this topic 
is reviewed in this article (4). CAR-T engineered with 

Figure 3. The summary of CAR design listing the current focus of various CAR designs.
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broadly effective neutralizing antibody also showed 
enhanced elimination of HIV-infected cells (89).

Conclusion
  As the continuation of the concept of adoptive cell 
therapy, CAR-T technology has been the ensemble of 
the magic bullet dream for cancer therapy (Figure 3). It 
represents the future generation of medicine as a living 
platform integrated with sophisticated system biology 
and engineering modules with expandability, flexibility 
and remarkable controllability (6,90). Recent success in 
treating acute lymphoblastic leukemia when conventional 
treatments failed to deliver continues to inspire the 
academics and the public (3). Combination of CAR 
with latest immunotherapy knowledge and cutting-edge 
genome editing tools will make cancer a chronic disease 
in the near future. And this technology can also apply 
to cell lineages other than T cells (91) and it will be the 
hope for other lingering threats for human health like 
autoimmune and infectious diseases.
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Ubiquitination in cancer stem cell: roles and targeted 
cancer therapy
Liu LIU, Shasha YIN, Charles BROBBEY, Wenjian GAN*

ABSTRACT
Cancer stem cells (CSCs) are a small subset of stem-like cells inside tumors, which possess abilities 
of unlimited self-renewal, differentiation and proliferation. Extensive studies have suggested that CSCs 
are one of the major drivers of tumor initiation, metastasis, relapse and therapeutic resistance. Several 
regulatory networks including transcriptional programs and various signaling pathways tightly control 
the stemness, proliferation and differentiation of CSCs. Emerging evidence has indicated that post-
translational modifications, especially ubiquitination, play a critical role in maintenance of CSC properties. 
In this review, we summarize current understandings on E3 ubiquitin ligase-mediated regulation of 
transcription factors and key signaling pathways involved in the regulation of CSCs, and discuss the 
strategy to target CSCs and E3 ubiquitin ligases for combating cancers.

Keywords: Cancer stem cell · Ubiquitination · E3 ligase · Cell signaling · Transcription factor · 

Introduction
  Tumor heterogeneity is a well-known phenomenon that 
tumor cells derived from different tumors or the same tumor 
exhibit distinct genotypes and phenotypes, which increases 
the complexity of cancer diagnosis and treatment (1). 
Over the past several decades, a few models have been 
brought up to explain tumor heterogeneity including the 
predominant cancer stem cell (CSC) model (2), which 
states that among masses of cells inside a tumor, only a 
small portion of cells exhibit tumor initiation power (also 
termed tumor-initiating cells) (3).
  In supporting of the CSC model, as early as 1800s, 
Virchow and Cohnheim postulated that tumors would be 
rooted from the embryonic cells in the body of “embryonic 
rests” (4). In 1997, Bonnet and Dick provided the first 
evidence to demonstrate that CSCs exist in acute myeloid 
leukemia (AML). They found that a subset of patient-
derived AML cells were capable of initiating AML in 
immuno-suppressed mice (5). To date, CSCs have been 
isolated from breast, colon, ovary and many other solid 
tumors (6). Currently, it is broadly acknowledged that 
CSCs play critical roles in tumor initiation, metastasis, 
relapse and especially therapy resistance (7). CSCs could 

promote radioresistance and chemotherapy resistance via 
various mechanisms in different cancers, which provide 
CSCs with a survival advantage (8). Therefore, better 
understanding in CSC biology will facilitate targeting 
CSCs as a novel approach to combat cancers.

Cancer Stem Cells
  CSCs are defined as a minority subset of cells within 
tumors, which have similar features as normal stem cells 
including self-renewal and differentiation, plus ability 
to form tumors (Figure 1) (9). CSCs may be originated 
from normal stem cells through accumulations of genetic 
alterations, which results in aberrant signaling and enables 
normal stem cells to obtain constitutively proliferative 
ability, leading to tumorigenesis (10). For example, 
introduction of the mutant p53 in breast cancer mouse 
model enhances breast cancer progression largely in part 
because of the expansion of mammary stem cells (11). 
CSCs may also arise from transformation of somatic 
cells through reprogramming network controlled by 
transcription factors. One of milestone findings in the stem 
cell research field is the generation of induced pluripotent 
stem cells (iPSCs) by Takahashi and Yamanaka in 2006. 
They found that over-expression of transcription factors 
Oct3/4, Sox2, c-Myc and Klf4 is sufficient to convert the 
mouse adult somatic cells into pluripotent embryonic-
like cells under embryonic stem cell (ESC) culture 
conditions (12). Later studies have identified more critical 
pluripotency factors that can generate human iPSCs 
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including Nanog (13, 14), LIN28 (15) and Glis1 (16) (Figure 1). 
These proteins are aberrantly activated in many cancers 
and CSCs. Notably, a recent study showed that over-
expression of SOX2, POU3F2, OLIG2 and SALL2 
transcription factors could convert the differentiated 
glioblastoma cells into fully tumorigenic CSCs (17).
  Importantly, several core stemness signaling pathways 
including Notch, Wnt/β-Catenin, Hedgehog, JAK/STAT 
and NF-κB pathways (Figure 1) are involved in the 
regulation of CSC properties (18). These pathways are 
aberrantly activated in CSCs and associated with CSC-
mediated tumorigenesis including leukemia, breast 
cancer, lung cancer and other solid tumors. For example, 
the activated form of STAT3 was significantly upregulated 
in breast CSC-like cells and inhibition of STAT3 resulted in 
decreased breast CSC proliferation and clonogenicity (19, 20). 
These stemness pathways cooperate with pluripotency 
factors to maintain CSC properties. Interestingly, the 
JAK/STAT3 signaling and OCT4 have a positive feedback 
loop: activation of STAT3 upregulates the mRNA levels 
of OCT4, while OCT4 could boost the activation of the 
JAK/STAT3 pathway (21, 22).

Ubiquitination System
  Post-translational modifications (PTMs) are the key 
contributors to proteome diversity by conferring various 
functions on proteins. Ubiquitination is one of the most 
studied PTMs, which covalently conjugates the small protein 
ubiquitin (Ub) to the lysine residues (23). Ubiquitination 
process is a sequential enzymatic cascade consisting of 
three types of enzymes: ubiquitin-activating enzymes 
(termed E1s), ubiquitin-conjugating enzymes (termed 
E2s) and E3 ubiquitin ligases (termed E3s) (Figure 2) (24). 

The E3s are the critical components responsible for the 
recognition of substrates and determination of substrate 
specificity. It is predicted that there are more than 600 E3s in 
human, which can be classified into three major subfamilies: 
the RING (really interesting new gene) E3s, the HECT 
(homologous to the E6AP carboxyl terminus domain) E3s, 
and the RBR (RING-between-RING) E3s (25). These E3s 
are frequently deregulated in various human diseases and 
are emerging as attractive therapeutic targets (26).
  Ubiquitination pathway regulates protein functions in 
many ways: marking them for proteasomal-mediated 
degradation, alteration of their cellular locations, and 
modulation of protein interactions (25). Ubiquitin can 
form seven types of poly-ubiquitin linkages on substrates 
through seven lysine residues (K6, K11, K27, K29, K33, 
K48 and K63), which serves as different signals to control 
protein functions. It is widely accepted that K11- and K48-
poly-ubiquitin linkages are the proteasome degradation 
markers, while K63-poly-ubiquitin linkage serves as a 
non-proteolytic modification in regulating protein activity, 
localization and signaling transduction (27). Therefore, 
ubiquitination pathway controls many fundamental 
biological processes such as replication, transcription and 
cell signaling transduction that regulate cell proliferation, 
apoptosis and tumorigenesis. In addition, ubiquitination 
pathway is a critical determinant of CSC cell fate, which 
regulates the activation of pluripotency factors and 
stemness signaling pathways (28).

Regulation of CSC-Related Factors by Ubiquitination
  As the abundance of pluripotency factors is the key decider 
of cell fate, the expression of these factors may be regulated 
at DNA, RNA and protein levels. Notably, more than 80% of

Figure 1. A schematic representation of key transcription factors and molecular signaling pathways involved in CSCs.
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proteins in cells are degraded by the ubiquitin-proteasome 
system (UPS) (29). A mass of evidences suggests that the 
UPS plays a critical role in controlling CSC properties via 
regulating the abundance of CSC-related proteins (Table 1).

Oct3/4 (POU5F1)
  The proper protein levels of Oct3/4 determine distinct 
cell fate of ESCs. A study has found that down-regulation of 
Oct3/4 leads to loss of pluripotency, whereas less than two-folds 
up-regulation of Oct3/4 causes differentiation (30). Similarly, 
higher Oct4 expression promotes CSC expansion and 
tumorigenesis in breast cancer mouse model (31). In 
bladder cancer patient samples, higher expression levels 
of Oct4 are observed in more advanced cancers and 
contribute to poor survival (32). A few E3 ubiquitin 
ligases have been reported to control the Oct4 protein 
stability. WWP2, a HECT-type E3, interacts with and 
ubiquitinates Oct4 for 26S proteasomal degradation upon 
the differentiation of ESCs (33). Itch, another HECT-type 
E3, catalyzes K63-linked poly-ubiquitination of Oct4, 
which enhances Oct4 protein stability. Depletion of Itch 
decreases Oct4 expression and significantly suppresses 
ESCs and iPSCs (34). A recent study has also found 
that the E3 ligase CHIP (carboxy terminus of HSP70-
interacting protein) is a novel partner of Oct4, which 
promotes Oct4 ubiquitination and degradation via the 26S 
proteasome. Depletion of CHIP promotes breast CSCs, 
tumorigenesis and tumor metastasis in breast cancer 
mouse model. Importantly, a reverse correlation between 
the expression of CHIP and Oct4 was observed in breast 
cancer patients (35).

Sox2
  The stem cell-related transcription factor Sox2 has 

participated in the maintenance of CSCs in a variety of 
cancers, including skin and breast cancers. Overexpression 
of Sox2 enhances tumor initiation and metastasis (36). 
The E3 ligase WWP2 could target methylated Sox2 
for ubiquitination and degradation, leading to cell 
differentiation (37). Interestingly, the Ube2s, an E2 
ubiquitin-conjugating enzyme, mediates the K11-linked 
poly-ubiquitination of Sox2, resulting in its degradation 
by proteasome (38). More recently, CUL4ADET1-COP1, 
belonging to the Cullin-RING finger E3 family, was reported 
to catalyze Sox2 poly-ubiquitination and degradation upon 
neural progenitor differentiation (39). These studies indicate 
that the E3 ligases of Sox2 may govern cancer progression 
through regulating CSC functions.

KLF4
  The role of the Krüppel-like factor (4KLF4) in cancers 
is context-dependent. It is a tumor suppressor and 
down-regulated in gastric cancer, liver cancer and lung 
cancer, whereas it is upregulated in breast cancer and 
osteosarcoma (40). CSC-enriched spheroid breast cancer 
cells display higher expression of KLF4. Consistently, 
overexpression of KLF4 increases CSC population and 
tumorigenesis in breast cancer (41). The abundance of 
KLF4 can be regulated by several E3 ubiquitin ligases. 
FBXO32, a member of SCF E3 ligase subfamily, 
suppresses  breas t  tumorigenes is  by  promot ing 
ubiquitination and degradation of KLF4 (42). Mule 
(Mcl-1 ubiquitin ligase E3), a HECT-type E3, could target 
KLF4 for degradation to promote entry into S phase and 
enhance proliferation of T cells (43). Interestingly, the 
protein levels of TRAF7 (tumor necrosis factor receptor-
associated factor 7) are elevated in liver cancer, which is 
inversely correlated with the KLF4 expression. Further

Figure 2. A schematic representation of the ubiquitin-proteasome system.
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study demonstrates that TRAF7 functions as an E3 ligase 
of KLF4 to promote KLF4 degradation and enhance 
cancer progression (44). Therefore, these E3 ligases may 
be responsible for the deregulation of KLF4 in various 
cancers.

c-Myc
  The transcription factor c-Myc is a well-known oncogene 
that is overexpressed in more than 40% of human cancers. 
It controls all hallmarks of cancer including genome 
instability and sustaining proliferation (45). Extensive 

CSC-related protein E3 ligase Effect Reference

Transcription Factors

Oct3/4 (POU5F1)

WWP2 Degradation 33

ITCH Degradation 34

CHIP Degradation 35

Sox2
WWP2 Degradation 37

COP1 Degradation 39

KLF4

FBXO32 Degradation 42

Mule Degradation 43

TRAF7 Degradation 44

c-Myc

Fbw7 Degradation 48-51

β-TRCP Stabilization 52

HectH9 Enhanced activity 53

KCTD2 Degradation 54

Nanog
SPOP Degradation 57

FBXW8 Degradation 58

LIN28 TRIM71 Degradation 61

Notch Signaling Pathway

Notch
Fbw7 Degradation 64, 66

Itch Degradation 67

DLL1, DLL4, 
JAG1, JAG2

MIB1/MIB2 Degradation 68

NEUR1/NEUR2 Degradation 68

Wnt Signaling Pathway

FZD, LRP6 ZNRF3, RNF43 Degradation 71, 72

DVL
Itch Degradation 74

NEDD4L Degradation 75

β-catenin
β-TRCP Degradation 76

RNF146 Degradation 77

Axin
Smurf1 Inactivation 78

SIAH1 Degradation 79

APC RNF61 Degradation 80

Hedgehog (Hh) Signaling Pathway

PTCH1
Smurf1, Smurf2 84

Itch 85

SMO Unknown Degradation 86, 87

SuFu
Fbx117 Degradation 88

Itch/β-arrestin2 Inactivation 89

GLI1 β-TRCP Degradation 93

GLI2/3
β-TRCP Partial degradation 90, 91

SPOP Degradation 92

Table 1: The summary of E3 ligases in regulation of CSC-related proteins
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studies demonstrate that c-Myc serves as a key factor in 
the maintenance of CSCs. Inhibition of c-Myc leads to a 
decrease in CSC population by inducing senescence (46). 
UPS-mediated degradation of c-Myc represents a main 
mechanism for controlling its abundance. c-Myc has a short 
protein half-life, approximately 20-30 minutes (47). There are 
several E3 ubiquitin ligases responsible for the regulation 
of c-Myc expression. The E3 ligase Fbw7 (F-box and 
WD repeat domain-containing 7) could promote c-Myc 
degradation, which requires prior phosphorylation by 
glycogen synthase kinase 3 (GSK3) (48). In a chronic 
myeloid leukemia mouse model, knockout of Fbw7 
elevates c-Myc protein to re-initiate the cell cycle in 
leukemia-initiating cells (49-51). Interestingly, another 
F-box E3 ligase β-TRCP catalyzes K63-linked poly-
ubiquitination on c-Myc, which stabilizes c-Myc 
protein by inhibiting Fbw7-mediated degradation (52). 
The HECT-domain E3 ligase HectH9 also catalyzes 
poly-ubiquitination of c-Myc with K63 linkage and 
consequently enhances c-Myc protein stability, promoting 
cell proliferation (53). The KCTD2 (potassium channel 
tetramerization domain-containing 2), a Cullin3-based 
E3, was also reported to promote degradation of c-Myc. 
Deletion of KCTD2 elevates c-Myc protein levels and 
confers CSC properties to glioma cells (54). Other E3 
ligases including Skp2, TRIM32, Fbx29 and CHIP also 
control c-Myc stability.

Nanog
  Nanog is upregulated in various cancers and CSCs and 
correlates with the stage and prognosis of cancers (55). 
Overexpression of Nanog enhances pluripotency and 
unlimited proliferation of CSCs (56). Recent studies 
have revealed that Nanog can be ubiquitinated and 
subsequently degraded by SPOP, a Cullin 3-based E3, 
leading to stemness loss of prostate cancer cells (57). The 
FBXW8 (F-box and WD40 domain-containing protein 8) 
induces stem cell differentiation by targeting Nanog for 
degradation (58).

LIN28
  LIN28 is another reprogramming factor that can 
promote pluripotency by suppressing expression of 
microRNA let-7. LIN28 is an evolutionarily conserved 
RNA-binding protein that is highly expressed in ESCs 
and CSCs. It plays a critical role in the regulation of CSC 
pluripotency and is considered as a marker of CSCs. 
Depletion of LIN28 eradicates CSCs in ovarian cancer. 
Aberrant expression of LIN28A/LIN28B is observed in 
more aggressive cancers, and contributes to poor prognosis 
and drug resistance in certain cancer types (59, 60). 
TRIM71, a member of the tripartite-motif (TRIM) E3 
family, negatively regulates LIN28B protein stability via 
ubiquitin-mediated proteasomal degradation, which leads 
to tumor suppression (61). However, it is largely unknown 
how LIN28 protein stability is regulated by other E3 
ligases.

Regulation of Stemness Signaling Pathways by 

Ubiquitination
  PTMs are the heart of the signaling transduction, which 
can confer distinct functions to proteins in response to 
various environment changes (62). Ubiquitination, one of 
the most common PTMs, is a key player in controlling the 
activation of core stemness signaling pathways (Table 1).

Notch Signaling Pathway
  The Notch signaling pathway is evolutionarily conserved 
from Drosophila to human. It has important roles in 
dictating development, tissue renewal, tumor initiation 
and metastasis. Canonical Notch signaling involves 
two adjacent cells expressing the Notch receptors and 
the ligands. Four Notch receptor paralogues (Notch1-4) 
and five Notch ligands (DLL1, DLL3, DLL4, JAG1 and 
JAG2) were identified in mammals (63). Both Notch 
receptors and ligands can be regulated by ubiquitination.
  The Notch intracellular domain (NICD) contains a 
PEST domain (rich in proline, aspartic acid, serine and 
threonine residues) that can be recognized by E3 ligases. 
Upon activation, the NICD is promptly ubiquitinated and 
degraded by the E3 ubiquitin ligase Fbw7 in mammals 
and its ortholog SEL-10 in Caenorhabditis elegans (64). 
Constitutively active form of Notch with deletion of 
the PEST domain has been observed in some T-cell 
acute lymphoblastic leukemia (65). Moreover, loss 
of Fbw7 in neural stem cells (NSCs) elevates Notch 
protein levels, leading to imbalance between self-
renewal and differentiation, and finally aberrant brain 
development (66). Interestingly, the non-activated Notch 
is ubiquitinated with K29-linkage by Itch/AIP4 E3 
ubiquitin ligase and subsequently subjected for lysosomal 
degradation (67). Studies have also showed that DLL1, 
DLL4, JAG1 and JAG2 undergo ubiquitination mediated 
by the RING family E3 ligases, MIB1/MIB2 and NEUR1/
NEUR2, which trigger ligand endocytosis (68). Despite 
advances in understanding the roles of ubiquitination in 
Notch signaling, it is unclear how these events contribute 
to CSC and cancer progression.

Wnt Signaling Pathway
  Similar to the Notch pathway, the Wnt signaling pathway 
is another key cascade in controlling stemness and 
malignant growth. It is hyper-activated in different types 
of cancers particularly colorectal cancer. Notably, high 
Wnt activity is considered as a marker of colon cancer 
stem cells and promotes CSC expansion through up-
regulation of its downstream targets including CCND1, 
FOXM1, MYC and YAP/TAZ (69). The core components 
of canonical Wnt signaling pathway include receptor 
Frizzled (FZD), co-receptors LRP5/6, the scaffolding 
protein Dishevelled (DVL), the major effector β-catenin 
and destruction complex containing Axin, APC and 
GSK3β and casein kinase (CK1α) (70). These components 
can be regulated by the ubiquitination system, which 
contribute to the temporal and spatial regulation of Wnt 
signaling pathway activation.
  Studies have showed that the zinc and ring finger 3 
(ZNRF3) and ring finger 43 (RNF43) E3s target FZD 
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and LRP6 for ubiquitination-dependent lysosomal 
degradation, leading to a decrease of FZD receptor at the 
cell surface (71, 72).
  Multiple E3s are involved in regulation of the DVL 
protein stability. The Cullin-3 based E3 ligase, KLHL12, 
promotes DVL poly-ubiquitination and degradation in 
the absence of Wnt (73). Itch, a HECT-type E3, promotes 
ubiquitination and degradation of phosphorylated DVL 
depending on the PPXY motif and the DEP domain of 
DVL (74). The NEDD4L catalyzes the K6-, K27- and 
K29-linked atypical ubiquitin chains for targeting DVL 
degradation (75). Without the Wnt ligands, β-catenin 
is phosphorylated by the destruction complex and 
subsequently recognized and ubiquitinated by β-TRCP (76).
  As a key determinant of the destruction complex, the 
expression of Axin is tightly controlled. Poly-ADP-
ribosylated Axin can be recognized and ubiquitinated 
by the RING E3 ligase RNF146, leading to Axin 
degradation (77). Smurf1, a HECT-type E3, catalyzes 
non-proteolytic K29-linked ubiquitin chains on Axin 
and consequently impairs Axin interaction with LRP5/6, 
leading to shutdown of the Wnt signaling pathway. 
Interestingly, Itch-mediated ubiquitination of Axin is 
cell-cycle-dependent (78). More recently, a study has 
found that in the presence of Wnt stimulation, the seven 
in absentia homolog 1 (SIAH1) competes with GSK to 
bind and degrade Axin, providing a positive feedback 
activation of the Wnt signaling (79). Ubiquitination also 
governs the protein levels of APC to control the function 
of the destruction complex. Overexpression of MKRN1 
E3 ligase induces ubiquitination and degradation of APC. 
In contrast, knockout of MKRN1 leads to accumulation of 
APC, which suppresses Wnt pathway activation and cell 
migration (80).
  In addition to the ubiquitination-mediated protein 
turnover, APC and DVL also undergo K63-linked non-
proteolytic poly-ubiquitination, while Axin can form K29-
linked poly-ubiquitination, all of which are important for 
the activation of Wnt signaling (81). As most of these E3 
ubiquitin ligases are deregulated in cancers, these studies 
offer a possible explanation for the aberrant activation of 
Wnt signaling in CSCs and various cancers.

Hedgehog (Hh) Signaling Pathway
  The controlled Hh signaling pathway is crucial for 
embryogenesis and proper organ growth. Its aberrant 
activation may promote tumorigenesis, tumor metastasis and 
drug resistance, which has been documented in leukemia, 
pancreatic cancer and many other solid tumors (82). 
Accumulating evidence demonstrates that the Hh pathway 
is critical for the maintenance and expansion of CSCs. The 
expression of the core Hh pathway components, including 
SMO, PTCH1, GLI2/3 and SuFu, is significantly up-
regulated in CSCs (83). Growing evidence suggests that 
deregulation of ubiquitination on these components is a 
predominate cause for the aberrancy of the Hh signaling 
pathway.
  PTCH1 contains two PPXY motifs in the cytoplasmic 
C-tail, which mediates its interaction with Smurf1/2, 

Nedd4, WWP2 and Itch that are HECT-type E3s. 
Upon Shh stimulation, the expression of Smurf1/2 is 
up-regulated and targets PTCH1 for degradation by 
catalyzing poly-ubiquitin chains with K48 and K63 
linkages. Knockout of Smurf1/Smurf2 in mice impairs 
Shh-induced cerebellar organogenesis (84). In the absence 
of Hh signaling, Itch targets PTCH1 for ubiquitination and 
degradation (85). Although Nedd4 and WWP2 interact 
with PTCH1, they do not regulate PTCH1 stability.
  SMO can be poly/mono-ubiquitinated, resulting in its 
degradation by lysosome or 26S proteasome, which is 
inhibited by Hh stimulation (86, 87). However, the E3 
ligases of SMO have not been identified yet.
  Sufu is a tumor suppressor and a negative regulator 
of the Hh signaling pathway by sequestering GLI 
transcription factors in the cytoplasm. In response to 
Shh ligand, Sufu is ubiquitinated and degraded by E3 
ligase Fbxl17 (F-box and leucine-rich repeat protein 17), 
leading to the activation of Hh signaling. Knockdown 
of Fbxl17 leads to the accumulation of Sufu protein and 
reduction of tumor growth (88). SuFu also undergoes non-
proteolytic K63-linked poly-ubiquitination catalyzing by 
the Itch/β-arrestin2 complex, which is inhibited by the 
Hh signaling. This event enhances SuFu interaction with 
GLI3 and keeps Hh signaling off, contributing to tumor 
suppression (89).
  The ubiquitination modification of GLI transcription 
factors negatively regulates Hh pathway activation. In the 
absence of Hh, E3 ligase β-TRCP binds and ubiquitinates 
phosphorylated GLI2/3 that is mediated by kinases PKA, 
GSK3β and CK1. As a result, GLI2/3 are partially degraded 
to generate the repressor form (90, 91). In the presence of 
Hh, Cul3-based E3 ligase SPOP could target the activated 
full-length form of GLI2/3 for ubiquitination-mediated 
proteasomal degradation, which serves as a negative 
feedback regulation of Hh pathway activation (92). 
Interestingly, β-TRCP also targets GLI1 for complete 
proteolysis, without generation of the repressor form (93).

Other Stemness Signaling Pathways
The ubiquitination modification also has important 
functions in governing the activation of other stemness 
pathways including the NF-κB, JAK/STAT and PI3K/
AKT pathways, which has been well discussed in other 
reviews (94-96).

CSC-Targeting Therapies
  As CSCs are a key factor conferring drug-resistance, 
tumor recurrence and metastasis, targeting CSCs is 
becoming a potential and promising therapeutic approach. 
Growing evidence indicates that inactivation of CSC-
related transcription factors or signaling pathways can 
significantly suppress cancer progression and increase the 
cellular sensitivity to chemotherapy and radiotherapy in 
preclinical studies. To this end, many CSC-targeted agents 
have been developed and entered clinical trials (Table 2).

Targeting Stemness Pathways
  Aberrant activation of stemness controlling pathways 
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leads to the unlimited self-renewal and proliferation of 
CSCs, eventually tumorigenesis and drug resistance. 
Therefore, targeting these pathways might be a promising 
strategy to abrogate CSCs and cancers. One of the major 
Notch pathway inhibitors is the γ-secretase inhibitor 
(GSI), which comprises the formation of matured NICD 
by blocking proteolytic cleavages of Notch receptors. 
GSI has demonstrated strong anti-tumor activity in 
part by inducing apoptosis of CSCs (97). Combination 
of GSI with 5-fluorouracil enhances the inhibition on 
clonogenicity and tumorigenicity of CSCs (98). The 
Hh inhibitor vismodegib that targets SMO was used to 
clinically treat basal cell carcinoma and approved by the 
US Food and Drug Administration in 2012 (99). Many 
Wnt pathway inhibitors targeting FZD receptors, DVL 
and β-catenin are in early clinical trials (100).

Targeting CSC-related Transcription Factors
  It is a historical challenge to directly target transcription 
factors for cancer therapy because the inhibitors targeting 
protein-DNA interaction are difficult to develop as drug-
like properties (101). However, emerging research 
evidence demonstrates that targeting the epigenetic 
signaling has the potential to be an effective approach 
for diminishing CSCs (102). Overexpression of JMJD3, 
a histone H3K27me3 demethylase, decreases OCT4 
expression, which results in diminished CSCs and 
restarted tumor growth in breast cancer (103). BET 
inhibitor, JQ1, which competes BRD4 binding with 
acetylated histones at the enhancer of c-Myc, markedly 
decreases its expression, resulting in suppression of 
tumor growth in multiple cancer models (104, 105). Thus, 
inhibitors of epigenetic programming that suppress the 

expression of CSC-related transcription factors, might 
overcome drug resistance by abrogating CSCs.

Targeting CSC-related E3 Ubiquitin Ligases
  As most of CSC-related E3 ubiquitin ligases are 
frequently defective in cancers, small molecules are 
needed to restore their expression and function. The 
milestone for targeting E3 ligases is the development of 
proteolysis-targeting chimeras (PROTACs) technology. 
Mechanically, PROTAC is a bifunctional molecule 
that bridges an E3 ubiquitin ligase and a target protein, 
promoting ubiquitination and degradation of the target 
protein by the hijacked E3 ligase (106). Notably, 
PROTACs including dBET1 and ARV-825 could hijack 
the E3 ubiquitin ligase cereblon to bind BRD4, resulting 
in more robust degradation of c-Myc, apoptosis induction 
and tumor growth compared to BET inhibitors (107, 108). 
It was also reported that oridonin, a natural diterpenoid 
compound, could induce Fbw7 expression and GSK-
3 activation, resulting in degradation of c-Myc (109). 
Therefore, reactivation of defective E3 ubiquitin ligases 
by either PROTAC possesses great potential for pursuing 
effective therapeutics.

Conclusions and Perspectives
  All of the above illustrative examples highlight the role 
of E3s in control of CSC features and functions on cancer 
progression. However, knowledge on the ubiquitination 
and CSCs is far away to be completed. For example, E3 
ubiquitin ligases controlling the stability of many CSC-
related proteins have not been identified or limited, 
including Nanog, LIN28 and FZD. Moreover, whether 
and how the non-proteolytic ubiquitination regulates 

CSC-related proteins Compound Development phase Reference

Oct3/4 (POU5F1) KRIBB53 Preclinical 110

c-Myc

MYCi361 Preclinical 111

10058-F4 Preclinical 112

GSK525762 Phase I, II 113

LIN28 1632 Preclinical 114

Notch

LY3039478 Phase I 115

MK0752 Phase I 116

AL101 Phase I, II 117, 118

FZD, OMP-18R5 (Vantictumab) Phase I 119

DVL NSC668036 Preclinical 120

β-catenin

PRI-724 Phase I, II 121

E7368 Phase I 122

BC-2059 Phase I 123

Axin IWR-1-endo Preclinical 124

SMO

Vismodegib FDA approved 125

Patidegib Phase III 126

Taladegib Phase I, II 127

Table 2: The summary of drugs targeting the CSC-related proteins
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CSC biology remains largely unknown. Protein-protein 
interaction analyses and genome-wide CRISPR screen 
will contribute to address these questions.
  A growing amount of evidence suggests that E3s are 
potential targets for cancer therapy. Although it is at the 
early stage for the exploration of inhibitors or activators 
targeting E3 ubiquitin ligases, the results from preclinical 
studies and clinical trials thus far are highly promising 
and encouraging. Particularly, PROTACs offer an 
excellent opportunity to restore the function of E3 ligases 
for degrading many undruggable oncoprotein targets 
including transcription factors. For example, the cancer-
derived SPOP mutants fail to bind its substrates, such 
as Nanog and GLI2/3. Developing PROTACs for SPOP 
might restore its ability to target these oncoproteins. 
Therefore, better understanding the E3 ubiquitin ligases 
and CSCs will facilitate identification of novel therapeutic 
targets and approaches to combat cancers.
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Endoplasmic reticulum stress as target for treatment of 
hearing loss
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ABSTRACT
The endoplasmic reticulum (ER) plays pivotal roles in coordinating protein biosynthesis and processing. 
Under ER stress, when excessive misfolded or unfolded proteins are accumulated in the ER, the unfolded 
protein response (UPR) is activated. The UPR blocks global protein synthesis while activates chaperone 
expression, eventually leading to the alleviation of ER stress. However, prolonged UPR induces cell death. 
ER stress has been associated with various types of diseases. Recently, increasing evidences suggest 
that ER stress and UPR are also involved in hearing loss. In the present review, we will discuss the role 
of ER stress in hereditary hearing loss as well as acquired hearing loss. Moreover, we will discuss the 
emerging ER stress-based treatment of hearing loss. Further investigations are warranted to understand 
the mechanisms in detail how ER stress contributes to hearing loss, which will help us develop better ER 
stress-related treatments.

Keywords: ER stress · Unfolded protein response (UPR) · Hearing loss · Inner ear · Cochlea

1. Introduction
  The endoplasmic reticulum (ER) is a highly dynamic 
organelle in eukaryotic cells, playing important roles in 
protein synthesis, processing, folding, and transportation, 
as well as lipid synthesis and calcium homeostasis. Newly 
synthesized transmembrane and secretory proteins must 
be folded and processed in the ER before being targeted 
to their final destinations. Misfolded proteins will be 
folded into correct conformations in the ER with the help 
of chaperon proteins such as binding immunoglobulin 
protein (BiP)/glucose regulated protein 78 (GRP78) (1). 
Alternatively, misfolded proteins are subjected to 
degradation through the proteasome-dependent ER-
associated protein degradation (ERAD) pathway (2). 
Physiological or pathological conditions such as hypoxia, 
acidosis, or calcium fluxes can disturb ER homeostasis 
and result in an accumulation of unfolded or misfolded 
proteins in the ER, commonly referred to as ER stress. 
To alleviate ER stress, the so-called unfolded protein 
response (UPR) is activated, which blocks protein 
synthesis and activates chaperone gene expression (3).
  Three main UPR pathways have been identified so 

far, which are mediated by ER stress sensors that reside 
on the ER membranes, namely the inositol-requiring 
enzyme 1α (IRE1α), the PKR-like ER kinase (PERK), 
and the activating transcription factor 6α (ATF6α) 
(Figure 1). These sensors are all transmembrane proteins 
that are normally inactivated by BiP binding at the ER 
lumen side. Under ER stress, accumulated unfolded 
proteins sequester BiP from the ER stress sensors and 
activate UPR through three independent pathways: (i) 
Upon release from BiP, IRE1α oligomerizes and trans-
autophosphorylates itself, which then activates its 
endoribonuclease activity. Activated IRE1α catalyzes 
the splicing of XBP1 mRNA into XBP1s that encodes an 
active transcription factor. XBP1s then enters the nucleus 
and activates gene expression involved in ER membrane 
biogenesis and protein folding. (ii) Similar to IRE1α, 
PERK obtains its kinase activity through oligomerization 
and trans-autophosphorylation after being released 
from BiP. After activation, PERK phosphorylates the α 
subunit of eukaryotic translational initiation factor 2α 
(eIF2α) on Ser51. Phosphorylated eIF2α attenuates global 
protein synthesis to reduce the ER protein-folding load. 
Meanwhile, it enhances the translation of certain proteins 
such as activating transcription factor 4 (ATF4). ATF4 
enters the nucleus and induces gene expression that are 
involved in ER function and reactive oxygen species 
(ROS) production. (iii) Upon release from BiP, ATF6α 
translocates from the ER to the Golgi apparatus. At the 
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Golgi, site-1 protease (S1P) and site-2 protease (S2P) 
sequentially cleaves ATF6α, releasing the transcription-
activating form of ATF6α that enters the nucleus and 
induces ER chaperon gene expression.
  The activation of UPR pathways usually leads to the 
clearance of unfolded proteins and the restoration of ER 
homeostasis through reducing global protein synthesis 
and increasing chaperon protein expression. However, cell 
death occurs under prolonged or excessive ER stress when 
the ER protein load greatly exceeds its folding capacity (4). 
One of the UPR target genes encodes C/EBP homologous 
protein (CHOP)/growth arrest and DNA damage-
inducible gene 153 (GADD153) (5). As a transcription 
factor, CHOP activates pro-apoptotic gene expression 
encoding growth arrest and DNA damage-inducible 
34 (GADD34), death receptor 5 (DR5), endoplasmic 
reticulum oxidoreductase-1 (Ero1α), and Bim (6). CHOP 
also represses anti-apoptotic gene Bcl-2 expression (7). 
Other possible cell death pathways induced by ER stress 
include activation of apoptotic-signaling kinase-1 (ASK1) 
and p38 MAPK downstream of IRE1α (6). Currently, one 
intriguing question that requires further investigation is 
what determines the pro-survival versus pro-death role of 
ER stress.
  ER stress is involved in various diseases, ranging 
from cancer,  diabetes,  metabolic syndromes,  to 

neurodegenerative diseases (8). Recently, the role of ER 
stress in hearing loss has attracted increasing research 
attention. Hearing loss (deafness) is the most prevalent 
sensory impairment in humans, affecting around 466 
million worldwide (9). Both genetic and environmental 
factors contribute to hearing loss. Hereditary hearing loss 
is clinically divided into non-syndromic hearing loss and 
syndromic hearing loss, depending on the presence of 
other symptoms besides deafness. Mutations in more than 
100 genes have been identified to be responsible for non-
syndromic hearing loss, and it is estimated that additional 
hundreds of genes are involved in hereditary hearing 
loss. Environmental factors, such as exposure to ototoxic 
chemicals, noise and ageing, lead to drug-induced hearing 
loss (DIHL), noise-induced hearing loss (NIHL) and age-
related hearing loss (ARHL), respectively. ARHL (also 
referred to as presbycusis) is especially important today, 
affecting nearly one-third of individuals over 65 years 
of age (9). In this review we will discuss the role of ER 
stress and its therapeutic potentials in both hereditary and 
acquired hearing loss.

2. ER stress and hereditary hearing loss
2.1 Wolfram syndrome 1 (WFS1)
  WFS1, also called wolframin, is a transmembrane protein

Figure 1. Endoplasmic reticulum (ER) stress and unfolded protein response (UPR) in mammals. See main text for details.
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that localizes on the ER membrane. WFS1 interacts 
with the ER-localized vacuolar-type H+-ATPase V1A 
subunit (ATP6V1A), Na+/K+ ATPase 1 subunit (ATP1B1), 
and calmodulin (CaM), suggesting that it might play 
important roles in ER function and/or homeostasis (10-12). 
Under ER stress, IRE1α and PERK pathways induce the 
expression of WFS1, which in turn recruits ATF6α to E3 
ligase HMG-CoA reductase degradation protein 1 (HRD1) 
for proteasomal degradation, therefore provides a negative 
feedback loop of UPR (13, 14).
  Mutations in the WFS1 gene cause syndromic deafness 
Wolfram syndrome (WS) or non-syndromic deafness 
DFNA6/14/38 (15-18). WS is characterized by diabetes 
insipidus, diabetes mellitus, psychiatric illness, optic 
atrophy, and hearing loss, and is mostly caused by 
recessive WFS1  mutations (15, 16). In contrast, 
DFNA6/14/38 is caused by dominant WFS1 mutations (17, 
18). In vitro studies showed that WS-associated WFS1 
dominant mutants induce constitutive ER stress (19, 20). 
Moreover, in Wfs1 knockout mice or rats, elevated ER 
stress could be detected in pancreatic β-cells and retinal 
cells, consistent with its negative regulatory role in ER 
stress (21-24).
  In the mouse inner ear, WFS1 is widely expressed in hair 
cells (HCs), spiral ganglion cells (SGCs), supporting cells 
(SCs), and stria vascularis marginal cells (25). Although 
Wfs1 knockout mice or rats develop diabetes and optic 
atrophy, hearing phenotypes have not been reported in 
these animals. Recently, WFS1 expression was examined 
in the cochlea of marmoset (Callithrix jacchus), which is 
a nonhuman primate (26). The results showed that besides 
those cell types reported in the mouse study, WFS1 
immunoreactivity was also detected in the stria vascularis 
basal cells. The differential expression pattern of WFS1 
might help to explain the different hearing phenotypes in 
WFS1 deficient rodents and primates. Development of 
primate models would be helpful for understanding the 
role of WFS1 in hearing and deafness.
  A smaller portion of WS is caused by recessive 
mutations in the gene that encodes CDGSH iron-sulfur 
domain-containing protein 2 (CISD2) (27). CISD2, also 
named as ERIS or Miner1, is an integral membrane 
protein and localizes on the mitochondria-associated 
ER membranes (MAMs). Unlike WFS1, the function of 
CISD2 still remains poorly defined. Nevertheless, CISD2 
has been suggested to regulate Ca2+ homeostasis and ER 
stress. Cisd2-/- mouse embryonic fibroblasts (MEFs) show 
dysregulated Ca2+ homeostasis and elevated ER stress (28). 
Similarly, fibroblasts from a WS patient with homozygous 
CISD2 mutation (Asn72Ser) show disturbed cellular Ca2+ 

homeostasis and expanded ER compartment, although no 
overt ER stress phenotype (29). Further investigations are 
warranted to understand the role of CISD2 in ER stress as 
well as hearing loss in more detail.

2.2 Transmembrane and tetratricopeptide repeat 
containing 4 (TMTC4)
  TMTC4 is an ER transmembrane protein and is 
suggested to play important roles in regulating Ca2+ 

dynamics (30). TMTC4 interacts with the Ca2+ pump 
SERCA2B and is involved in maintaining the Ca2+ 

gradient between the cytoplasm and the ER. Inactivation 
of Tmtc4 in mice causes increased ER stress and UPR, 
possibly through dysregulation of ER Ca2+ level (30).
  TMTC4 is expressed in the HCs and various SCs in the 
mouse cochlea (30). Mutation in the TMTC4 gene has 
not been associated with any diseases including hearing 
loss in human. However, Tmtc4 knockout mice show 
progressive HC loss that leads to early onset hearing 
loss (30). Consistent with the proposed role of TMTC4 
in Ca2+ homeostasis and ER stress, cochlear cells of 
Tmtc4 knockout mice show enhanced sensitivity to ER-
induced apoptosis. In line with this, disruption of Chop 
gene partially improves the auditory function of Tmtc4 
knockout mice (30).

2.3 Cadherin 23 (CDH23)
  CDH23 is a large atypical cadherin, consisting of 27 
extracellular cadherin repeats, a single transmembrane 
domain, and a short cytoplasmic part. CDH23 gene 
mutations cause syndromic hearing loss Usher syndrome 
(USH) 1D or non-syndromic hearing loss DFNB12 (31-33). 
USH is the most common inherited deaf-blindness, and so 
far ten genes have been associated with USH (34). These 
genes encode the so-called USH proteins, which bind to 
each other and play pivotal roles in the stereocilia and 
ribbon synapses of the HCs.
  Evidences suggest that before being transported to 
the plasma membrane, CDH23 is preassembled into a 
complex with other USH proteins harmonin and MYO7A 
at the ER in zebrafish HCs (35). Disruption of the 
complex induces ER stress characterized by expanded ER 
membrane and elevated BiP expression, which eventually 
leads to HC apoptosis (35). These results led to the 
hypothesis that USH proteins are transported from the ER 
to their destinations as a protein complex. When one USH 
protein is defective or missing, other complex components 
are exposed abnormally and recognized as misfolded 
proteins, hence triggering ER stress (35).
  The involvement of deficient CDH23 in ER stress is 
further supported by a mutant Cdh23 mouse line erlong 
(erl) with a point mutation T208C. The erl mice suffer 
HC loss that eventually leads to early-onset progressive 
deafness (36). Further investigation showed that the 
mutant CDH23 failed to reach the stereocilia. Instead, it 
colocalized with BiP in the subapical regions of HCs (37). 
This may activate the PERK-eIF2α-ATF4-CHOP pathway, 
which eventually leads to HC apoptosis (37). Inactivation 
of the Chop gene, treatment with ER stress modulator 
salubrinal, chemical chaperone 4-phenylbutyrate (PBA) or 
tauroursodeoxycholic acid (TUDCA) preserves HCs and 
delays the progression of hearing loss in the erl mice (37-
39).

2.4 Connexins
  Connexins are a family of membrane-spanning 
proteins, acting as the building blocks of gap junctions. 
By connecting the cytoplasm of adjacent animal cells,  
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gap junctions provide direct intercellular communication 
for exchange of ions, metabolites, and second messengers. 
More than 20 mammalian connexin genes have been 
identified, whose mutations are responsible for various 
diseases such as peripheral neuropathy, skin disease, 
cataracts, and hearing loss (40).
  In the cochlea, gap junctions are broadly present in the 
non-sensory cells including the SCs, the stria vascularis, 
the spiral limbus, and the spiral ligament (41). Mutations 
in the GJB2 gene that encodes connexin 26 (Cx26) are 
responsible for ~50% of non-syndromic hearing loss (42, 43). 
Moreover, mutations in GJB6 (Cx30) and GJB3 (Cx31) 
are also associated with non-syndromic hearing loss (44-46). 
Other deafness-related connexins include Cx29 (GJC3) 
and Cx43 (GJA1). Although mutations in GJC3 and 
GJA1 have not been clearly associated with hearing loss 
in humans, auditory function is affected in Cx29 or Cx43 
mutant mice (47-49).
  A possible link has been proposed connecting connexin 
expression and/or function with ER stress. Treating 
cultured mesangial cells with ER stress inducers leads to 
decreased Cx43 expression and reduced gap junctional 
intercellular communication (50). Therefore, gap junctions 
might protect cells under ER stress by preventing ‘stress’ 
signals from transmitting to adjacent cells (50). On the 
other hand, connexin gene mutations could induce ER 
stress. When overexpressed in cultured cells, several 
Cx26, Cx30 and Cx31 deafness-associated mutants 
are trapped in the ER instead of being localized on the 
plasma membrane (51-53). Moreover, Cx31R180X- and 
Cx31E183K-overexpressing cells show elevated BiP/
GRP78 expression, indicating elevated ER stress (51). 
However, ER stress is not elevated in cultured cells 
overexpressing deafness-associated Cx31 (66delD), 
suggesting that ER stress is not the sole underlying 
mechanism of mutant Cx31-associated cell death (54).

2.5 Elongator acetyltransferase complex subunit 3 
(ELP3)
  Elongator complex plays a pivotal role in regulating 
protein translation efficiency through modifying the 
wobble uridine (U34) in the anticodon of various 
tRNAs (55). This protein complex consists of two sets 
of six subunits ELP1-ELP6, among which ELP3 acts 
as the enzymatic core (56). Elongator-mediated tRNA 
modifications ensure fidelity and efficiency of protein 
translation, which are essential to normal proteostasis 
(57, 58). Elongator complex also plays important roles 
in α-tubulin acetylation, transcriptional elongation, actin 
organization, kinase signaling, etc., and dysfunction of 
this complex is associated with various neurological 
diseases (59).
  Conditional knockout of Elp3 gene in the cortical 
neurons decreases translation rates and activates the 
PERK-eIF2α-ATF4 pathway, eventually leading to 
microcephaly (60). In the cochlea, ELP3 is abundantly 
expressed in the SGNs and nascent HCs (61). Conditional 
knockout of Elp3 gene in the cochlea causes protein 

misfolding and aggregation, resulting in apoptosis of 
SGNs and defects in cochlear planar cell polarity (PCP), 
and eventually leading to severe hearing loss (61). 
Activation of ER stress was not examined in the cochlea 
of Elp3 knockout mice. Nevertheless, chemical chaperone 
PBA treatment alleviates protein aggregation and PCP 
deficits in Elp3 knockout mice, implying that ER stress is 
likely involved in ELP3-associated hearing loss (61).

3. ER stress and acquired hearing loss
3.1 ER stress and DIHL
  Ototoxic chemicals could lead to ‘drug-induced’ hearing 
loss (62). Studies in animals and cultured cells suggest that 
ER stress could be induced by ototoxic chemicals such as 
aminoglycosides, cisplatin, N-acetyl-para-aminophenol 
(APAP), 3-nitropropionic acid (3-NP), and N-acetyl-p-
benzoquinoneimine (NAPQI) (63-67). Additionally, ER 
stress activator tunicamycin treatment causes profound 
hearing loss in rats (68). Further investigations suggest 
that these chemicals affect different cell types in the 
cochlea. For example, aminoglycoside gentamicin induces 
ER stress in SGCs but not HCs, whereas tunicamycin 
induces ER stress in both HCs and SGCs (65, 68).
  Calreticulin (CRT) is an ER-residing chaperone induced 
under ER stress (69). In the inner ear, CRT is expressed 
in the HCs and the strial marginal cells, and could bind 
aminoglycosides such as gentamicin (70), which inhibits 
the chaperon activity of CRT (71). Crt knockout or 
knockdown MEFs are more susceptible to gentamicin 
treatment, consistent with a protective role of CRT 
against gentamicin-induced cytotoxicity (70). CRT has 
been identified as one of the cisplatin-binding proteins 
in a screen, which also identified GRP78/BiP albeit at 
relatively low abundance (72). The significance of CRT 
and GRP78/BiP binding to gentamicin and cisplatin in 
hearing and deafness requires further investigation.
  Consistent with the potential role of ER stress in DIHL, 
Xbp1+/− mice are more susceptible to aminoglycoside-
induced hearing loss compared to wild-type mice (65). 
Furthermore, chemical chaperone TUDCA attenuates 
aminoglycoside-induced hearing loss in Xbp1+/− mice (65). 
In addition, it was recently shown that TUDCA treatment 
also exerted a protective effect on cisplatin-induced 
hearing loss (66).

3.2 ER stress and NIHL
  High-intensity noise could cause HCs and SGNs 
death, which eventually leads to the so-called NIHL 
(73). Expression levels of BiP/GRP78, XBP1s, CHOP/
GADD153, and caspase-3 are elevated in the cochlea of 
guinea pigs or mice during NIHL, suggesting that ER 
stress might play a role in this process (30, 74). Integrated 
stress response inhibitor (ISRIB) inhibits the PERK-
eIF2α-ATF4 pathway through activating the guanine 
nucleotide exchange factor (GEF) eIF2B (75, 76). 
Treatment of mice with ISRIB prior to noise exposure 
preserves HCs and improves hearing (30).
  Sigma-1 receptor (Sig-1R) interacts with BiP at the MAMs, 
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and regulates Ca2+ signaling and cell survival (77). Under 
ER stress, Sig-1R expression is increased via the PERK-
eIF2α-ATF4 pathway and inhibits cell apoptosis (78). 
Further investigations have shown that Sig-1R executes 
protective function through activating the IRE1α-XBP1 
pathway and inhibiting CHOP expression (79, 80). 
Consistent with the protective role of Sig-1R in hearing 
loss, noise-induced cell death and hearing loss are 
significantly reduced in mice by treatment with Sig-1R 
agonist cutamesine (SA4503) (81).
  Glucocorticoid-induced leucine zipper (GILZ) is a 
transcription factor that has been shown to protect cells 
from apoptosis (82-84). Under ER stress, overexpression 
of GILZ up-regulates BiP and down-regulates CHOP, 
ATF4, and XBP1s, and protects cells from apoptosis 
through a pathway involving mitochondrial function and 
oxidative phosphorylation (OXPHOS) (85). Recently, it 
was suggested that GILZ had similar protective effect in 
NIHL. Overexpression of GILZ protects rats from NIHL 
through increasing BiP and Bcl-xL, and decreasing CHOP, 
Bax, and cleaved caspase-3, whereas GILZ silencing has 
the opposite effect (86).

3.3 ER stress and ARHL
  ARHL, also called presbycusis, is more and more 
common nowadays, affecting nearly one-third of 
individuals over 65 years of age (9). There are evidences 
suggesting that ER stress is also involved in ARHL. For 
example, BiP/GRP78 expression is decreased, whereas 
CHOP expression is increased in the cochlea of aged mice 
(87). Consistently, cleaved caspase-3 and caspase-9, but 
not caspase-12, are elevated in the cochlea of aged mice, 
indicating the activation of apoptosis (87).
  Geranylgeranylacetone (GGA) is a nontoxic acyclic 
isoprenoid compound with protective function through 
increasing the expression of HSP70 (88). It has been 
shown that GGA treatment attenuates ARHL in mice (89). 
Moreover, GGA could ameliorate 3-NP-induced deafness 
as well as NIHL (90, 91). The protection of auditory 
function by GGA has been attributed to its activity as a 
HSP70 inducer. However, GGA could also induce BiP 
expression and enhance ER stress (92-94). The potential 
role of ER stress in GGA-mediated auditory protection 
awaits further examination.

4. ER stress-based treatment of hearing loss
  Many small molecules are able to interfere with ER 
stress and provide protection for cells, while only a few 
of them have been tested in treatment of hearing loss. 
We will discuss these potential ER stress-based treatment 
of hearing loss in three categories: (1) restoring ER 
homeostasis; (2) modulating the PERK-eIF2α-ATF4 
pathway; and (3) modulating the IRE1α-XBP1 pathway. 
As mentioned above, HSP70 inducer GGA could also 
induce BiP expression and enhance ER stress, and has 
been tested in hearing loss treatment in several animal 
experiments. At present, the specific target of GGA in ER 
stress remains elusive.

4.1 Restoring ER homeostasis with chemical chaperones
  Chemical chaperones are small chemical compounds 
that could improve ER folding capacity and restore 
ER homeostasis, hence are extensively used to reduce 
ER stress. Unfolded or misfolded proteins are kept 
from aggregation by chemical chaperones through the 
interaction between the hydrophobic regions of each 
other (95). TUDCA and PBA are two most commonly 
used chemical chaperones. They could reduce aggregate 
accumulation and revert ER stress, and have been 
approved by the Food and Drug Administration (FDA) for 
clinical uses.
  TUDCA is  a  taurine-conjugated derivat ive of 
ursodeoxycholic acid (UDCA), which used to be isolated 
from black bear gallbladders but can now be synthesized 
chemically. TUDCA has been widely used in experimental 
and clinical treatments of diabetes, liver disease, and 
neurodegenerative diseases (95). Recently, it was also 
tested in treatment of hearing loss. TUDCA treatment 
preserves HCs and delays the progression of hearing 
loss in Cdh23 mutant mice erl (38). Moreover, TUDCA 
treatment also shows protective effects against cisplatin- or 
aminoglycoside-induced hearing loss in rodents (65, 66, 96).
  First synthesized a century ago, PBA has been approved 
by the FDA in the treatment of urea cycle disease (97). 
Moreover, it has potential benefits for cancer, diabetes, 
thalassemia, cystic fibrosis, spinal muscular atrophy, 
and neurodegenerative diseases (95). PBA can also 
inhibit histone deacetylase (HDAC) and stimulate gene 
transcription. The protective effect of PBA on ER stress 
mainly involves its chaperone activity, given that removal 
of HDAC inhibitory activity does not affect its protective 
effect (98). Recently it was shown that PBA treatment 
preserved HCs and delayed hearing loss progression in 
Cdh23 mutant mice erl (39). The protective effect of PBA 
in hearing is further supported by a report showing that 
PBA could alleviate protein aggregation and hair cell 
deficits in Elp3 knockout mice (61).

4.2 Modulating the PERK-eIF2α-ATF4 pathway
  ISRIB was identified as an inhibitor of PERK signaling 
in a cell-based screen (75). It was then shown that ISRIB 
inhibited the PERK-eIF2α-ATF4 pathway through 
activating the GEF eIF2B (76). ISRIB treatment shows 
protective effects in neurogenerative diseases (99, 100). 
Consistently, treatment with ISRIB preserves HCs and 
protects mice from NIHL (30). However, ISRIB treatment 
needs to be applied with caution. Besides inhibiting the 
PERK signaling, ISRIB could also inhibit stress granule 
(SG) formation induced by eIF2α phosphorylation (101). 
It was recently reported that inhibition of SG formation 
by ISRIB increases HC death in cochlear explants during 
ototoxicity (102). The controversial effects of ISRIB 
on HC survival in these two studies require further 
investigation.
  Salubrinal is a selective inhibitor of eIF2α phosphatase 
complexes GADD34-PP1C, and could prevent ER stress-
induced cell death (103, 104). However, its protective 
effect seems to be cell- and context-dependent. For 
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example, salubrinal has been shown to enhance fatty 
acid-induced ER stress and increase rat pancreatic β-cell 
apoptosis (105). Salubrinal treatment preserves HCs and 
delays hearing loss progression in the erl mice, indicating 
a protective effect of salubrinal in hearing (37). Taken 
together, both PERK inhibitor ISRIB and PERK enhancer 
salubrinal show protective roles in treatment of hearing 
loss, suggesting that PERK signaling has a dual role in 
hearing that might be context-dependent.

4.3 Modulating the IRE1α-XBP1 pathway
  As mentioned above, Sig-1R is an important ER 
membrane protein that interacts with BiP at the MAMs 
and regulates Ca2+ signaling (77). Sig-1R stabilizes IRE1α 
at the MAMs and prolongs IRE1α’s activity under ER 
stress (79, 80). Sig-1R agonists have protective effects in 
various neurodegenerative diseases (106). Consistently, 
treatment of Sig-1R agonist SA4503 in mice significantly 
reduces noise-induced cell death and hearing loss, whereas 
shows no effect on ARHL (81).

5. Perspectives
  ER stress has attracted more and more attentions 
in recent years. As discussed above, ER stress plays 
important roles in hearing loss, and could act as an 
effective target for deafness treatment (Table 1). Animal 
experiments showed that chemicals such as TUDCA, 
PBA, ISRIB, salubrinal, SA4503, and GGA have 
protective effects on both hereditary and acquired hearing 
loss through modulating ER stress. Meanwhile, deletion 
or overexpression of ER stress-related genes such as Chop 
and Gilz also show protective effect on hearing loss. These 
results suggest that ER stress could act as an effective and 
promising target for treatment of hearing loss.
  However, ER stress-based treatment of hearing 
loss is still very limited at present. Among the small 
molecules that have been successfully used clinically 
or preclinically in treatments of diseases (such as 

neurodegenerative diseases), only a few have been tested 
in animal experiments for treatment of hearing loss. Many 
promising ER stress-related small molecules await further 
testing in deafness treatment in the future. Meanwhile, 
cautions must be taken because we now know that ER 
stress might play different roles in different types of 
hearing loss, and that the ER stress-targeted drugs might 
not be that specific. Moreover, ER stress play important 
roles in various cell types and organs, hence long-term 
administration of ER stress-targeted drugs might lead to 
serious adverse effects. Local drug delivery into the inner 
ear might help to solve the last problem.
  Besides reducing side effects, local drug delivery 
can also help to bypass the blood labyrinth barrier 
(BLB) that prevents effective drug delivery into the 
inner ear by systemic administration. The above-
mentioned studies delivered drugs systematically via 
intraperitoneal injection, subcutaneous injection, or oral 
administration, which are less effective compared with 
local drug delivery. At present, two main local drug 
delivery routes are employed in the inner ear, which 
are intratympanic administration and intracochlear 
administration (107). In the less invasive intratympanic 
administration, a drug is delivered to the middle ear 
through the tympanic membrane, followed by diffusion 
into the inner ear through the round window. In the rather 
invasive intracochlear administration, a drug is applied 
directly to the cochlea, which is more efficient but has a 
significant risk of damaging the delicate cochlea. Further 
investigations are warranted to develop non-invasive or 
minimally invasive local delivery methods for deafness 
treatment (108). At present, local drug delivery is more 
frequently used in gene therapy, which is recently 
emerging as a promising alternative to small molecules in 
disease treatment.
  Local delivery of viruses that encode XBP1s or BiP 
were shown to improve neuron survival in animal models 
of neurological diseases (109). Lentivirus-mediated 

Deafness Models ER stress-related treatment References

DIHL mice, rats, guinea pigs GGA, TUDCA (65, 66, 90, 96)

NIHL mice, guinea pigs GGA, ISRIB, SA4503 (30, 81, 91)

rats GILZ overexpression (86)

ARHL mice GGA (89)

HHL Cdh23 mutant mice (erl) TUDCA, PBA, salubrinal (37-39)

Cdh23 mutant mice (erl) Chop gene deletion (37)

Tmtc4 ko mice Chop gene deletion (30)

Elp3 cko mice PBA (61)

Table 1. Potential ER stress-base treatment of deafness.
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overexpression of GILZ has been shown to be protective 
in NIHL (86). However, the specific target cells of 
lentivirus are unclear in this study. Moreover, lentivirus 
has long-term safety concerns and is not commonly used 
in clinical trials (110). Recently, adeno-associated viruses 
(AAVs) become increasingly used in gene therapy because 
of its excellent safety and high efficiency (111). Several 
AAVs have been developed to efficiently deliver genes 
into HCs or SCs (112, 113). Hence it will be interesting to 
examine the therapeutic effect of AAV-mediated delivery 
of XBP1s, BiP, or GILZ into the cochlea.
  As mentioned above, Chop gene deletion shows a 
protective effect in Cdh23 mutant mice and Tmtc4 
knockout mice (30, 37). AAV-mediated RNA interference 
(RNAi) against dominant deafness-associated Tmc1 
mutation has been shown to improve HC survival and 
prevent hearing loss (114). It will be interesting to test 
whether AAV-mediated RNAi against CHOP also has a 
protective effect in hearing. As an attractive alternative to 
RNAi, CRISPR/Cas9-mediated genome editing has been 
employed to disrupt the dominant deafness-associated 
allele in the Tmc1 mutant mice (115). In that study, Cas9-
sgRNA complex was delivered via cationic lipid, which 
pointed out a new direction of developing a DNA- and 
virus-free treatment of hearing loss (115, 116).
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Optogenetics and photopharmacology in pain research 
and therapeutics
Federico ISEPPONa,b*, and Manuel ARCANGELETTIa

ABSTRACT
  Pain afflicts billions of people worldwide, who suffer especially from long-term chronic pain. This gruelling 
condition affects the nervous system at all levels: from the brain to the spinal cord, the Dorsal Root 
Ganglia and the peripheral fibres innervating the skin. The nature of the different molecular and cellular 
components of the somatosensory modalities, as well as the complexity of the peripheral and central 
circuitry are yet poorly understood. Light-based techniques such as optogenetics, in concert with the 
recent advances in single-cell genetic profiling, can help to elucidate the role of diverse neuronal sub-
populations in the encoding of different sensory and painful stimuli by switching these neurons on and off 
via optically active proteins, namely opsins. Recently, photopharmacology has emerged from the efforts 
made to advance optogenetics. The introduction of azo-benzene-based light-sensitive molecular switches 
has been applied to a plethora of molecular targets, from ion channels and receptors to transporters, 
enzymes and many more, some of which are paramount for pain research and therapy.
  In this review, we summarise the past and ongoing research in the fields of optogenetics and 
photopharmacology and we discuss the use of light-based techniques for the investigation of acute and 
chronic pain physiology, besides their potential for future therapeutic use to improve pain treatment.

Keywords: Optogenetics · Photopharmacology · Pain · Phototherapy

Introduction
  Pain, according to the International Association for the 
Study of Pain, is defined as “an unpleasant sensory and 
emotional experience associated with actual or potential 
tissue damage, or described in terms of such damage” (1). 
It is a condition that torments more than 1.5 billion people 
globally, who suffer especially from long-term chronic 
pain (2). Chronic pain indeed affects an estimated 20% 
of adults in Europe and U.S., and the current available 
treatments produce limited reliefs and moderate to severe 
side effects (2,3).
  In contrast to many neurological disorders, pain affects 
the nervous system at all levels: from brain regions to 
spinal cord, Dorsal Root Ganglia (DRGs) and peripheral 
fibres that innervate the skin and the organs (4). Noxious 
sensation is mediated through the transmission of sensory 

inputs from the periphery to the spinal cord via modality-
specific afferents that reside in the DRGs and discriminate 
between the different tissue damaging stimuli (4,5). 
Furthermore, the different nature of pain sensations 
(mechanical, thermal, chemical) is also dependent on the 
integration of the sensory inputs in the dorsal horn of the 
spinal cord, and abnormalities at any level lead to several 
pathological conditions, including chronic pain (6-9).
  Albeit in the last few years technological advances have 
shed new light on the different molecular and cellular 
components of painful sensation, the precise circuitry, as 
well as the changes that occur in pathological conditions, 
remain not fully understood.
  Genetic profiling of single neurons in the peripheral 
and central nervous systems has allowed the distinction 
of different sub-populations of sensory neurons based on 
specific molecular and cellular markers and may serve 
as a catalogue of the molecular and chemical bases of 
somatic sensation and pain (10).
  Recently, the development and use of light-based 
approaches that aim to modulate these neurons and 
dissect the role of each sub-population in the encoding 
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of the different painful stimuli grew exponentially. 
Optogenetics offers powerful genetic tools to analyse 
the function of these distinct cellular circuits (11), while 
photopharmacology is focused on the modulation of 
channels and receptors that are differentially expressed 
throughout the nervous system and paramount for pain 
input transmission with precise spatial and temporal 
resolution (12,13).
  This article aims to review the recent literature on light-
based techniques and their applications for research on 
acute and chronic pain physiology.

Origin and development of light-based pharmacological 
approaches
  Optogenetics and photopharmacology are techniques that 
enable precise spatial and temporal control of the activity 
of specific sub-population of neurons. Optogenetics 
involves the use of genetically encoded light-sensitive ion 
channels whose sensitivity is dependent on chromophores 
of natural origin, such as retinal or flavins, in order to 
modulate cellular activity within specific cell types (14).
Photopharmacology, on the other hand, adopts entirely 
synthetic photoswitches, that are exogenous and need to 
be specifically delivered to control the function of native 
biological targets (15,16). Such compounds need to have 
the capability to undergo a conformational change upon 
the delivery of a light stimulus and the physiological 
activities of these two forms must differ (17).
  T h e  d e v e l o p m e n t  o f  b o t h  o p t o g e n e t i c s  a n d 
photopharmacology is inevitably linked: the first step in 
the development of optogenetics was the discovery by 
Stoeckenius and Oesterhelt, in 1971, of the light-sensitive 
ion channel bacteriorhodopsin. Bacteriorhodopsin is a 
proton pump driven by green light (maximum activation 
at 568 nm wavelength) that is used for photosynthesis in 
archaeon Halobacterium halobium (18). Six years later, 
in 1977, halorhodopsin (HR), an inhibitory, yellow light-
sensitive chloride channel was discovered by Matsuno-
Yagi and Mukohata (19). However, optogenetics as 
biotechnology was not established until 2002, when 
Hegemann and Nagel discovered in green algae the 
channelrhodopsin (ChR), an excitatory cation channel 
activated by blue light (20). Concurrently, in a paper 
published in 2002, Miesenbock showed that light could 
be used as a tool to stimulate action potential discharge 
in genetically localised neuron subpopulations (21). 
Later, in 2005, it was then demonstrated by the same 
group that light-driven activation of diverse circuits 
in the brain had a direct effect on animal behaviour in 
Drosophila melanogaster (22). In 2004 Kramer, Trauner 
and Isacoff applied a chemical optogenetic approach to 
render voltage-gated potassium channels responsive to 
light and thus controlling the on-off activity of neurons 
in culture (23). In 2005, ChR was then used to evoke 
action potentials in mammalian neurons (11) and from 
2007 scientists started to use optogenetics as a tool in 
live, freely-moving animals (24). Successively, from 
2012 onwards, a series of important advancements were 

made in this field: firstly, the design of red-shifted opsins 
allowed to use red light wavelengths to reduce scattering 
in tissues and improve both the efficiency and the spatial 
depth of the excitation (25,26). Secondly, in 2014, 
Berndt and colleagues engineered an inhibitory isoform 
of channelrhodopsin-2 (ChR2), capable of conducting 
chloride anions instead of monovalent cations (27). 
Thirdly, extremely relevant for the purpose of this review 
was the development in 2016 of a bi-stable variant, step-
waveform inhibitory channelrhodopsin (SwiChR): this 
isoform is capable of long-lasting activation upon a brief 
exposure to blue light and deactivates promptly when 
illuminated with red light (28,29). Besides ion channels, 
the continuous improvement of the optogenetic tools has 
brought to the engineering of chimeric light-sensitive 
G Protein Coupled Receptors (GPCR) called OptoXRs, 
that are capable, upon light exposure, of activating the 
intracellular signalling pathways as efficiently as their 
endogenous versions (30). Moreover, other components 
of subcellular signalling have been made light-sensitive: 
enzymes such as photoactivated adenylyl cyclase, 
light-oxygen-voltage sensors that facilitate protein-
protein interactions, and finally gene expression factors 
such as photoactivatable Cre recombinase (14,31). 
These advancements greatly expand the complexity of 
intracellular modulation beyond the simple on-off switch 
of the first rhodopsin-based opsins (32).
  Photopharmacology originated as an effort to provide 
more reliable tools to optogenetics and in the last few 
years has grown noticeably due to its applicability in living 
systems and its role in complementing the conventional 
optogenetic techniques. The first breakthrough in this 
area dated as early as the 1960s, when Erlanger and 
Nachmansohn investigated azobenzene-based inhibitors 
of acetylcholinesterase (33,34). However, it was only 
back in 2012 that Trauner and Kramer matured the idea 
of developing drugs containing synthetic light-switching 
molecules. The molecule they synthesized, specifically, 
was a diethylamine-azobenzene-quaternary ammonium 
able to replicate the light switching function of opsins by 
blocking the cell potassium-ion channels when activated 
by light and unblocking the channels in the dark (35,36). 
Since then, chemistry in couple with biology have offered 
a wide variety of synthetic photoswitches with highly 
convertible properties targeted to ion channels, GPCRs, 
transporters, enzymes, cytoskeleton proteins and lipids, 
just to name some (15,37).

Designing probes for light-based research and 
therapy
Optogenetics
  Optogenetics, as mentioned before, is a technique that 
mainly exploits light-sensitive ion channels, the so-called 
opsins, to modulate neuronal activity with high spatial and 
temporal resolution (38). Excitatory opsins, like ChR2, 
are cation selective channels that cause cation influx and 
photo-controlled neuron depolarisation when illuminated 
at blue wavelengths (Figure 1A) (11,20,39).
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Inhibitory opsins, like Archaeorhodopsin (Arch) or HR, 
provoke either proton efflux or chloride influx respectively 
to drive an outward photocurrent that generates 
hyperpolarisation and promptly inhibits neuronal activity 
(Figure 1B) (40-42). In recent years, the endeavour in 
genome screening and molecular engineering to expand 
the optogenetics toolbox has generated faster recovery 
variant for high-speed imaging (43,44), red-shifted opsins 
to improve the depth of the light penetration (45,46), and 
bi-stable opsin variants to induce long-lasting changes 
in neuronal activity. These latter variants are particularly 
interesting from a therapeutic point of view, since their 
capability to induce chronic effects with minimal light 
delivery would reduce both the need for constant light 
treatment and the risk of long-term phototoxicity (47).
  Moreover, recent works focused on the modulation of 
intracellular signalling cascades with the engineering of 

photo-activatable cell-surfaced GPCRs for adrenergic, 
serotoninergic, dopaminergic, adenosine, glutamate 
(metabotropic) and µ-opioid receptors (30,48-52). These 
new OptoXR probes, as they are called, generate the same 
signalling cascade as the endogenous receptors, whilst 
they can be triggered with a spatio-temporal precision 
that is not achievable with traditional pharmacological 
approaches, thus bringing great advantage in the study 
of relevant targets in defined regions of the body 
(Figure 1C). This level of precise spatio-temporal 
control, particularly in the case of µ-opioid receptors, 
is fundamental in dissecting the opioid contribution in 
peripheral and central nociceptive circuits (53).
  The investigation of somatosensation and pain with 
optogenetics goes unavoidably in pair with the possibility to 
deliver the opsins to defined neuronal sub-populations in the 
central and peripheral nervous systems. Two  approaches have

Figure 1. Optogenetic toolbox and Photopharmacological approaches. (A-C) Principal opsins used as optogenetic tools are 
illustrated. Arrows indicate direction of ion flux. (A) Excitatory opsins (ChR2) are non-specific cation channels that depolarize neurons 
when stimulated by light. (B) Inhibitory opsins elicit either chloride influx (iC1C2, SwiChR, ChloC, HR, Jaws) or proton efflux (Arch) to 
silence the neuronal activity when illuminated by light. (C) Chimeric light-sensitive G-protein coupled receptors (optoXRs), consisting 
of the extracellular and transmembrane domains of light-sensitive rhodopsins with the intracellular regions of a GPCR of interest. 
(D-I) Diverse Photopharmacological approaches are illustrated. Red crosses indicate the switch to the inactive conformation of the 
photomodulators. (D) Irreversible photoinactivation. (E) Irreversible photoactivation (photouncaging). (F) Reversible photoactivation/
inactivation using a PhotoChromic diffusible Ligand (PCL) that upon irradiation switches between an inactive (brown pentagon) and an 
active (blue ellipse) form, modulating the activity of the target. (G) Photo-switchable (closely) Tethered Ligand (PTL) - the photoswitch 
is, in this case, covalently bound to the target and in close proximity of it. (H) Photo-switchable Orthogonal Remotely Tethered Ligand 
(PORTL) - As for the PTL, the photoswitch is connected to the target but is not in proximity of it. (I) Photo-switchable cross-linker - the 
photoswitch is conjugated on both sides to the target and usually prevents the activity of the target in one of its conformations.
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been the most utilised in tackling this issue: viral vectors 
and opsin-expressing transgenic mice (54-56). The 
specificity of the viral transgene delivery can be obtained 
mainly via incorporation of endogenous promoters (57) 
or recombinase-dependent expression (58,59). Given 
the experimental problems that can arise with the former 
method, as well as its partial lack of specificity, the 
most widely used method for opsin gene delivery is 
the Cre/Lox-P mediated recombination and conditional 
expression of transgenes delivered by Adeno-Associated 
Viruses (AAVs) (60-62). These viruses are injected locally 
into transgenic mice in which the Cre recombinase expression 
is restricted to specific neuronal sub-populations (62-64). 
Conversely, crossing Cre-expressing mice with opsin-
expressing lines gives yet another possibility to manipulate 
molecularly defined sets of neuronal and non-neuronal 
cells (65-67). These strategies are very advantageous in 
the study of large cell populations, that however can still 
comprise heterogeneous sub-populations with different 
functions within them. Thus, a novel approach called 
INTRSECT that uses multiple recombinase steps to further 
refine the specificity of selected subpopulations offers new 
advantages and great prospect for the study of neuronal 
circuits underlying specific roles in somatosensation and 
pain at all levels in the nervous system (68-71).

Photopharmacology
  One of the main principles at the basis of photopharmacology 
is the ability to modulate the pharmacokinetic or 
pharmacodynamic properties of synthetic molecules by 
using light. This can be achieved, in most of the cases, 
with the alteration of a functional group of the drug with 
a photolysable element (72-74). The main benefit of 
using this technique is that it permits to reduce the off-
target and systemic side effects and to decrease the drug 
resistance in comparison to a standard drug delivery 
method (15). Photopharmacological tools have been 
previously applied to study cancer, diabetes, microbial 
infections and neurology (15,16,75-81). The importance of 
this method derives from the fact that potentially every kind 
of molecule, even with very different range of sizes, can be 
optically-controlled and thus allowing a fine temporal and 
spatial control over intracellular or extracellular targets (82).
  The effect that the light exerts on its target can be 
classified into two modalities: reversible and irreversible; 
each of them have been employed in biology (83).
  Irreversible photoinactivation is realized when a freely 
diffusible compound is irreversibly modified by irradiation 
and has been mainly used to probe the functional role 
of a biological target (Figure 1D) (84). Also, caged 
compounds belong to this first category of molecules: 
they can only be activated once and the chemical strategy 
approach to gain photocontrol of a target by using 
these molecules is called photouncaging. Technically, a 
photocage is a chemical group that converts the energy 
of a photon into energy that is then used to disrupt a 
chemical bond, strategically placed in a position in which 
it can modulate the activity of a bioactive molecule (74). 
Irradiation promotes a reaction that causes the removal of 

the photocage, triggering the release of the biologically 
active molecule, switching on (or off) the targeted process 
(Figure 1E) (85). To date, this is the most broadly 
used photopharmacological approach, and several new 
photocages continue to appear (73,74,86,87). The other 
approaches worth mentioning are the recent development 
of the so-called Photobody (87), that uses the specificity 
of an antibody fragment to selectively bind and modulate 
the activity of the desired target, and the family of 
BODIPY-derived photocages (86); the latter are caged 
compounds that can be activated with the highest known 
wavelengths of light through a mechanism that involves a 
single-photon-release.
  As mentioned before, the major drawback of this 
technique is that the photouncaging process is irreversible 
and allows to control the properties of a pharmacological 
compound just once.
  Reversible photoswitches, on the basis of the position 
relative to their target, can be classified into those that 
interact with their targets through noncovalent interactions 
(photo-chromic ligands - PCLs) and the ones in which 
the formation of a covalent bond is involved for the 
connection to the target (photo-switchable tethered 
ligands - PTLs, photo-switchable orthogonal remotely 
tethered ligands -  PORTLs). There is also another class 
of reversible photoswitches, called cross-linkers, that rely 
on the aid of bioconjugation motifs at both sides of an 
optically active molecule.
  PCLs are freely diffusible molecules in which the 
irradiation triggers the switch between two different 
isomeric conformations. As already mentioned, the switch 
into two different isoforms confers each of them different 
affinity and/or efficacy, diverse pharmacodynamics 
properties and may also affect the pharmacokinetics 
properties. (Figure 1F) (13).
  A second class of reversible photoswitches includes 
ligands that are covalently attached to the target through 
a connection that can be either through a native or an 
engineered residue. Major advantages of this approach 
include the ability to accelerate the response by increasing 
the local concentration of the switches, the ability of the 
ligand to remain in the proximity of the target and the 
loss of the need for reapplication of the drug. On the other 
hand, this approach requires genetic encoding for its full 
applicability (88).
  As mentioned before, tethered ligands can be sub-classified 
into (1) Photo-switchable Tethered Ligands (PTLs) and 
(2) Photo-switchable Orthogonal Remotely Tethered 
Ligands (PORTLs), depending on the length of the covalent 
attachment with respect to the ligand binding site.
  In respect of PTLs, the photoswitch is attached close 
to the binding site and the tether is mainly constituted 
by the photoswitch itself. The switch between the 
different isomers mainly modifies the concentration of 
the pharmacophore in the near proximity of the target. 
They are ideally built as if in one configuration the ligand 
is physically impeded to reach the binding site while 
in the other it can exert its function. It requires small 
bioconjugation molecules, like cysteines (Figure 1G). 
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  Conversely, in a PORTL, the tether is much longer, 
bringing the photoswitch far from the binding site. In 
this way, the light-induced conformational change affects 
the efficacy of the tethered ligand rather than its local 
concentration near the target (Figure 1H) (89). 
  Another class is constituted by light-responsive cross-
linkers in which the photoswitch is attached by a 
covalent bond on both its ends to the target. This method 
requires the presence of two conjugation motifs on the 
biomolecule. Upon irradiation, the photoswitch modifies 
its conformation, triggering then a change in the activity 
and conformation of the target itself (Figure 1I) (13,16,75).

Further considerations on designing photoswitches
  An ideal photoswitch must fulfil several requirements 
to be used in an in vivo model: it should have favourable 
pharmacokinetics and should be metabolically stable 
in a given environment. Phototoxicity is an important 
parameter to bear in mind and, in addit ion,  the 
photoswitch should have useful photophysical properties, 
such as high absorbance and quantum yields, and 
useful thermal relaxation rates (13). A wide range of 
photoswitches have been used in the last few years but one 
of the most encouraging one, in terms of its properties, is 
the reversible molecule called azobenzene. Azobenzene is 
constituted by a diazo bond (N==N) that is linked to two 
phenyl rings. It can adopt the trans- or cis- conformation: 
in the former, the phenyl rings are on the opposite sides 
while in the latter, they are on the same side. UV light 
triggers the swap between the two isomers of which the 
trans- one is thermodynamically more stable. This process 
is reversible and can be inverted using heat or by using 
visible light irradiation (13,35,36,90).

Biological targets in pain research 
  Pain is an extremely intricate disease which can progress 
into severe conditions. The effective treatment of pain 
often lacks the desired level of efficacy, tolerability and 
target specificity. Optogenetics in the last two decades 
had a pivotal role in the investigation of pain physiology 
both in the central and peripheral nervous systems (84). 
Photopharmacology emerged in the recent years as a 
potential new approach to be applied in pain research and 
treatment (91). In this section, we pass into exam all the 
development in pain research and the potential biological 
targets that have been unravelled with the aid of these 
approaches.
  Within few years of demonstrating optical control of 
neuronal cells via ChR2, optogenetic probes were applied 
in vivo, together with surgically implanted optical fibres, 
to control and study different neural circuits within the 
brain. This idea has been recently implemented also in 
the investigation of the central circuits of both the sensory 
and the affective components of nociception (92,93). In 
the cortico-limbic networks, the BasoLateral Amygdala 
(BLA) has been revealed to have a prominent role in 
the encoding of the ‘unpleasantness’ of pain (94). The 
sensory information from the BLA is transmitted to the 
medial PreFrontal Cortex (mPFC). ChR2 injection in 

the BLA revealed direct connectivity that was input-
specific, and the stimulation of these neurons in rodent 
models of chronic pain revealed increased feed-forward 
inhibition by mPFC GABAergic neurons (95). Moreover, 
the activation of the parvalbumin-positive GABAergic 
interneurons of the mPFC exacerbated pain responses 
after peripheral nerve injury, and conversely their 
inhibition alleviated these responses (96). These data reveal 
that persistent chronic pain states, provoked by peripheral 
nerve injuries, lead to a selective activation of BLA inputs on 
specific mPFC GABAergic interneurons, that in turn inhibit 
projection neurons in the ventro-lateral PeriAqueductal Gray 
area (vlPAG): this alteration produces a serial dysfunction of 
the inhibitory tone of the circuit itself, reducing the strength 
of serotoninergic and noradrenergic descending pathways 
involved in pain modulation (Figure 2A) (96,97).
  Anatomical and physiological evidence has been 
collected to demonstrate the presence of a circuit between 
ParaBrachial Nucleus (PBN) and the Central nucleus of 
the Amygdala (CeA) and its role in the affective dimension 
of pain (98-100). Excitatory synapses within this circuit are 
potentiated in various chronic pain models (99,101-103), 
and direct excitation of CeA neurons with ChR2 induced 
visceral hyperalgesia after bladder distension (102). 
Moreover, the investigation of the mechanisms involved 
in neuropathic pain revealed the presence of a complex 
modulation (both excitation and inhibition) of the neurons 
within this circuit, based both on specific molecular identity 
of the neurons and on their location within different sub-
regions of the CeA (Figure 2A) (103). Together, these 
results offer a minor but precise overview of some of the 
complexity of the circuits that process both the sensory 
and affective component of pain within the brain, and how 
paramount is optogenetics to elucidate the role of single 
projections and specific neuronal subpopulations in the 
central processing of nociceptive information.
  On the other hand, pain perception, as well as the 
processing of pain information, starts from the periphery, 
with the nociceptive stimuli travelling through a plethora 
of sub-populations of sensory neurons in the DRGs to 
the substantia gelatinosa (laminae I and II) of the dorsal 
horn (Figure 2B) (5,104). A recent article identified 11 
neuronal sub-populations by single-cell RNA sequencing, 
highlighting the complexity of the peripheral coding 
of multi-modal somatosensation (10). Optogenetics 
is therefore extremely useful in dissecting the role of 
these different populations in the coding of sensory and 
nociceptive inputs (105).
  The first peripheral neurons targeted with ChR2 excitatory 
opsin were Mas-related G-protein coupled receptor member 
D (Mrgprd)-positive nociceptive neurons: their photo-
stimulation revealed the circuitry of their connections to 
most known classes of lamina II spinal cord neurons (106). 
Light-dependent activation of Advillin-positive, Transient 
Receptor Potential Vanilloid 1 (TRPV1)-positive and 
NaV1.8-positive neurons selectively expressing ChR2 
elicited strong nociceptive behaviours, which could be 
blocked by analgesics administration, indicating that a 
direct activation of these neuronal sub-populations is 
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sufficient to elicit a painful response (62,63,65,107–109). 
Moreover, prolonged activation of NaV1.8-positive and 
TRPV1-positive neurons caused a hypersensitivity that 
lasted long after the stimulus was removed (110,111). 
Interestingly, the selective activation of the Vescicular 
GLUtammate Transporter type 3 (VGLUT3)-positive 
primary afferents elicited only very mild nocifensive 
behaviours but exacerbated nociceptive responses in 
a model of chemotherapy-induced neuropathic pain 
through the Transient Receptor Potential Melastatin 8 
(TRPM8) ion channel (112). Conversely, inhibition of 
the same neuronal populations (NaV1.8-positive, TRPV1-
positive) with Arch or HR optogenetic probes alleviates 
pain behaviours in naïve mice together with murine 
models of inflammatory and neuropathic pain (Figure 2B) 
(62,111,113). These results are particularly important in 
pioneering the use of light as an analgesic, opening to 
the possibility of the use of optogenetics to treat chronic 
pain. Furthermore, the combination of optogenetic 

and chemogenetic techniques refines the selection and 
classification of neuronal sub-populations that have 
not been specifically genetically identified yet: the use 
of resiniferatoxin to ablate TRPV1-positive fibres in a 
transgenic mice expressing ChR2 in Calcitonin related 
polypeptide 1 (Calca)-positive neurons has brought to 
the identification of a novel, specific population of High-
Threshold MechanoReceptors (HTMR) with unique 
endings that can be activated by the pulling of a single 
hair (114).
  Furthermore, optogenetic manipulations are not 
restricted to neuronal cells: in several recent studies 
peripheral mechano-sensitive cells in the epidermis 
have been infected to express excitatory and inhibitory 
opsins. Activation of Merkel cells and keratinocytes is 
sufficient to elicit action potential discharge in different 
types of primary afferents, whereas silencing of these 
cells decreases the spiking of peripheral sensory neurons 
in response to natural stimuli, as well as ATP release  and

Figure 2. Biological targets of optogenetics and photopharmacology in pain research. Cartoon illustrating some of the targets of 
interest in the Central and Peripheral Nervous Systems, discussed in this review. (A) Overview of some neural circuits of pain within 
the brain. In light blue it is shown the pathway involving the basolateral amygdala (BLA), the medial prefrontal cortex (mPFC) and the 
ventro-lateral PeriAqueductal Gray area (vlPAG). The use of optogenetic tools has demonstrated that the modification of the inhibitory 
tone circuit deeply affects pain modulation during persistent chronic pain states, induced by peripheral nerve injuries. In pink it is shown 
the circuit between the ParaBrachial Nucleus (PBN) and the Central nucleus of the Amygdala (CeA) that has a prominent role in the 
affective dimension of pain. Optogenetics has begun to unravel the profound complexity of this circuit and of the specific sub-populations 
of neurons involved. (B) Diverse sub-populations of sensory neurons in the DRGs form connections at different levels of the substantia 
gelatinosa (laminae I and II) of the dorsal horn. A list of sub-populations of nociceptive neurons that have a crucial role in pain perception 
and have been investigated by using optogenetic tools are also shown in the picture (Mrgprd+, TRPV1+, NaV1.8+, VGLUT3+). (C) 
Enlargement of a representative neuron in the DRG, showing the main molecular targets involved in nociception that can be currently 
targeted by specific photo-controllable drugs (TRP channels in light blue, VGICs in green and MOR in light pink). (D) Optogenetic 
tools have also been used to elicit responses in peripheral mechano-sensitive cells (Merkel cells and keratinocytes) in the epidermis to 
investigate the role of non-neuronal cells in the perception of innocuous and painful mechanical stimuli.
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nocifensive responses to mechanical painful stimuli 
(Figure 2D) (67,115,116).
  Despite revolving mainly around the on/off modulation 
of whole cell populations, optogenetics has been a 
keystone in the study of pain circuits, and together 
with other genetic, electrophysiological and molecular 
techniques led to the discovery of many important 
molecular targets for the modulation of pain perception. A 
more advanced, photopharmacological approach can then 
be exploited to increase the complexity and capability of 
research to devise novel approaches to pain modulation 
and analgesia that can then be translated into therapeutics. 
To date, only few photo-switchable regulators of 
nociception have been developed and even less have 
been described in an in vivo system (13,91). In terms of 
potential targets involved in the pain pathways, one of 
the most obvious classes is represented by ion channels. 
However, of the 215 ion channels that exist in the human 
genome, with 85 ion channels that have been linked to 
nociception, only a minor number has been successfully 
targeted for pain research (117).
  TRPV1 is a Ca2+ permeant non-selective cation channel 
expressed in various subset of populations of primary 
afferent neurons and with a well-established role in 
nociception (118,119). To date, optical control of TRPV1 
has been investigated and the result is the development 
of several azo-capsaicin derivatives (AzCAs). These 
molecules are photo-switchable agonists of TRPV1 
channels, they are fairly inactive in the dark and are 
activated upon irradiation with UV-A light (120). Among 
these, cis-AzCA4 (121) has been shown to be one of 
the most effective in activating TRPV1 and to possess a 
reversible action. In addition, in vivo tests demonstrated 
a TRPV1-mediated hyperalgesia exerted after the 
application of this compound (Figure 2C) (16,120,122).
  A photo-switchable compound (Optovin) that reversibly 
activates another member of the TRP channel family, 
Transient Receptor Potential Ankyrin 1 (TRPA1), has also 
been developed so far (123,124). This molecule has been 
used to modulate TRPA1b channels in zebrafish (Figure 2C) 
(125). Recently, photo-switchable diacylglyerols have also 
been used to optically-tune the activity of TRPC2, TRPC6 
(126) and TRPC3 (127). 
  GABA-A receptors are chloride-selective pentameric 
ligand gated ion channels activated by Gamma Ammino-
Butirric Acid (GABA). In post-synaptic neurons, GABA 
receptors trigger a decrease of action potential firing upon 
their activation. Given that, GABA-A receptors have 
been investigated as potential target for the development 
of anaesthetics (128,129). Photo-compounds that act on 
GABA-A receptors have been synthetized resembling 
the structure of Propofol, a lipophilic anaesthetic 
agent that acts through potentiation of GABA-induced 
currents (128). These compounds operated as allosteric 
modulators, potentiating GABA currents in the dark and 
being inactivated upon application of light. Additional Azo-
benzene derivatives of propofol were produced (AP1-16) 
and among these, AP2 showed anaesthetic activity in an in 
vivo animal model in albino Xenopus laevis tadpoles (128). 

Also, the so-called LiGABAR, that is a genetically modified 
light-controlled GABA receptor, has been developed, 
so far, by using tethered photopharmacology (130). The 
resulting design of a transgenic line of mice constitutively 
expressing LiGABAR, facilitated the development of 
higher efficient new PTLs (PAG-1C) and finally allowed 
to control the activity of cortical neurons in mice by using 
the light (131).
  Voltage-gated ion channels (VGICs) play an essential 
role in the generation of action potentials and in synaptic 
transmission and represent a privileged target of 
photopharmacology. They have also been fundamental 
for the development of the field (132). The photo-
switchable azobenzene derivative QAQ is structurally 
composed of two azo-linked quaternary amines and, 
together with its derivative QX-314, has been developed 
on the basis of lidocaine, a local anaesthetic that blocks 
VGICs (133,134). These compounds are blockers of KV, 
NaV, and CaV channels and, importantly, are membrane-
impermeable and thus they need to be transported into 
the cell via TRPV1 channels or P2X receptors, allowing 
the selective targeting of TRPV1 expressing cells for 
the optical control of nociception. These molecules have 
been used, in addition to capsaicin, to selectively block 
TRPV1-positive nociceptors (135,136). So far, a QAQ 
derivative has also been developed, namely QENAQ, 
that is controlled by using visible light. This compound 
allows to photo-control the pain signalling without issues 
deriving from invasiveness and with high specificity 
and fast kinetics (Figure 2C) (137). Another compound 
(fotocaine) based on azologisation of the local anaesthetic 
fomocaine has been also developed. Neurophysiological 
application of this compound has opened up the way to 
test its applicability as a potential analgesic (135,136).
  μ-opioid receptors are GPCRs that activate inhibitory 
G-proteins. They assemble as homo- and hetero-dimeric 
complexes and scaffold a variety of proteins. GPCRs 
are potentially involved in all physiological processes in 
eukaryotic organisms, including acute and chronic pain (91). 
Indeed, most of the potent analgesics currently in use act 
through the μ-opioid receptor. Moreover, they belong to 
the class A (Rhodopsin-like family) of GPCRs and thus 
they have been an exclusively amenable class of proteins 
for the development of phototunable compounds. For 
these reasons, photo-switchable opioids have been under 
thorough investigation in the last few years. The usage 
of such compounds, as possible photo-analgesics, may 
enable the optical-control of μ-opioid receptors. The first 
compound that has been developed was an azobenzene 
derivative of the synthetic μ-opioid receptor agonist 
Fentanyl (photofentanyl-2 or PF2) (Figure 2C) (138). 
The development of this compound generated interest in a 
potential future use of photo-analgesics (16,139).
  Photopharmacology is constantly growing and its usage 
to control nociception is an emerging but interesting field. 
New compounds are frequently synthetized in order to 
get accurate control of novel targets (ionotropic glutamate 
receptors (37,140), metabotropic glutamate receptors 
(141,142), adrenergic receptors, muscarinic acetylcholine
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receptors, dopamine, histamine, serotonin receptors, 
calcium and potassium channels and a number of 
transporters and pumps (12,13,75)).

Advancements in light delivery methods
  Optogenetics and photopharmacology have the great 
potential to dissect the somatosensory circuitry and 
the key molecular players involved in pain biology 
and pathobiology (143,144). However, one of the 
major limitations of these approaches, particularly in 
behavioural experiments, is the complexity to deliver 
light especially to neurons in the spinal cord and in the 
periphery in freely behaving mice (143). Brain imaging 
and optogenetics in awake rodents with chronic optic 
fibre implants is currently well established and can be 
used also in combination with electrophysiology to 
optically stimulate and record, at the same time, from 
different neuronal circuits in vivo (Figure 3A, B) (94,144). 
Imaging peripheral tissues however poses major technical 
difficulties in the absence of a solid structure like the 
skull, that can help to stabilise the implants. The first 
attempts involved peripheral light delivery to the hind 
paws by implementing optical fibres or Light-Emitting 
Diode (LED) arrays in cages to target opsin-expressing 
afferents for behavioural and place aversion tests (Figure 
3G) (63,65,110). To overcome the limitations of this 
approach, and in the effort to target more central structures 
like the spinal cord, tethered optical fibres have been 
adapted for peripheral nervous system stimulation. Laser-
driven optical fibres have been implanted chronically 
in the epidural space of the spinal cord, allowing for 
direct modulation of opsin-expressing peripheral sensory 
neurons innervating the dorsal horn of the spinal cord, as 
well as interneurons in the substantia gelatinosa (Figure 
3C) (113,145). Another similar approach involves the use 
of a nerve cuff that surrounds the peripheral nerve: the 
light stimulation is provided by an optical fibre tethered 
to the skull and delivered subcutaneously to reach the 
implanted cuff (Figure 3E) (146). These new technologies 
have propelled the use of optogenetics to investigate 
peripheral nociception. However, these implants are 
still dependent on an apparatus that is partially fixed to 
the skull, hindering the free movement of the animals. 
Wireless implantable LED devices for the stimulation of 
superficial areas in the brain, spinal cord and peripheral 
tissue have seen a great popularity in the last years. 
Different laboratories have used similar approaches for the 
construction of miniaturised probes that utilise microscale 
LEDs to allow light stimulation in freely behaving rodents 
(107,109,110,147–149). These implants utilise inductive 
coupling to remotely power the μLEDs, eliminating the 
need for batteries and circuits and dramatically reducing 
the dimension of the implants themselves, that can be as 
small as 10 mm3 and weight as less as 20 mg (Figure 3D, 
F, H) (110). The most recent versions of these devices 
use near-field power coupling and radio frequencies 
transmission to power and activate the LEDs, as well as 
softer and more durable encapsulation of the microcircuits, 
strategies that reduce both the fabrication cost and the 

technical expertise necessary to produce such devices 
(109,148,149). Further technological improvements of 
these wireless approaches will make the simultaneous 
stimulation and recording of responses possible, as it has 
been demonstrated in the central nervous system (150), 
and will help to render a more complete picture of the 
somatosensory coding of multi-modal stimuli in freely 
moving animals.

Therapeutic potential and challenges of light-
based pharmacology
  The possibility to achieve a high spatial and temporal 
resolution in controlling the signalling of defined neuronal 
populations throughout the nervous system opens the path 
towards the development of more effective therapies for 
disease and pain treatment. Pain management and chronic 
pain treatment, as stated before, are fundamental problems 
that are poorly addressed by current treatments and often 
burdened by unwanted side effects.
  Optogenetic and photopharmacological tools employ 
a spatially defined beam of light as stimulus to elicit a 
response in the desired target. It is exactly this spatial 
definition that may be a very effective way to modulate 
chronic pain in suffering patients (151). The obvious 
targets to exploit are the numerous ion channels that are 
expressed centrally and peripherally and are involved in 
nociception: photo-controllable drugs have been designed 
to modulate TRPV1, TRPA1, μ-opioid, GABA-A and 
metabotropic glutamate receptors (118,120,123,128,137,1
39,152,153). Photochemical and optogenetic controllers of 
opioid signalling harbour the most promise in delivering 
peripheral analgesia without involving central circuits 
linked to addiction (53,139). Another interesting approach 
is the use of photo-reversible local anaesthetics that 
target TRPV1-positive nociceptors (QAQ and QENAQ) 
and have been effective in controlling pain signalling in 
behaving rodents (134,137). Moreover, well-established 
light-based techniques now exist for bidirectional control 
of primary afferents via transdermal stimulation: these 
techniques could potentially harbour a future of non-
invasive, implant-free optogenetic control of chronic pain 
disorders (147). A fascinating, similarly non-invasive 
use of light-based therapy is the prolonged exposure of 
patients to specific light wavelengths to treat pain and 
anxiety; this kind of therapy has already been used to 
control depression in chronic pain and disease suffering 
patients (154,155), and has been recently associated 
with profound, opioid-dependent peripheral and central 
anti-nociception in naïve and neuropathic pain suffering 
rodents (156).
  Despite harbouring great promise, several hurdles have 
still to be overcome in order to deliver a safe and effective 
therapy for pain management. The two principal issues 
in the implementation of light-based therapies are the 
genetic delivery of the opsins or photo-switches to their 
targets and the delivery of light to inaccessible organs 
like the brain and the spinal cord. As stated before, the 
development of wireless light delivery methods using 
μLEDs, that are miniaturised, injectable and programmable,
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Figure 3. Past, present and future approaches for light delivery within the nervous system. Cartoon illustrating all the different 
approaches used to deliver light to different regions within the Central and Peripheral Nervous Systems, discussed in this review. (A, B) 
Light delivery approaches for brain imaging. (A) Head-mounted microscope system. (B) Skull-implanted cuff with an optical fibre cannula; 
(C, D) Light delivery techniques used in the spinal cord imaging. (C) Skull cuff with implanted epidural flexible light-emitting diode (LED). 
(D) Wirelessly powered µLED device for stimulation of spinal afferents or spinal cord neurons. (E, F) Light delivery approaches for 
Peripheral Nerves. (E) The sciatic nerve is represented, as an example. Fiber-optic coupled nerve cuffs are implanted subcutaneously 
and connected to the skull. (F) Small, wireless µLED devices can directly deliver light to the nerve. (G, H) Nerve endings light delivery 
techniques. (G) Transdermal illumination of sensory nerve endings through an external source of light. In the picture two alternative 
methods are represented (enlargements). (H) µLEDs implanted subcutaneously for wireless light-delivery to the area of interests.
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is becoming more and more effective, and these devices 
allow efficient remote photocontrol with minimal tissue 
damage (107,109,147,157,158). Concomitant light 
and drug delivery is currently being explored via a 
combination between light-emitting and microfluidic 
devices (159).
  Gene therapy is the principal tool to successfully and 
safely deliver photo-controllable molecules to patients. 
The use of viral vectors has already been effective in the 
peripheral delivery of transgenes to patients, albeit most 
studies addressing chronic pain involve direct production 
and release of analgesic molecules, like GABA or opioid 
agonists (160,161). AAV vectors are currently used 
to express ChR2 in retinal ganglion cells of patients, 
and Herpes Simplex Virus vectors have been used to 
successfully deliver gene products in humans through 
intradermal injections (162,163).
  Other current limitations of light-based approaches for 
therapy are the safeness as well as the transient nature 
of the expression of opsins and photoswitches. Maximal 
expression of AAV-delivered proteins takes a few weeks, 
after which the level decreases: routine administration 
may solve this problem maintaining optimal expression 
levels. Delivery of the newly engineered bi-stable 
opsins may partially solve the problem by eliciting long-
lasting changes in neuronal activity following low light 
stimulation (47). Moreover, continuous increase in clinical 
trials that employ virally mediated gene therapy will 
boost the improvement of safer vectors for therapeutic 
treatment, reducing, therefore, the potential occurrence of 
immune responses.
  Thus, despite the critical issues stated before, light-based 
approaches already represent a powerful and fundamental 
tool in the study of pain physiology and pathology. Future 
technological, as well as biological improvements will 
help to surmount their current obstacles making them 
a promising candidate for the development of novel 
therapies in the challenging field of pain management.

Conclusion and future remarks
  Light-based pharmacology and genet ics  have 
undergone great development in the past two decades. 
Researchers from various fields recognise the impact 
that the implementation of these techniques has on their 
research, as well as the great clinical potential of these 
approaches, and new interesting targets and applications 
are emerging at a swift rate. The further development 
of more and more specific photo-switchable molecules 
and optogenetic probes, coupled with the advancements 
in gene therapy and engineering of non-invasive tools 
to visualise and manipulate their functions in-situ, may 
enable selective and powerful therapeutic interventions 
and will continue to refine the research on complex 
neuronal circuits and functions. Finally, the high temporal 
resolution and cell specificity allowed by these techniques 
offer great potential for the development of phototherapy 
as a routinary, powerful and personalised approach to 
pain treatment that could overcome the limitation of 
conventional pharmacology.
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ABSTRACT
Background: Ischemic stroke is the most common cause of ischemia-related death globally. Brain injuries due 
to stroke and trauma are typically followed by inflammation reactions within the central nervous system (CNS). 
Neural stem cell (NSC)-based therapeutic strategies show great potential for treating stroke and ischemia-
mediated brain injuries, and migration of NSCs is a critical step involved in NSC-based therapy. 

Methods: In order to examine the effects of microglial activation upon ischemia and stroke on NSC behaviors, 
oxygen-glucose deprivation (OGD) in vitro model was established for mimicking in vivo stroke and ischemia 
pathological conditions in this study. By combining of enzyme-linked immunosorbent assay, migration assay, 
Western blot and immunostaining, we found that OGD insult induced microglial activation by releasing cytokines 
and chemokines.

Results: The conditioned media (CM) of OGD-treated groups impaired the proliferation and capability of 
neurosphere formation. Moreover, we found the stromal cell-derived factor 1α/CXC chemokine receptor 4 
(CXCR4) pathway was an active player that facilitated the migration of NSCs, since a CXCR4 specific antagonist 
AMD3100 was able to impair NSC migration both in vitro and in vivo.

Conclusion: The current study presents a potential interaction between NSC behaviors and microglial activation 
underlying brain injuries, such as ischemia and stroke. More importantly, we reveal the underlying mechanisms 
of microglia-induced NSC migration under OGD conditions and it should be beneficial to stem cell-based 
therapies to treat acute brain injuries.

Keywords: Microglia · Oxygen-glucose deprivation · Neural stem cells · Migration 

Introduction
  Ischemic stroke is a dominant cause of ischemia-
related deaths around the world. The immune system 
and triggered inflammation reactions are key elements 
involved following ischemia as they respond to brain 
injuries after stroke (1). Various evidences have suggested 
the appearance of inflammatory reactions after stroke 
and trauma in the central nervous system (CNS) (2). 

Infiltration of macrophages and neutrophils into the 
respective brain parenchyma, as well as the activation 
of resident microglia, is the main characteristic of 
brain injury-mediated inflammation. Microglia are a 
type of resident macrophages of the spinal cord and 
the brain, which account for 10-15% of total cells from 
the brain (3) and are responsible for the scavenge of 
damaged neurons, plaques and infectious agents within 
the CNS (4). Microglia usually maintain a ramified 
morphology at resting status to monitor the environment. 
In the case of brain injuries, the microglial cells are 
activated (5). It is unclear whether inflammation 
followed brain injury would benefit or damage post 
ischemia (6, 7). Some reports have revealed a strong 
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correlation between microglial activation along with 
excess amount of secretion of cytotoxic interleukin 
(IL)-1β, tumor necrosis factor (TNF)-α, and IL-6 (8), and 
neuronal degeneration after transient cerebral ischemia (9).
  Neural stem cells (NSCs) are self-renewing ones with the 
capacity to differentiate into astrocytes, oligodendrocytes 
and neurons (10). They are capable to replace lost 
cells within the CNS in principle (11). Both NSCs and 
microglia are important components of the CNS. NSCs 
have shown the potential in cell transplantation therapy for 
stroke. The critical step involved in neural regeneration 
is the migration of NSCs. NSCs present a capacity to 
precisely migrate toward distant pathological targets such 
as tumors and various types of brain injuries, which might 
suggest an adaptive response to limit and/or repair damage 
(5). However, substantial death of grafted stem cells has 
been observed in patients receiving NSC transplantation, 
probably due to host inflammatory reaction (4). Thus, 
it would be beneficial to promote the migration of 
endogenous NSCs to the areas of pathology besides the 
grafted stem cells. In fact, several in vitro and in vivo 
investigations have confirmed characteristic migration 
of inflammatory-mediated NSCs (3, 12). Several animal 
models have evidenced the migration of endogenous and 
exogenous NSCs towards damaged regions mediated by 
released soluble factors from the microglial cells (11). 
Human NSCs have been seen migrating in vivo towards a 
pathological area, which is mediated through the stromal 
cell-derived factor 1α (SDF-1α)/CXC chemokine receptor 
4 (CXCR4) pathway (3). Monocyte chemo attractant 
protein-1 (MCP-1), a glia secreted chemokine, is also 
involved in up-regulating the migration capacity of NSCs 
in rats (13). Therefore, it is of importance to study the 
interaction between microglial cells and NSCs, especially 
during certain pathologies and injuries.
  In this study, both oxygen-glucose deprivation (OGD) 
in vitro model and ischemic spinal cord injury mouse 
model have been established to mimic pathological 
ischemia and stroke. Several studies have focused on 
microglia under OGD insult, however, there are very few 
reports investigating how NSC migration is influenced 
by microglia activation in the condition of ischemia 
and stroke. Herein, by combining immunofluorescence, 
enzyme-linked immunosorbent assay (ELISA) technique 
and Western blotting analysis, we attempted to interpret 
the enhanced migration of NSCs as well as the underlying 
mechanisms mediated by microglia activation upon OGD.

Materials and Methods
Cell culturing
  BV2 cells, a murine microglial cell line, were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco, Grand Island, NY, USA) containing 100 mg/ml 
streptomycin (Gibco), 100 mg/ml streptomycin (Gibco), 
and 10% fetal bovine serum (FBS, Gibco) at 37°C in a 
humidified 5% CO2 incubator.
  NSCs were derived from hippocampal hemispheres 
obtained from day 1 postnatal (P1) ICR mice. Cells were 

digested in TryplE (Life Technologies, Pleasanton, CA, 
USA) at 37 °C for 15 min and then gently dissociated 
with pipettes. To determine cell viability, NSCs (5 × 104/ml) 
were plated on 96 well plates pre-coated with laminin 
and then maintained in proliferative medium consisted 
of  DMEM-F12 wi th  2% B27 supplement  (Li fe 
Technologies), fibroblast growth factor (FGF, 20 ng/ml, 
R&D Systems, Minneapolis, MN, USA) and epidermal 
growth factor (EGF, 20 ng/ml, R&D Systems). For the 
condition medium (CM) treatment, after 24 h culturing, 
supernatants of the NSC culture were replaced with 
CM collected earlier, with additional 20 ng/ml EGF, 
20 ng/ml FGF, and 2% B27 supplement, followed by 
another 24 h of culture. This current study was designed 
in conformity with the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. 
The experimental protocols obtained approval from Joint 
Research Institute of Southeast University and Monash 
University. All surgical procedures were conducted under 
deep anesthesia using sodium pentobarbital, and all 
precautions were taken to avoid unnecessary suffering of 
the animals.

CM collection
  Cells were initially incubated for 24 h in BV2 media 
discussed above. The supernatants of the cell culture 
were then replaced with DMEM-F12 FBS-free media to 
undergo OGD treatment for 2 h and 5 h respectively for 
the purpose of activation of microglia. CM was collected 
and free-floating cells were eliminated by centrifugation 
at 1000 g for 5 min, followed by sterile filtration of 
the samples, which were then frozen at -80°C prior to 
use. Collected CM was utilized for culturing NSCs for 
observing the consequences and behaviors of NSCs as 
described above.

Establishment of OGD model
  OGD treatment was conducted for simulating and 
establishing microglial cell ischemia model following the 
method explained by Zhang et al. (14). Suspensions of 
microglial cells at a final density of 1×106 cells/ml were 
seeded into culture plates. Microglial cell culture medium 
was replaced with DMEM (glucose-free) followed by 
2 h or 5 h of non-oxygen incubation in a sealed tank. 
This oxygen deprivation condition in sealed tank was 
established by constant low-flow (1.5 L/min) 5% CO2 and 
95% N2 for 20 min to clear oxygen.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay
  The MTT assay was used to examine the viability of 
BV2 cells treated with 2 or 5 h of OGD respectively. 
BV2 cells exposed to 100 ng/ml glucose after 24 h 
culturing, along with control cells, were subjected to 4 
h incubation at 37 °C in MTT solution (0.5 mg/ml). The 
formazan crystals formed within each well were extracted 
using dimethyl sulfoxide to measure the absorbance at 
490 nm wavelength on a Multilabel Reader (VictorTM 4,  
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PerkinElmer, Singapore). The cell viability of each well 
was normalized to that of the control. All cytotoxicity 
assays were conducted in triplicates (six wells per sample 
for each time point). Viability of the NSCs after treatments 
of various CM was determined using the MTT assay as 
well as LIVE/DEAD viability/cytotoxicity kit (Invitrogen, 
USA).

LDH assay
  Cells were kept on ice in cold Assay Buffer (0.5 ml), and 
then centrifuged at 4 °C for 15 min at 10,000 g to collect the 
supernatant for further use. Positive controls were diluted at 
1:9 (v/v) in Assay Buffer. Samples (2-50 µl) were added to a 
96-well plate and brought to a final volume of 50 µl using 
Assay Buffer. Various volumes (0, 2, 4, 6, 8 and 10 µl) of 
NADH standard solution (1.25 mM) were added to 96-
well plate separately to generate NADH standard curve. 
Reaction mix, consisted of 2 µl of Substrate Mix Solution 
and 48 µl of Assay Buffer, was added to each sample, 
positive control as well as standard. Measurements of OD 
450 nm at T1 and T2 were performed for final analysis.

Live/dead viability assay
  The cells were treated with OGD for 2 h or 5 h, and then 
incubated with the combined LIVE/DEAD cell staining 
solution (200 ml, containing 4 mM EthD-1 in PBS and 
2 mM calcein AM) at 37 °C for 20 min. Images were 
acquired with an inverse light fluorescence microscope 
(Eclipse Ti-E, Nikon, Japan).

ELISA
  The levels of IL-1β, IL-8, IL-6, TNF-α, and SDF-
1α in culture supernatants secreted by microglia were 
detected using commercially available ELISA Kits 
(Boster Biological Technology, Wuhan, China) following 
the provided protocols. The absorbance at 450 nm was 
measured on a microplate reader. The IL-1β, IL-8, IL-6, 
TNF-α, and IL-10 concentrations were normalized and 
standardized against standard samples.

Western blot
  Cells were lysed in radioimmunoprecipitation assay 
buffer (Beyotime, Shanghai, China) that contained 2 mM 
phenylmethylsulfonyl fluoride as well as Complete 
Protease Inhibitor Cocktail. Total protein (~20 mg) 
was resolved through 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis, which was then 
transferred onto 0.45 mm nitrocellulose membrane 
(Millipore, Billerica, MA, USA). BCA Protein Assay 
Kit (Beyotime) was utilized to assess protein abundance. 
The membranes were first hybridized with the primary 
antibody (anti-CXCR4, 1:1000, Abcam, Cambridge, MA, 
USA) overnight at 4 °C, followed by incubation with the 
HRP-conjugated secondary antibody (1:5000, Amersham 
Pharmacia Biotech) at ambient temperature for 2 h. 
Protein bands were detected by an ECL detection system.

Establishment of spinal cord ischemic injury mouse model

  Spinal cord ischemic injury mouse model was established 
as previously reported (15). Briefly, mice were subjected 
to deep anesthetization and bilateral L3-5 lumbar arteries 
were bluntly isolated, and occluded with a vascular clamp 
for 25 min. After removal of the vascular clamp, the 
incision was sutured. Motor function was evaluated using 
the modified Tarlov scale after spinal cord injury. Mice 
scoring less than 3 were considered successful models.

Transplantation and tracking of NSCs
  4 μg/ml of CM-DiI dye (Molecular Probes, USA) was 
added to a single-cell suspension from a primary culture 
of NSCs. CM-DiI-labeled NSCs were measured using 
flow cytometry. The CXCR4 antagonist, AMD3100 
octahydrochloride, was purchased from Sigma-Aldrich 
and dissolved in distilled normal saline prior to use. 
6 weeks old C57BL/6 mice with spinal cord ischemic 
injury were transplanted with either AMD3100 pretreated 
NSCs (AMD3100) or normal saline treated NSCs 
(Control). NSCs were delivered into the cerebrospinal 
fluid of cryoanesthetized mice following a previously 
established method (16). In brief, cells were injected 
along with a maker dye solution (lissamine green). The 
tracker appearing along the spinal cord as well as in the 
fontanelles, which was visible through the skin, was an 
indication of a successful transplantation of the NSCs into 
the spinal canal. In total, 2 μl of cell suspension containing 
about 20,000 cells was slowly delivered.

AMD3100 in vivo treatment
  AMD3100 was intraperitoneally administered at a 
daily dose of 15 μg per gram of body weight to mice 
transplanted with AMD3100 pretreated NSCs continuously 
for 7 days, while normal saline administered to mice 
transplanted with normal saline treated NSCs was used as 
control.

NSC migration observed by laser scanning confocal 
microscope
  Eight mice were selected randomly from each group at 
2, 4 or 7 days after transplantation and sacrificed. L3–5 
spinal cord tissue was obtained and freeze-sectioned. The 
sections were assessed using a laser scanning confocal 
microscope (Nikon, Tokyo, Japan) at 553 nm excitation 
and 570 nm emission wavelengths.

Immunohistological staining
  Cells were processed as instructed in the manual of the 
Fast ImmunoFluorescence Staining Kit (BPIF30-1KT, 
Protein Biotechnologies, USA). Anti-nestin primary 
antibody was obtained from Abcam.

Statistical analysis
  All experiments were carried out in triplicates and 
data from three separate repeats were expressed as 
mean ± S.E.M.. One-way ANOVA analysis followed by 
Tukey’s test was conducted. A p value less than 0.05 was 
regarded as statistical significance.
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Results and discussion
  The purpose of this study was to demonstrate the effects 
of microglia activation upon ischemia and stroke on 
NSC migration. Here, we established an in vitro model 
of mimicking ischemia and stroke by introducing OGD 
treatment to the BV2 cell culture following previously 
established method (14), as it has been used widely for 
simulating and establishing microglial cell ischemia 
model. We first characterized the viability and activation 
of microglia at different time points after OGD treatment 
and found that OGD treatment less than 3 h caused 
microglial activation, while OGD treatment longer than 
3 h induced even severe reaction (data not shown). We 
therefore selected two representative durations of OGD 
treatment (2 h and 5 h) in the following experiments.
  The MTT assay and LDH assay were employed to 
assess the effects of OGD insult on microglial cell 
growth. We found that the BV2 cells in the experimental 
groups exhibited a diversity of morphological features 
under optical microscope, including spindle, amoeboid, 
spherical and ramified shapes, while no obvious 
morphological changes were caused by OGD treatment 
(Figure 1A). However, the cell numbers in either 2 h 
or 5 h OGD treated groups were significantly reduced 
compared to control group in a time-dependent manner, 
as indicated by the MTT assay (Figure 1B). This result 
was validated by LDH assay (Figure 1C), which assesses 
impaired integrality of the plasma membrane as a necrosis 
hallmark. Our findings here confirmed previous reports 
on the impairments of mobility and viability of microglia 
under hypoxia or OGD conditions, where 2 h of OGD 
treatment induced increased cell death as well as reduced 
cell motility (17).
  Upon the activation by OGD which mimics ischemia and 
stroke conditions, microglial cells are triggered to become 
hypertrophic, amoeboid shaped, highly phagocytic and 
proliferating rapidly (18). They migrate to inflammatory 
sites along with the production of proinflammatory 

cytokines and chemokines including IL-1β, IL-8, IL-
6, TNF-α, MIP-1α and MIP-1β (19-23). Although 
these inflammatory factors could prevent further brain 
injury by producing tissue repair and neuronal survival 
associated factors (24), they also exert some cytotoxic 
effects on neurons and glial cells (25). Some studies 
suggest the degree and type of brain injuries would 
contribute to different outcomes through which these 
chemokines and cytokines perform neuro-destructive 
or neuro-protective effects (2). Therefore to elucidate 
the possible proinflammatory response following OGD 
insult, we examined the content of IL-1β, IL-8, IL-6, 
and TNF-α in the culture supernatants through ELISA 
assay. IL-1β, IL-8, IL-6, and TNF-α are all mediators 
of the inflammatory responses. In Figure 2, we found 
drastically elevated levels of all four cytokines in both 
OGD-2 h and OGD-5 h groups compared with the control 
group. In addition, OGD-5 h induced even higher levels 
of all of those cytokines than OGD-2 h, which illustrated 
a time-dependent inflammatory response. These results 
demonstrated OGD treatment triggered microglial 
activation and cytokine secretion, which may induce 
detrimental or beneficial effects to other cells in the 
neighboring area.
  To exclude the interference of OGD treatment themselves 
to the behaviors of NSCs, we employed the microglia-
treated CM in the current study, to evaluate the effects of 
OGD microglial activation on the NSCs, without actual 
co-culturing of microglia and NSCs. Here, mouse NSCs 
were purified and cultured. A single NSC can proliferate 
and form neurospheres after several days of culturing. 
As demonstrated in Figure 3A and 3B, most of the cells 
either in adherent culture or suspension culture were 
immunostained positive for nestin, a marker for NSCs (26). 
We next assessed the effects of CM from OGD-treated 
microglia on the viability and proliferation of NSCs. The 
Calcein-AM and EthD-1 staining assays indicated that 
approximately 90% of the cells in both OGD-treated and 
control groups were viable (Figure 3C-E). The MTT

Figure 1. OGD treatment induced BV2 cell death. (A) 
Representative images of BV2 cells without or with OGD 
treatment. Scale bar = 200 µm. (B) Cell viabilities in control, 
OGD treated for 2 h or 5 h groups, examined by MTT assay. (C) 
OGD treatment increased LDH release in BV2 cells. Data were 
presented as mean ± S.E.M. *p < 0.05 vs control.

Figure 2. Secretion of proinflammatory factors from microglia 
cells under OGD treatment. Compared to the control group, 
levels of TNF-α (A), IL-1β (B), IL-6 (C) and IL-8 (D) were markedly 
increased by OGD-induced damage either for 2 h or 5 h. Data 
were presented as mean ± S.E.M. *p < 0.05 vs control.



JIANG & TANG STEMedicine 1(3).e59. JUL 2020.

 https://doi.org/10.37175/stemedicine.v1i3.59 5

assay further confirmed that there was no obvious impairment 
on cell viability in OGD-treated CM (Figure 3F). 
Proliferation kinetics of NSCs was assessed at indicated 
time points in these three groups by WST-based cell 
proliferation assay (Figure 3G), which clearly showed 
significantly lower absorbance in both OGD-treated 
groups than control, indicating the inhibitory effect of 
OGD-treated CM on cell proliferation of NSCs.
  Fur thermore ,  we  examined  the  fo rmat ion  of 
neurospheres from NSCs in these three kinds of CM at 
day 3 or day 5 (Figure 4A-F). Neurospheres are clonal 
structures generated from NSCs in vitro that exhibit neural 
cell-lineage intra-clonal diversity (27). It is an important 
indicator of NSC differentiation and proliferation status 
(28, 29). NSCs start to form neurospheres of different 
sizes after 3-5 days of culturing in the CM supplemented 
with 20 ng/ml FGF and 20 ng/ml EGF, and cells in 
the neurospheres were positive for NSC marker nestin 
immunostaining (Figure 3B). Figure 4A-F illustrated a 
declined capacity of neurosphere formation following 
2 h and 5 h of OGD treatment compared to control-
treated CM. We next assessed the neurosphere formation 
by measuring the average size and the total number of the 

neurospheres, in both OGD-treated and control groups 
(Figure 4G and H). After 3 days of OGD insult, OGD-5 h 
group exhibited the smallest sphere number as well as the 
lowest sphere diameter, while there was no statistically 
significant difference between control, OGD-2 h and 
OGD-5 h groups after 5 days of culturing. In Figure 4H, 
a significant reduction in sphere diameter was observed 
in OGD-2 h and OGD-5 h groups compared to control, 
following both 3 days and 5 days of culturing. The above 
results again confirmed the damage caused by OGD CM 
on NSCs.
  It is interesting to point out the markedly larger sphere 
diameter after 5 days of culturing in all OGD and control-
treated groups (Figure 4H), which might reflect the slow 
recovery of NSCs with time. Indeed, previous report has 
demonstrated that microglia may produce chemokines 
to enhance the proliferation of NSCs under certain 
circumstances (11). In fact, if properly activated, microglia 
are able to promote cell survival via the production of 
anti-inflammatory and trophic factors (30, 31). However, 
once they become over-activated, microglia do induce 
death to the surrounding cells, as indicated by the clinical 
observation of substantial death of grafted stem cells in 

Figure 3. Cell viability and proliferation capacity of NSCs under OGD treatment. The fluorescent images of the adhered NSC (A) 
and the neurosphere (B). Nestin (red) and DAPI (blue) were used for immunostaining. (C-E) Cell viability assay of NSCs in control, OGD 
treated for 2 h and 5 h groups respectively as determined by live/dead assay. Live cells are stained green and dead cells are stained 
red. (F) MTT-measured viability of NSCs in these three groups. (G) Proliferation kinetics of NSCs were assessed at indicated time points 
in these three groups. Scale bar = 50 µm. Data were presented as mean ± S.E.M. *p < 0.05 vs control.
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patients receiving NSC transplantation, which is 
probably due to host inflammatory reaction (4).
  We further explored the effects of CM collected from 
activated microglial cells on NSC migration (Figure 5). It 
is well established that migration of NSCs to pathological 
areas is the initial key step in the NSC-based therapies 
for treating neural disorders. To start with, we chose 
individual neurospheres of comparable size from the 
three different experimental groups for further statistical 
analysis. In the control group, a part of cells migrated 
away from the neurospheres after 48 h of culturing, 
demonstrating a healthy state of those cells (Figure 5A). 
On the other hand, visibly higher amount of cells started 
to migrate from the neurospheres in OGD-2 h treatment 
group (Figure 5B), while in OGD-5 h group even more 
migrating NSCs could be seen (Figure 5C), and statistical 
results confirmed the observation (Figure 5D). Besides the 
number of migrating cells, the maximal distance migrated 
was another indicator to assess NSC migration. As shown 
in Figure 5E, an increasing maximal distance migrated 
have been observed from control, OGD-2 h and OGD-5 
h treated groups at both (10 h and 48 h) time points. Our 
results here demonstrated the NSC migration triggered 
by microglia activation following OGD treatment, 
which suggested the important role microglial cells 
played in migration and proliferation of NSCs in vitro.
  Activated microglia secrete anti-inflammatory factors that 
contain chemokines (32-34). Glial cells-localized SDF-1α 
is one of the best characterized chemokines involved in 
migration (3, 34, 35). CXCR4, a specific α-chemokine 
receptor for SDF-1α, also exerts significant function in 
neuronal guidance and dissemination mediation (36), 
as well as invasion and proliferation in various cancers 

(3, 37). Studies have demonstrated elevated proliferation, 
promoted chain migration as well as transmigration after 
exposing quiescent NSCs to SDF-1α (3). Therefore we next 
determined the level of the SDF-1α in the three different 
CM by specific ELISA. Expectedly, SDF-1α in the CM of 
OGD-treated groups were significantly higher compared to 
the control group (Figure 6A). The migrating NSCs were 
also collected and Western blot analysis was employed to 
assess their cellular CXCR4 levels. Increased expression 
levels of CXCR4 were observed in OGD-treated groups 
in comparison with the control group (Figure 6B and C), 
which suggested the involvement of SDF-1α/CXCR4 in 
the migration of NSCs.
  From the results above, we propose that SDF-1α/CXCR4 
signaling pathway is an active player in the facilitation of 
NSC migration by OGD-induced microglial activation. 
To confirm this idea, we next assessed the effect of loss-
of-function of CXCR4 on NSC migration in vitro as 
well as in vivo. However, because CXCR4 is an essential 
gene in mice and CXCR4 knockout results in embryonic 
fatality (38, 39), we then employed AMD3100, a selective 
CXCR4 antagonist (40). Neurospheres of comparable 
size in different experimental groups were chosen for 
further statistical analysis similarly as in Figure 5. As 
expected, 48 h after AMD3100 treatment, no statistical 
differences in the distance and amount of cells migrated 
away from the neurospheres were observed between 
OGD-2 h and OGD-5 h groups compared to the control 
(Figure 7A to C), indicating impaired NSC migration in 
cultures. Quantification results in Figure 7D and E further 
confirmed the observation, where both maximal distance 
migrated and number of migrated cells were almost the 
same among all three experimental OGD groups after 10 
h and 48 h of culturing. As OGD is merely an in vitro 
model established to reproduce ischemia and stroke like

Figure 4. The formation of NSC neurosphere under OGD 
treatment. (A-F) The bright field photos of the neurospheres for 
three or five days of culture under OGD treatment for 2 h and 5 h. 
The number of neurospheres generated per 104 NSCs (G) and 
the average sphere diameter (H) in control, OGD-2 h and OGD-5 
h groups for culturing three or five days. Scale bar = 100 µm. Data 
were presented as mean ± S.E.M. *p < 0.05 vs control.

Figure 5. NSC migration under OGD treatment. (A-C) The 
representative images of the migrated cell from the neurospheres 
for 48 h in control, OGD-2 h and OGD-5 h groups, respectively. 
Scale bar = 100 µm. The inset lines indicate the maximum length 
of the cells migrated from the neurospheres in the three groups. (D) 
Numbers of the migrated cells from the neurospheres. (E) Mean 
maximal distance migrated from the neurospheres for 10 h and 
48 h. Data were presented as mean ± S.E.M. *p < 0.05 vs control.
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Figure 6. (A) The content of SDF-1α in the conditioned mediums of the three groups. (B) Western blot analysis of CXCR4 protein of NSCs 
expression when treated with OGD for 2 h or 5 h. (C) Relative optical densities of CXCR4 bands. Data were presented as mean ± S.E.M. 
*p < 0.05 vs control.

symptoms, in order to determine the involvement 
of  SDF-1α/CXCR4 on NSC migra t ion  in  more 
pathologically and physiologically relevant context, 
we next examined the in vivo effect of AMD3100 in 
a mouse ischemic spinal cord injury model. The mice 
with ischemic spinal cord injury were transplanted with 
either AMD3100 pretreated (Figure 8A, AMD3100) 
or normal saline treated (Figure 8A, Control) NSCs 
labelled with CM-DiI dye. The two groups of mice were 
also intraperitoneally administered with daily dose of 
AMD3100 or normal saline, respectively. We then tracked 
the migration of the transplanted NSCs in vivo, at various 
time points (Figure 8A). Few NSCs were detected in the 
injured site at 2 days following transplantation, but the 
number gradually increased at 4 and 7 days. AMD3100 
treatment significantly delayed migration, where NSCs 
were only first detected in the injured site at 4 days after 
transplantation, increasing by 7 days. Quantification 
analysis revealed there were consistently much fewer 
NSCs in the AMD3100 group than control throughout 
the entire duration of the experiment (Figure 8B). Taken 
together, these results convincingly demonstrated that the 

SDF-1α/CXCR4 pathway actively contributed to NSC 
migration in vitro responding to OGD treatment, as well 
as in vivo responding to ischemic spinal cord injury.

Conclusion
  In conclusion, we hereby have showed that the effects 
of the CM of microglia upon OGD insult on the NSC 
behaviors in vitro. The results show that: 1) OGD insult 
could induce microglia death and activation by secreting 
cytokines and chemokines; 2) the CM of OGD-treated 
groups did not affect NSC viability instead of impairing 
the proliferation and capability of neurosphere formation; 
3) the CM of OGD-treated groups facilitated NSC 
migration via the SDF-1α/CXCR4 pathway in vitro; 

Figure 7. Inhibition of NSC migration under AMD3100 
treatment. (A-C) The representative images of NSC migration 
from the neurospheres for 48 h in control, OGD-2 h and OGD-
5 h groups under 20 μg/ml AMD3100 treatment, respectively. 
Scale bar = 100 µm. The cells were stained blue for the nucleus. 
(D) Mean maximal distance migrated from the neurospheres 
for 10 h and 48 h. (E) Numbers of the migrated cells from the 
neurospheres. Data were presented as mean ± S.E.M.

Figure 8. NSC migration in vivo during ischemic spinal 
cord injury. (A) Representative photos of NSC migration under 
ischemic spinal cord injury with or without AMD3100 treatment at 
day 2, 4 and 7 post-transplantation. Red: CM-DiI-labeled cells. 
Scale bar = 100 µm. (B) Histogram of the numbers of CM-DiI-
labeled cells per 1 cm2 in (A). Data were presented as mean ± S.E.M. 
*p < 0.05 vs control.

A

B
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4) SDF-1α/CXCR4 also contributed to NSC migration 
in ischemic spinal cord injury mouse model. Our study 
presents the possible interactions between NSCs and 
microglia under OGD insult. More importantly, we reveal 
the underlying mechanisms of microglia induced NSC 
migration in the OGD conditions. These findings may 
help to understand the interactions between microglia and 
NSCs in the context of brain injuries, such as ischemia 
and stroke. Also, it should be beneficial to stem cell-based 
therapies to treat acute brain injuries.
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