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Exploring genes that control 
microglial heterogeneity and 
transition

Microglia, which comprise approximately 10% 
of total cells in the brain, are the resident 
immune cells in the central nervous system and 
contribute to maintaining the brain homeostasis 
through monitoring their microenvironment 
(Kettenmann et al., 2011). Recent studies have 
reported that microglia also regulate neural 
circuit formation after birth. The functional 
transition in microglia has been considered to 
correlate with their morphological changes 
over time. Although microglial morphologies 
were found to be modulated by expressions 
of particular genes, the mechanisms that 
underlie morphological changes in microglia 
have not been fully elucidated. Recently, we 
have reported that FAT atypical cadherin family 
protein 3 (FAT3) is a novel factor that stabilizes 
microglial processes regulated by hypoxanthine 
(Okajima et al., 2020). Since the timing of FAT3 
expression coincides with that of microglial 
morphological changes during the postnatal 
stage, it is plausible that FAT3 regulates the 
microglial transition. In this review, we discuss 
the biological relevance among microglial 
heterogeneity and transitions. Moreover, we 
introduce our recent findings that link FAT3 to 
the aspect of microglial transition and functions 
during the postnatal stage. 

Microglia are crucial for regulating early 
developing brain and neural circuit formation. 
For decades, the origin of microglia in the 
central nervous system had been thought to 
be derived from myeloid cells because the 
characters of microglia are close to that of 
macrophages. However, recent studies have 
revealed that erythromyeloid progenitors in the 
yolk sac migrate through the circulatory system 
to the brain and differentiate into microglia 
between 8.5 and 10 embryonic days of ages 
(Ginhoux et al., 2010). The macrophages in 
the blood are usually differentiated from 
the circulating monocytes, which originated 
from not yolk sac but bone marrow. On the 
other hand, some resident macrophages are 
generated in the yolk sac during primitive 
hematopoiesis. Thus, the origin of resident 
m ic ro g l i a  i s  co ns i stent  w i t h  pr i m i t i ve 
macrophages. Microglia exhibit amoeboid 
shapes during embryonic and prenatal stages, 
followed by elongating and retracting the 
processes and changing to ramified shapes 
around 15 postnatal days of ages in mice. Until 
recently, it had been thought that amoeboid 
microglia are reactive forms and ramified 
microglia are resting forms; thus, microglia 
had been thought to possess two antithetical 
functional categories: pro-inflammatory (M1) 
and anti-inflammatory (M2) state. However, 
recent in vivo two-photon microscope analyses 
have revealed that ramified microglia are highly 
dynamic even in the presumed resting state. 
Moreover, it is hard to advocate the concept 
of polarization along an M1–M2 axis due to 
the recent finding of microglial heterogeneity. 
Therefore, microglial characters have been 
clarified as part of not dualistic but pluralistic 

aspects (Ransohoff, 2016). 

The technological innovations, such as single-
cell RNA-seq analyses, have identified various 
microglia and certain types of microglia-
related cells (Figure 1A). For instance, it has 
been reported that some CNS-associated 
macrophages (CAMs) or border-associated 
macrophages (BAMs), which are present in 
non-brain parenchyma such as meninges, 
choroid plexus, and perivascular spaces, arise 
from the yolk sac and reside at the particular 
area with little proliferation under the normal 
condition (Goldmann et al., 2016; Van Hove 
et al., 2019). The aspects of CAMs/BAMs are 
similar to the resident microglia in the brain 
parenchyma; however, some distinct genes 
are expressed in each cell, respectively. So far, 
the CAMs/BAMs are thought to be one of the 
microglia-related cell populations in the central 
nervous system although the precise characters 
and gene expressions are distinct from resident 
microglia. These subjects have been discussed 
in many original papers and several reviews 
recently, so it is not described this topic here 
in detail (see one of the breaking reviews 
(Masuda et al., 2020)). Other types of microglia 
that emerged during the postnatal stages are 
proliferative area-associated microglia (PAM). 
The PAM exhibit amoeboid shape and emerge 
in the corpus callosum and cerebellar white 
matter around 1 week of age (Li et al., 2019). 
PAM is a microglial cluster characterized by 
enhancing particular gene expressions, such 
as CLEC7A and GPNMB, which peaked around 
P7. It has been known that CLEC7A acts as 
a pattern recognition receptor and control 
inflammatory responses. GPNMB is a type I 
transmembrane glycoprotein that modulates 
proliferation, metastasis, and inflammation. 
Furthermore, the expression of other genes, 
which are associated with microglial activation, 
are also increased in PAM. As PAM eliminate 
oligodendrocytes during postnatal myelination 
through the activation of phagocytosis, PAM 
are different types of reactive microglia and 
are crucial for maintaining brain homeostasis 
during postnatal stages. At the onset of various 
neurological diseases, microglia enhance 
inflammation. Under these pathological 
conditions, different types of microglia emerge 
and change the brain environment. One of 
the various microglial population is disease-
associated microgl ia  (DAM),  which are 
observed in neurodegenerative disorders such 
as Alzheimer’s disease and amyotrophic lateral 
sclerosis (Keren-Shaul et al., 2017). DAM are 
characterized by a common gene expression 
with reactive microglia after inflammatory 
stimulation. On the other hand, some patterns 
of gene expression are in stark contrast to that 
of reactive microglia. Furthermore, the genes 
expressed in surveillant microglia have been 
identified to be expressed in DAM), suggesting 
that DAM are certainly a different type of 
microglial population. Since DAM share several 
transcriptional markers with PAM, DAM could 
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belong to the same character as PAM under 
the pathological conditions. A novel definition 
of these unique populations will be important 
for understanding the mechanisms of disease 
and developing drug discovery, and thus it is 
considered that many genes are implicated 
in regulating microglial heterogeneity. On 
the other hand, the whole picture of the 
genes, which regulate microglial morphology 
associated with their transition, has not been 
fully elucidated.

Recently, we identified another factor, atypical 
cadherin family protein FAT3, as a novel 
regulator that controls microglial morphology. 
The FAT family proteins are evolutionarily 
conserved from insect to human. It has been 
reported that Drosophila FAT (ft) and its 
homolog FAT-like (ft-like) mutations cause 
hyperplastic overgrowth in all larval imaginal 
discs and aberrant planar cell polarity. Ft on a 
cell is activated when it binds to the atypical 
cadherin Dachsous (Ds), which is derived from 
neighboring cells. Interaction of Ft with Ds is 
thought to regulate the Hippo pathways (Fulford 
and McNeill, 2020). In contrast to Drosophila 
Ft, mammalian FAT family proteins consist of 
four member proteins FAT1, FAT2, FAT3, which 
are resembled Drosophila Ft-like protein, and 
FAT4 is the ortholog of Ft (Aviles and Goodrich, 
2017). FAT3 in humans is found on chromosome 
11q14.3–q21 and a giant cadherin that encodes 
a protein of 4557 amino acids. FAT3 protein 
may interact with Ena/VASP proteins and 
associate with cell morphology. Several studies 
have suggested that Fat3 is related to common 
cascades with Drosophila Ft, such as the 
Hippo pathway, followed by regulating cellular 
proliferation and organ size. In fact, FAT1, 
which is a Drosophila Ft-like protein and show 
homology with FAT3 amino acid sequence, 
has been reported to interact directly with 
Mst1, a mammalian Hippo kinase, to form a 
multimeric signaling complex, suggesting that 
the Hippo pathway is an interesting candidate 
mediated by FAT3 in microglia. So far, loss 
of Fat3 gene has been reported to prevent 
neurite retraction in retinal amacrine cells and 
cause abnormalities in retinal development 
(Deans et al., 2011). Although Fat3 deficiency 
exhibits abnormal neuronal morphology, 
the roles of FAT3 in microglia had not been 
fully understood. Our recent studies have 
reported that microglial Fat3 contributes to 
the stabilization of their projections. FAT3 
protein has an EVH1 (Ena/Vasp homology 
1)-binding domain, which interacts with Ena/
VASP proteins, and may be associated with 
actin cytoskeletons. We found that microglial 
FAT3 is induced by a high concentration 
of hypoxanthine, which is an intermediate 
to synthesize an inosine monophosphate. 
Expression of FAT3 induced by hypoxanthine 
significantly inhibits retraction of microglial 
processes, resulting in increasing the number of 
elongated microglial cell line BV2. Although the 
mechanisms of how hypoxanthine promotes 
FAT3 expression are still enigmatic so far, this 
observation demonstrated that one of the FAT3 
functions is to stabilize the actin cytoskeleton 
in microglia (Figure 1B). Interestingly, microglial 
Fat3 is expressed around 2 to 3 weeks after 
birth. This t iming is consistent with the 
microglial transition and synaptogenesis 
during the postnatal stages. In addition, some 
FAT3 proteins in the brain are localized at the 
synaptic sites (Okajima et al. unpublished data). 
Thus, it is plausible that that FAT3 is anchored 
in the synapses through interaction with several 
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scaffold proteins. In fact, FAT3 has putative 
EVH1- and PDZ-binding domains. Since several 
postsynaptic proteins have either PDZ domain 
(e.g. PSD95 and Shank) and EVH1 domain (e.g. 
Homer), these proteins could be targets for 
anchoring FAT3 at the postsynaptic sites (Figure 
1C). This idea raises the biological question of 
why FAT3 is expressed in microglia. Because 
the timing of microglial FAT3 expression is 
consistent with that of synaptogenesis and 
synapse pruning, it is possible that microglial 
FAT3 regulates not only cellular morphology 
but also synapse formations via hetero- or 
homophilic interaction. As microglia does not 
eliminate the functional synapses, microglial 
FAT3 could work as a sensor for recognizing 
the functional synapses (Figure 1D). It could 
be an interesting idea that a neural activity 
transmits some signals to microglia via FAT3, 
followed by regulating proper synaptogenesis. 
Taken together, to understand the mechanisms 
that underlie microglial FAT3 may provide an 
informative clue to elucidate the microglial 
transition and heterogeneity associated with 
neural circuit formations.

We apologize to the many authors whose 
papers could not be cited due to space 
limitations. I would like to thank the members 
of our laboratory for the helpful discussion. 
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Figure 1 ｜ Microglial transition and putative functions of FAT3 in vivo.
(A) Region- and timing-dependent microglial heterogeneity and transition are observed under 
physiological and pathological conditions. Many genes are associated with these processes. (B) FAT3 
may stabilize actin organization through interacting Ena/VASP family proteins, followed by regulating 
microglial morphology. (C) Schematic structure of FAT3. FAT3 has predicted EVH1 binding domain and 
PDZ binding domain. (D) Another model of FAT3 functions in vivo. FAT3 is expressed in both neurons and 
microglia. Microglial FAT3 regulates synaptogenesis and synapse pruning via interacting with synaptic 
FAT3 ligand. BAM: Border-associated macrophage; CAM: CNS-associated macrophage; DAM: disease-
associated microglia; FAT3: FAT atypical cadherin family protein 3; PAM: proliferative area-associated 
microglia. 


