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PERSPECTIVE

Developing biomarkers for 
neurodegenerative diseases using 
genetically-modified common 
marmoset models

Mouse and non-human primate models of neurodegenerative 
disease: The prevalence of age-related neurodegenerative diseases 
continues to increase with ever increasing aging population over 
the age of 60. Although the difficulties associated with neurodegen-
erative diseases present an urgent global issue, there is no effective 
treatment for these conditions. To develop therapeutic methods and 
therapeutic agents for neurodegenerative diseases, model animals 
that simulate the human disease pathology are eagerly anticipated. 
There have been significant advancement in embryonic stem cell 
and genetic engineering in mice, and various transgenic models 
of neurodegenerative diseases provided great contribution to our 
understanding of basic disease mechanisms and the development 
of potential therapeutic molecules for neurodegenerative diseases 
(Rockenstein et al., 2007; Giuliani et al., 2017). However, differenc-
es between humans and rodents in the structure and physiological 
functions of the brain have resulted in difficulty in reproducing the 
selective vulnerability of specific neurons or circuits in mouse and 
rat models (Chan, 2013). Non-human primates, on the other hand, 
more closely share genetic, physiological, and morphological sim-
ilarities with humans and can provide a better test system for drug 
and biomarker discovery for various psychological disorders and 
neurological diseases. Despite their value, non-human primates are 
not widely used due to limited availability of the animals, requiring 
a large breeding space, specialized breeders and veterans, which in-
creases the cost of the study, not to mention the ethical issues. 

Among non-human primates, the common marmoset (Callithrix 
jacchus) is a small, non-endangered new world primate that is native 
to Brazil. Adult marmosets have an average height of 20–30 cm, 
weigh 350–450 g, and have advantages related to their small size. 
In comparison with macaque species, the relatively small size of 
marmosets translates to lower caging and feeding costs and reduced 
floor space requirements. Additionally, they can be handled relative-
ly easily by one researcher. Marmosets also offer many advantages 
in studies of reproductive technology compared to other laboratory 
primates, such as a shorter gestation period, a faster sexual matu-
ration, and higher fecundity, permitting the rapid establishment of 
gene-modified model lines. In fact, various basic research tools for 
marmosets have been developed recently, including transgenic (Sa-

saki et al., 2009) and genome-editing techniques (Sato et al., 2016) 
and elucidation of the entire genome sequence (Marmoset Genome 
Sequencing and Analysis Consortium, 2014). The natural advantag-
es of the marmoset as a model of human systems in combination 
with its advantages as an experimental animal have led to a surge in 
interest among neuroscience researchers. In 2016, marmosets have 
been adopted for Brain/MINDS (Brain Mapping by Integrated Neu-
rotechnologies for Disease Studies), a national brain project started 
in Japan with a goal to develop marmoset as a model animal for neu-
roscience. The project aims to: (1) build a multiscale marmoset brain 
map, (2) develop new technologies for researchers, and (3) create 
transgenic lines for modeling brain diseases.

In this context, we focused on polyglutamine disease, a generic 
term for nine neurodegenerative diseases, including Huntington’s 
disease and various spinocerebellar ataxias, in an attempt to create 
an improved animal model of a human neurological disease. The ab-
normal elongation of the CAG repeat sequence encoding glutamine 
within the causative gene has revealed a common onset molecular 
mechanism that induces protein misfolding and aggregation, leading 
to neurodegeneration. Our first transgenic marmoset model for spi-
nocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph 
disease, used the cytomegalovirus (CMV) promoter to induce trans-
gene expression and progressive neurological symptoms, including 
motor impairment (Tomioka et al., 2017b). Pathological examina-
tion revealed neurodegeneration and intranuclear polyglutamine 
protein inclusions accompanied by gliosis, all of which recapitulate 
the neuropathological features of patients with polyglutamine dis-
ease. Consistent with the neuronal loss in the cerebellum, non-inva-
sive brain magnetic resonance imaging of a living symptomatic mar-
moset showed cerebellar atrophy. However, the model had a high 
fetal death rate, widespread juvenile disease onset, and rapid disease 
progression, which are unusual in humans with SCA3. Moreover, F1 
offspring were difficult to obtain by natural mating. It appears that, 
although ubiquitously expressed promoters induce strong transgene 
expression, they also lead to irrelevant symptoms and abnormalities 
in fetal development. Therefore, controlling transgene expression is 
one of the most important challenges in the development of more 
sophisticated animal models of human disease.

Advantages of model animals carrying the tetracycline-inducible 
transgene expression (Tet-On) system for neurodegenerative 
disease research: The Tet-On system has yielded new information 
about neurodegeneration. Tet-On system is based on two con-
structs: the first contains the gene of interest under the control of 
the tetracycline response element (TRE), and the second contains 
the transactivator [the tetracycline transactivator protein (tTA) or 
recombinant tTA (rtTA)] under the control of a constitutive or 
tissue-specific promoter (Chtarto et al., 2003). In mice, the transac-

Figure 1 Scheme of neurodegenerative disease progression in classic and tetracycline-inducible transgene expression (Tet-On) transgenic animal 
models. 
In classic transgenic animal model, the transgene is constitutively expressed from conception. In our Tet-On transgenic marmosets, however, the trans-
genes are induced by the oral administration of doxycycline, allowing us to study the cellular dynamics at the disease onset as well as pre-symptomatic bio-
markers. Our Tet-On transgenic marmosets also offer the ability to turn transgene expression off by removing doxycycline, thereby allowing us to study the 
post-therapeutic states and biomarkers.
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tivator and TRE strains are crossed to produce transgene-inducible 
transgenic animals. The main advantage of this system is its ability 
to turn transgene expression on and off by adding tetracycline or its 
derivate doxycycline, thereby enabling us to study the possibilities 
of proceeding and preventing disease progression. A transgenic 
mouse model of Huntington’s disease using this system showed 
neuronal inclusions, characteristic neuropathology, and progressive 
motor dysfunction (Yamamoto et al., 2000). Blocking the transgene 
expression led to the disappearance of inclusions and the ameliora-
tion of the behavioral phenotype, suggesting that neurodegenerative 
disease is reversible. A SCA3 mouse model using this system also 
revealed that reducing the production of pathogenic ataxin-3 may be 
a promising approach for treating Machado–Joseph disease (Boy et 
al., 2009). Albeit yielding interesting results in mice, Tet-On system 
is difficult to apply to large animals with greater longevity due to a 
long breeding cycle and a large number of animals required for the 
studies. Thus, a single construct carrying both elements of the Tet-
On system has been established and has demonstrated the feasibility 
of the use of this system in larger animals (Jin et al., 2014). Recently, 
we successfully generated a transgenic marmoset line carrying the 
mutant human ataxin-3 gene controlled by the Tet-On system in a 
single vector (Tomioka et al., 2017a). The founder Tet-On transgenic 
marmosets showed inducible transgene expression with oral doxycy-
cline treatment. Compared with the classic SCA3 model marmosets 
with the CMV promoter, fetal death in the early gestation period 
was reduced, and no juvenile disease onset was observed in these 
Tet-On transgenic marmosets. Moreover, F1 transgenic marmosets 
were obtained by natural mating. Although induced disease onset 
experiments with doxycycline administration are future challeng-
es in the F1 or later generations, this Tet-On transgenic marmoset 
model could provide pre-symptomatic and post-therapeutic data 
similar to those in humans, which can help develop pre-symptom-
atic and post-therapeutic biomarkers of neurodegenerative diseases 
(Figure 1).

Perspectives on the usage of Tet-On transgenic marmosets for 
developing pre-symptomatic and post-therapeutic biomarkers: 
Because neurodegenerative diseases are slowly progressive, patients 
are often not aware of the disease in the early stages. Consequently, 
sensitive biomarkers for predicting disease onset are essential to de-
veloping therapies for treating neurodegenerative diseases. General-
ly, gene-targeted animals, such as knock-in/out animals, are moder-
ately suitable models of genetic disease because they simulate some 
aspects of the disease pathology. Classic transgenic models have 
limitations in that the molecular pathology begins during gestation, 
which may not be the case in humans. Because of the constitutive 
expression of the transgene, some symptoms are the result of brain 
development abnormalities that have little to do with the actual 
disease in question. Indeed, our previous classic transgenic models 
using the CMV promoter (Tomioka et al., 2017b) suffered from the 
same limitations. In our Tet-On transgenic marmosets, however, the 
transgenes are induced by the oral administration of doxycycline, 
allowing us to study the cellular dynamics at the disease onset as well 
as pre-symptomatic biomarkers. Because non-human primates share 
physiological similarities with humans, there are great expectations 
for the development of biomarkers close to those of humans by pe-
riodic omics analysis of RNA, proteins, and metabolites in blood or 
spinal fluid after oral administration of doxycycline.

Although various model animals have proved to be important 
tools for screening potential therapeutic molecules and genetic mod-
ifiers of disease, there is an urgent need for sensitive post-therapeu-
tic biomarkers to evaluate therapeutic efficacy in clinical trials and 
to monitor the responses of patients to new therapies. A conditional 
mouse model using the Tet system was generated to test whether 
disease symptoms can be reversed by switching off expression of 
mutant ATXN3 (Boy et al., 2009). The fact that phenotypic and 
pathological features of disease were reversed in a conditional mouse 
model of Machado–Joseph disease by switching off the transgene 
indicates that a state in which the transgene is stopped after disease 
onset simulates a post-therapeutic state. Our Tet-On transgenic 
marmosets offer the ability to turn transgene expression off by re-
moving doxycycline, thereby allowing us to study the post-thera-
peutic states and biomarkers. Technical advancements in such an 
inducible transgene expression system in non-human primates will 

help delineate disease progression and recovery, and will provide a 
great tool for the development of novel biomarkers and drug discov-
ery with better translation to human subjects.   
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