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Abstract.-Cytoplasmicdyneinis amulti-sub-
unit complex that includes cytoplasmic dynein-1
(dyneini) and cytoplasmic dynein-2 (dynein2). It
participates in various basic cellular processes,
including nuclear migration, mitotic spindle or-
ganization, chromosome separation during mi-
tosis, and the location and function of numer-
ous intracellular organelles. Retinal photorecep-
tor cells are terminally differentiated neurons
that cannot regenerate and cannot be replaced
once lost. It is thus crucial to study their devel-
opment to facilitate the generation and improve-
ment of photoreceptor disease treatments. The
outer segment (OS) of photoreceptor cells is a
specific sensory cilium. An increasing number
of studies have shown that cytoplasmic dynein
plays an essential role in the development of ret-
inal photoreceptor cells. To date, people have
done a lot of studies on the various functions of
dynein in cells and have a very detailed under-
standing. However, the role of dynein in retinal
photoreceptor cells has not been summarized
in detail. This article summarizes the currently
available knowledge relating to the effects and
mechanisms of cytoplasmic dynein on the de-
velopment and functional maintenance of reti-
nal photoreceptor cells.
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Introduction

Photoreceptor cells are a kind of highly po-
larized cell in the retina, which are well known
in the vertebrate nervous system and considered
the best model with which to study neuron spe-
cialization and differentiation. Structurally, pho-
toreceptor cells can be divided into three parts:
outer segment, inner segment, and synapse.

During the apoptosis of photoreceptor cells reti-
nal degeneration occurs, which results in visual
impairment. As photoreceptor cells are the most
vulnerable cells in the retina, it is imperative
that we study their development to facilitate the
generation and improvement of photoreceptor
disease treatments.

The outer segment (OS) of photoreceptor cells
is a specific sensory cilium, which is connected to
the inner segment (IS) by connecting cilia (CC).
If the structure and function of the cilia are defec-
tive, it will lead to the reduction of material trans-
port from the inner to the outer segments, which
will lead to the shortening of outer segments and
the dysfunction of photoreceptor cells, including
ion movement and energy utilization in the light
signal transmission and the phagocytosis of the
retinal pigment epithelium (RPE) cells. In human
retinal degenerative diseases, a large proportion
of the mutant genes were found to be caused by
the death of photoreceptor cells due to the influ-
ence of cilia transport.

Dynein is a protein complex in cilia that is in-
volved in material transport between the synapse
and soma of the neurons and is especially import-
ant for neuron function and survival. Dynein can
be divided into two types: cytoplasmic dynein
and axonemal dynein. Axonemal dynein only
appears in the cilia and flagella, which trans-
ports goods from the axons to the cell bodies,
while cytoplasmic dynein is responsible for the
negative transport of all goods in the cells to
the microtubules, including the transportation
of organelles, proteins, mRNA, endosomes, and
viruses. Cytoplasmic dynein can be divided into
two types: dyneinl and dynein2. In this paper,
we review the role of cytoplasmic dynein in the
development and functional maintenance of pho-
toreceptor cells.
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The Structure and Function of
Cytoplasmic Dynein

Cytoplasmic dynein is a type of multi-subunit
complex that includes dyneinl and dynein2. Both
of which contain four kinds of subunits, namely
a dynein heavy chain (DHC), dynein intermedi-
ate chain (DIC), dynein light intermediate chain
(DLIC), and dynein light chain (DLC). However,
their specific compositions are slightly different.
Dyneinl is composed of four different types
of subunits: dyneinl heavy chain (DYNCIHI),
dyneinl intermediate chain (DYNCIICI1/2),
dyneinl light intermediate chain (DYNCILI1/2)
and three light chain families: roadblock (DY-
NLRB1/2), LC8 (DYNLLI/2), and Tctex (DY-
NLT1/3)"* (Figure 1). Dynein2 is composed of
five unique components: dynein2 heavy chain
(DYNC2H1), dynein2 light intermediate chain
(DYNC2LII), dynein2 light chain (DYNC 2L1),
and two different intermediate chains (WDR60
and WDR34), as well as the three light chains
shared with dyneinl, roadblock, LC8, and TC-
TEX? (Figure 2).

Dyneinl is related to a variety of cell functions
under the action of dynein recruitment factors,
such as the movement and positioning of nu-
clei, centrosomes, chromosomes, melanosome,
and mitochondria; the positioning of the Gol-
gi, endosome, and lysozyme; the transportation
of lipid droplets, mRNA, viruses, transcription
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Figure 1. The structure of dyneinl. Dyneinl is composed
of four different types of subunits: dyneinl heavy chain
(DYNCIHI), dyneinl intermediate chain (DYNCI1IC1/2),
dyneinl light intermediate chain (DYNCILI1/2) and
three light chain families: roadblock (DYNLRBI1/2), LC8
(DYNLLI1/2), and Tctex (DYNLT1/3).
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Figure 2. The structure of dynein2. Dynein2 is composed of
five unique components: dynein2 heavy chain (DYNC2H1),
dynein2 light intermediate chain (DYNC2LI1), dynein2
light chain (DYNC 2LI1), and two different intermediate
chains (WDR60 and WDR34), as well as the three light
chains shared with Dyneinl, roadblock, LC8, and TCTEX.

factors, centrosome components, and other car-
goes; as well as retrograde axon transport in
neurons*!®. Dyneinl can transport many cargoes
along microtubules which have plus ends and
minus ends’. The minus end of the microtu-
bules originates from the microtubule organizing
centers (MTOCsSs), while the plus end is usually
located on the periphery of the cell’. Dynein2 is
mainly involved in retrograde intraflagellar trans-
port (IFT)" to establish and maintain the function
of the cilia'?.

In addition to the above two dynein complex-
es, there is also a multi-subunit protein complex,
dynactin. Dynactin is a kind of dynein activator
protein, which consists of 11 different subunits,
namely dynactinl (P150Glued), dynactin2 (p50
or dynamitin), dynactin3 (P24), dynactin4 (P62),

P150
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Arpll Arpl

P62§
P25/P27 — @@

B -actin

P24
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Figure 3. The structure of the dynactin complex. Dyn-
actin consists of 11 different subunits, namely dynactinl
(P150Glued), dynactin2 (p50 or dynamitin), dynactin3
(P24), dynactin4 (P62), dynactin5 (P25), dynactin6 (P27),
and actin-related proteins Arpl and Arpll (ACTRI10), as
well as B-actin and CapZa/p.
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dynactin5 (P25), dynactin6 (P27), and actin-re-
lated proteins Arpl and Arpll (ACTRI0), as
well as B-actin and CapZo/B" (Figure 3). The
core of dyactin consists of a 37-nanometer-long
actin-like filament called the Arpl rod", consist-
ing of eight identical Arpl subunits, a B-actin
molecule, capping proteins Capo and Capp, and
an Arpll molecule. As the activator of dyneinl
and the adaptor between dyneinl and the car-
goes> 18 dynactin gives it additional functions by
extending the scope of dyneinl for transporting
cargoes and increasing the motor processability
of dynein1"?'. For example, dynactin participates
in the transportation and nuclear localization of
dyneinl!. Depending on the type of cargoes,
dynein-dynactin uses different activating adaptor
proteins including BICD2 and LISI to bind to
the cargoes®! (Figure 4). The activating adap-
tors connect with dynein by DLIC. Studies have
shown that dynactin does not co-precipitate with
dynein2?, and dynactin does not participate in
the regulation of dynein2%.

Different Subtypes of Cytoplasmic
Dynein in the Development and
Functional Maintenance of
Photoreceptor Cells

Dynein is required for different cellular pro-
cesses and promotes the normal development and
functional maintenance of photoreceptor cells?.
In these cells it is specifically necessary for
a variety of cellular processes, including or-
ganelle positioning, proper outer segment mor-

phology, nuclear movement and positioning, and
potential Golgi vesicle transport*!°. In RPE cells,
dyneinl participates in the movement of melano-
somes along microtubules. In photoreceptor cells,
dynein2 is an ATP-dependent motor protein,
which is mainly associated with retrograde IFT
for the establishment and functional maintenance
of the cilia'?. The dynactin complex is primarily
responsible for assisting dyneinl to hold the po-
sition of the nucleus in the photoreceptor neurons
after mitosis*. The dysfunction of dynein results
in the abnormal structure and function of photo-
receptor cells, which affects the development of
the eyeball, leading to the occurrence of degener-
ative retinopathy.

Dynein1 in the Development
and Functional Maintenance
of Photoreceptor Cells

Material Transport of Photoreceptor
Cells and the Development of
Outer Cilia

Photoreceptor cells are highly polarized senso-
ry neurons, which require large amounts of pro-
tein transport through narrow CCs to maintain
the phototransduction of the photoreceptor OS
(Figure 5). All proteins that are required for pho-
totransduction are translated in the IS, and then
transported to the OS through the CC*. Dynein
is required in different cellular processes to pro-
mote the normal development, maintenance, and
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Figure 4. Connection model for dyneinl and dynactin with cargoes. Dyneinl-dynactin associates with cargoes using different
activating adaptor proteins. The activating adaptors connect with dyneinl by the dynein light intermediate chains (DLIC). (IS:

inner segment; CC: connecting cilium).
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Figure 5. Dyneinl and dynein2 are required to transport
cargoes in the outer segment (OS) of the photoreceptor cells.
Cargoes required for OS such as rhodopsins and arrestins
are transported by dyneinl to the basal body. Afterwards,
the anterograde intraflagellar transport (IFT) mediated by
kinesin-2 transports the cargoes needed for OS extension to
the OS, then the IFT particles and kinesin-2 are transported
back to basal body by dynein2 through retrograde IFT.

function of the photoreceptor cells***’. Photo-
receptor cell OS are a special kind of primary
cilia composed of stacked disc membranes25.
An essential aspect of OS maintenance is that
they update approximately 10% of their length
daily through a process called disc shedding.
This process is supplemented by new external
components to maintain the length of the OS,
while IS produces the components required by
the OS?' (Figure 5). Rhodopsin is one of the main
components of the disc membranes and plays an
important role in the formation and maintenance
of the OS*,

Dyneinl is considered to mediate the transport
of substances in the photoreceptor cells, such as
the transport of post-Golgi vesicles, especially
those related to the transport of rhodopsin?'.
As the carboxy-terminal domain of rhodopsin
can be combined with the dyneinl light chain
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tctex-1, vesicles containing rhodopsin will be
transported to microtubules by dyneinl®®. After
which, all OS proteins such as rhodopsin with
other components are transported to the base of
the CC in a dyneinl-dependent manner’**, and
finally delivered to the OS* (Figure 5). Kong
et al** showed that the ablation of the Dynacllil
gene caused mouse rhodopsin and another OS
protein, arrestin, to accumulate ectopically in the
cell body and they could not be transported to
the OS of the photoreceptor, leading to impaired
OS growth and cilia development and triggering
photoreceptor degeneration®!. The overexpression
of dynamitin, a component of dynactin, can block
the transport from the endoplasmic reticulum to
the Golgi’, indicating the role of dyneinl in the
transport of substances from the endoplasmic
reticulum to the Golgi.

Mutations in the Dynclhl gene lead to the
zebrafish cannonball (CNB) phenotype, which
is characterized by reduced eye size and photo-
receptor cell defects, including discontinuities
in the outer plexiform layer, shorter or missing
OS, and the general destruction of organelle po-
larization in the IS. This shows that DYNCIHI1
plays a vital role in the development of zebrafish
eyes?.

Organelle Localization of Photorecep-
tor Cells and the Movement of Melano-
somes in RPE cells

Dyneinl is involved in the localization of
the Golgi, centrosome, mitochondria, and endo-
plasmic reticulum in retinal photoreceptor cells.
Scholars®® have been conducted to determine
the relationship between dyneinl and the posi-
tioning of organelles. For example, the depletion
of dyneinl prevents the in vitro movement of
endosomes and lysosomes on microtubules, and
heavy chain gene knockouts will cause the Golgi
to break and disperse® (Figure 6).

In the photoreceptor cells of DYNCILII—/—
mice, the position of the endoplasmic reticulum
is incorrect. The endoplasmic reticulum of the
control group is only scattered in the IS and outer
nuclear layer (ONL) of the retina, while the en-
doplasmic reticulum of the DYNCILII—/— mice
also exists in the outer plexiform layer (OPL)*.
In another report, the mitochondria, centriole,
and Golgi organelles were found to be mislocat-
ed in zebrafish CNB mutants®!. Specifically, the
mislocalization of mitochondria occurs in the
IS. Numerous mitochondria were dispersed in
the cytoplasm that lacked normal polarization,
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Figure 6. Organelles that require dyneinl to assist in
localization. The minus end of the microtubule originates
from the microtubule organizing centers (MTOCs), the plus
end is usually located on the periphery of the cell.

and isolated mitochondria can be seen beside the
nucleus; the centrioles are also mislocated and
separated from the basal body*'. The location and
organization of the Golgi apparatus in animal
cells depends on the microtubules. Without the
microtubules, the Golgi body becomes fragment-
ed and gradually dispersed throughout the cell.
Dyneinl, which transports cargoes to the micro-
tubule minus-end, is believed to be involved in
the Golgi positioning process®®. Abnormal Golgi
localization and vesicle accumulation appeared
in both the CNB phenotype and Dynaclhl mor-
pholino treated photoreceptor cells?'.

In addition, studies®” have shown that Dyneinl
participates in the movement of melanosomes,
which area organelles that absorb light, along
the microtubules in RPE cells. They exist in the
pigment cells of the skin and eyes, screening light
to respond to changes in the outside conditions.
In the eyes, the melanosomes change the visual
sensitivity and resolution. In the RPE cells treated
with DYNCIHI shRNA, the distribution of the
maximum melanosome velocity in the RPE of the
retina changed. Compared with the control group,
the frequency of the slow maximum speed was
lower, and the frequency of the maximum speed
was higher. The knockdown of DYNCI reduced
the proportion of active melanosomes from 30%
to 10%. In addition, compared to the control
group, melanosomes were mostly absent in the
apical RPE*". This may reduce the ability of RPE
cells to absorb light and protect themselves.

Retrograde IFT of Retinal
Photoreceptor Cells

IFT is the two-way transport of multi-subunit
protein complexes (IFT particles) along the ax-

onemal microtubule doublets that involved an-
terograde IFT and retrograde IFT, which is vital
for normal cilia assembly and functional main-
tenance® ¥, TFT transports cargoes to the OS by
CC*41. Studies*** on zebrafish mutants 157,
ift88, and ift172 showed that IFT is a necessary
process for the formation and maintenance of
OS. IFT dysfunction can affect the health of OS,
leading to photoreceptor cell death, inherited
retinal disease (IRD), and even blindness*. In
addition to the previously thought of anterograde
IFT, retrograde IFT is also necessary for verte-
brate IFT protein circulation and photoreceptor
OS extension'?.

In retinal photoreceptor cells, dynein2 is in-
volved in the process of retrograde IFT. Different
from antegrade IFT, the retrograde IFT mo-
tor is assembled by ATP-dependent homodimer
dynein2 heavy chain DYNC2H], light interme-
diate chain DYNC2LI1, intermediate chain DY-
NC2I1, and light chain LC8!?. The photoreceptor
OS of vertebrates is a sensory cilium that lacks
the cellular mechanisms of protein synthesis.
Therefore, the proteins required for phototrans-
duction and the substances that constitute the
OS, such as opsin, can only pass through the CC
into the OS™. In addition to the phototransduc-
tion function, opsin plays an essential role in the
structural maintenance of the OS. The functional
establishment and survival of photoreceptor cells
requires substances to be transported to the OS
through the CC. Failure to efficiently transport
opsin to the OS will result in photoreceptor
degradation and death***, Dynein2, kinesin2,
IFT-A complexes, and IFT-B complexes assemble
to form IFT ‘trains’ (Figure 7). The process of
moving cargoes to the cilia tip is mediated by ki-
nesin2, but the IFT ‘trains’ return to the cell body
is mediated by dynein2!' (Figure 7). Throughout
the process, dynein2 is passively transported
from the base of the cilia to the tip of the cilia via
kinesin2. After activation, dynein2 will actively
transport IFT complexes and cargoes from the tip
of the cilia to the basal body during retrograde
TFT*748,

The dysfunction of dynein2 will change the
shape of the cilia, and the abnormalities can be
observed in the mutants of some subunits. In ze-
brafish, compared to wild-type photoreceptors, the
OS of many DYNC2LII variants of photoreceptor
is composed of disordered membranes, some of
which contain large vesicles. Vertically stacked
membranes were observed in the OS of the DYNC-
2L11 and DYNC2I] variants'?. These data indicate
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Figure 7. Dynein2 is involved in the retrograde intraflagellar transport (IFT) process in photoreceptor cells. The IFT ‘train’
is assembled by dynein2, kinesin2, IFT-A complexes, and IFT-B complexes. When the IFT ‘train’ moves to the plus end of the
microtubule doublets, it is mediated by kinesin-2, and when the IFT ‘train’ returns to the cell body, it is mediated by dynein2.
In this way, the transportation of cargoes along the microtubule is completed.

that the standard extension of the OS requires ret-
rograde IFT involving DYNC2I1 and DYNC2LII,
suggesting that the circulation of the IFT protein
may be a limiting factor for the growth of the OS.
In addition, the mutation of DY NC2HI1 leads to the
abnormal development of photoreceptors. Most of
the cilia are missing in the DYNC2HI mutant, and
the existing cilia are significantly shorter than the
wild type cilia'. In the zebrafish variants injected
with morpholino oligonucleotides targeting DY-
NC2HI, DYNC2LI1, and DYNC2I1 genes, pheno-
types like the ift mutants (such as ift88 and ift57)
appeared, which had small eyes and renal cysts.
This suggests that the lack of function of these
chains impairs retrograde IFT'?.

Zebrafish lacking dynein2 function have
smaller eyes and relatively short photoreceptor
OS, some of which are arranged in a disorderly
manner, resulting in vesicle accumulation. The
loss of dynein2 function leads to an evident de-
crease in the amplitude of the electroretinogram
(ERG) a, b, and d waves, indicating that the loss
of dynein2 reduces the photoreaction of photore-
ceptors'?. Human exome sequencing and genome
sequencing confirmed that the DYNC2H] variant
is the cause of non-syndromic IRD*.

Dynactin Assists Dynein in the Nuclear
Localization of Photoreceptor Cells
Several studies®** in different animals and
cells have shown that the complex of dyneinl and
dynactin plays an important role in maintaining
the movement and positioning of the nucleus.
Among them, dynactin participates in the trans-
portation of dyneinl and the localization of the
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nucleus, which is necessary for the maintenance
of the nuclear position in drosophila photore-
ceptor neurons after mitosis?**. Both the micro-
tubule cytoskeleton and the actin cytoskeleton
are involved in the localization of the nucleus
in non-motor animal cells****. Dynactin plays a
vital role in the organization of the microtubule
cytoskeleton. The nucleus is usually related to the
focus of the minus end of the microtubule. Schol-
ars>* in non-split cultured mammalian cells have
shown that the cytoplasmic microtubule network
and the minus end-oriented microtubule motor
dynein are essential for maintaining the negative
focus of the microtubule and the position of the
nucleus. It has been determined> that mutations
in the gene encoding P150glued will cause the
photoreceptor nucleus to shift to the optic stalk
and the brain, and the position of the photore-
ceptor nucleus depends on factors related to the
microtubule cytoskeleton.

Whited et al?** showed that dynactin is neces-
sary for the correct positioning of the photore-
ceptor cell body and nucleus after mitosis, and
kinesin can antagonize this function. The minus
end-oriented motor dynein and dynactin co-lo-
calize to the photoreceptor cell nucleus, while
the most end-oriented microtubule motor kinesin
and dynactin have an antagonistic effect. The
balance of their functions maintains the correct
positioning of the photoreceptor nucleus®. Starr
et al®® proposed that kinesinl is responsible for
the advancement of the nucleus, while dynein
mediates the short-term backward movement and
rolling of the nucleus to solve the blockage of
some cytoplasmic particles and ensure effective
nuclear migration®.
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Figure 8. Dynactin is necessary for the maintenance of the nuclear position in drosophila photoreceptor cells. A, The
photoreceptor nuclei in wild-type drosophila were located on the top surface of the eye disc. B, In the Glued] mutant, the
photoreceptor nuclei were randomly distributed throughout the eye disc and many nuclei migrated along the axon into the

optic stalk or even into the brain.

The related role of the dynactin subunits has
also been mentioned. Observations on zebrafish
have indicated that nuclear localization requires
P150%. In this report, zebrafish embryos carrying
the P150 mutation (MOK mutant) failed to locate
the photoreceptor nuclei correctly without affect-
ing the morphogenesis of the entire cell>. When
dynamitin is overexpressed, it shows the same
phenotype as the MOK mutant®. Similar nuclear
positioning errors also occur in the p150 mutant
Gluedl of Drosophila. In wild-type Drosophila,
the photoreceptor nuclei were located on the top
surface of the eye disc (Figure 8). However, in
the Gluedl mutant, the photoreceptor nuclei were
randomly distributed throughout the eye disc,
rarely occupying the normal apical area. Many
cell nuclei migrated along the axon into the optic
stalk® (Figure 8). After the photoreceptor axon
extended to the target area in the brain, the inter-
ruption of dynactin function in the Glued1 mutant
caused the nuclei to leave the top of the neuron
and move toward the brain, resulting in the pho-
toreceptor having a “bipolar” morphology. At the
same time, many photoreceptor cell bodies leave
the top area of the eye disc and enter the optic
stalk and brain®.

These results indicate that the nuclear local-
ization of the photoreceptor cells is carried out
through a dynein/dynactin-dependent pathway.
Dynactin, dynein, and kinesin are all involved
in the nuclear localization process of photorecep-
tors, but their specific mechanisms are currently
unclear.

Conclusions

The dynein complex is required to promote
the development and functional maintenance of
different cellular processes in the photoreceptor
cells. Dyneinl is involved in the material trans-
port of the photoreceptor cells, and the devel-
opment of the outer cilia, organelle localization,
and nuclear localization. Dynein2 is involved in
the retrograde IFT of photoreceptor cells and is
essential for the assembly and functional main-
tenance of the cilia. Dynactin gives dyneinl
additional functions by extending the scope of its
cargo transport and increasing its motor process-
ability and then participates in its material trans-
portation and nuclear localization. However, the
current understanding of how dynein participates
in the material transportation of the photorecep-
tor and the choice of cargoes, as well as the spe-
cific role played by each subunit and each chain
is still limited and further research is required.
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