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Abstract Centrosome is the main microtubule-organizing center in most animal cells. Its core structure, centriole,
also assembles cilia and flagella that have important sensing and motility functions. Centrosome has
long been recognized as a highly conserved organelle in eukaryotic species. Through electron micro-
scopy, its ultrastructure was revealed to contain a beautiful nine-symmetrical core 60 years ago, yet its
molecular basis has only been unraveled in the past two decades. The emergence of super-resolution
microscopy allows us to explore the insides of a centrosome, which is smaller than the diffraction limit
of light. Super-resolution microscopy also enables the compartmentation of centrosome proteins into
different zones and the identification of their molecular interactions and functions. This paper compiles
the centrosome architecture knowledge that has been revealed in recent years and highlights the power
of several super-resolution techniques.
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INTRODUCTION

Centrosome was discovered in the late nineteenth cen-
tury during the first study of mitosis. Centrosome forms
the poles of the mitotic spindle towards which chro-
mosomes migrate (Fig. 1). Although the presence of
supernumerary centrosomes in cancer cells was dis-
covered around the same time, the importance of these
centrosomes remains poorly understood (Godinho and
Pellman 2014; Nigg and Holland 2018). At its core, a
centrosome has a nine-fold symmetrical centriole,
which also acts as the basal body of the cilium. Cilia are
hair-like protrusions found at the surface of most
eukaryotic cells. Motile cilia can beat in a coordinated
fashion to generate fluid flow or locomotion, whereas
non-motile cilia transmit signals from the extracellular

milieu to the cell nucleus. Mutations in centrosome
proteins can be found in a wide range of human genetic
diseases, including microcephaly, and a group of disor-
ders that are collectively known as ciliopathies, such as
retinal degeneration, renal failure, cystic kidneys, obe-
sity, liver dysfunction, and neurological disorders
(Chavali et al. 2014; Fu et al. 2015; Nigg and Holland
2018).

Understanding how centrosome is assembled and
regulated is important in unraveling the mechanistic
basis of relevant human diseases. In line with DNA
replication, a centrosome duplicates once every cell
cycle (Firat-Karalar and Stearns 2014; Fu et al. 2015;
Nigg and Holland 2018). A newly born cell has two
centrioles, of which one is engaged orthogonally to the
other. This arrangement is lost as these centrioles dis-
engage in early G1 and then wander apart while being
linked by a loose fibrous connection. The assembly of a
pro-centriole (daughter centriole) perpendicular to each& Correspondence: jingyanfu@cau.edu.cn (J. Fu),
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mother then begins in G1/S, and the pro-centrioles
subsequently elongate throughout G2 until their size
becomes similar to that of their mothers. Before mitosis,
the mother centrioles begin to accumulate more peri-
centriolar material (PCM) and nucleate increased
microtubules in preparation for the spindle assembly.
The fibrous tether between centrosomes resolves
allowing these centrosomes to disjoin and separate in
opposite sides of the cell as spindle poles. In vertebrate
cells, the new mother centriole assembles distal and
subdistal appendages that protrude from the distal
periphery of the microtubule wall (Uzbekov and Alieva
2018). Subdistal appendages have varying numbers and
participate in the nucleation of microtubules, whereas
distal appendages are nine-bladed, pinwheel-like
structures that are essential for ciliogenesis and mediate
the membrane docking and subsequent fusion of ciliary
vesicles with the cytoplasmic membrane. During cilio-
genesis, the centriole is also called a basal body, from
which the transition zone and ciliary axoneme are built
(Zhang et al. 2015, 2017, 2019).

Previous proteomic analyses and genome-wide RNAi
screens have identified numerous modulators for cen-
trosome assembly (Andersen et al. 2003; Balestra et al.
2013; Dobbelaere et al. 2008; Goshima et al. 2007;
Jakobsen et al. 2011; Muller et al. 2010), but the roles of
these proteins and how they fit together remain
unknown. One challenge in addressing these questions
is that the size of a centrosome reaches the diffraction
limit for conventional light microscopy. Over the past
decade, various forms of super-resolution microscopy
have been proposed to address this challenge and to
enable the study of these tiny structures. With these
advancements, researchers have begun to study how the
centrosome changes its protein compositions during
various cell activities and development, thereby opening
an avenue for exploring how centrosomes go awry in
cancer and several heritable diseases.

3D STRUCTURED ILLUMINATION MICROSCOPY
(3D-SIM)

Structured illumination microscopy (SIM) is a wide-field
microscopy technique that increases the spatial resolu-
tion by a factor of two compared with conventional
optical microscopy (Gustafsson 2000; Gustafsson et al.
2008). SIM works by using a patterned illumination to
excite the object; the striped pattern is modulated
multiple times in its phases and angles, and the emitted
fluorescence signal from the same object is recorded.
The interaction between the excitation and object pro-
duces moiré patterns due to the interference resulting
from the overlying of two grids at a specified angle.
Moiré patterns contain high-frequency spatial informa-
tion that would otherwise not be detected by conven-
tional imaging. This additional information can be
extracted from the raw data of multiple images by using
a computational algorithm to reconstruct the final
image. 3D-SIM has lateral and axial resolutions of
approximately 100 and 300 nm, respectively, which
represent an eightfold increase in 3D volume.

3D-SIM has several advantages over other super-
resolution methods (Demmerle et al. 2017; Fiolka et al.
2012; Heintzmann and Huser 2017; Shao et al. 2011;
Wu and Shroff 2018). First, 3D-SIM can be immediately
used for slides that are prepared for conventional
microscopes. Second, 3D-SIM can detect four wave-
lengths in the same sample by using standard fluores-
cent proteins, dyes, or a combination of both. Third, 3D
optical sectioning can be easily carried out in 3D-SIM,
thereby enhancing the resolution in both lateral and
axial directions. Fourth, given that this technique is
implemented in a wide-field microscope, 3D-SIM has a
relatively high speed, thereby making this technique
better suited for live cell imaging compared with other
super-resolution methods. However, in 3D-SIM, the

Fig. 1 Centrosome in various cell activities. From left to right: quiescent cell with a cilium, interphase, metaphase, and multi-polar
dividing cell. Green, microtubules revealed by the a-tubulin antibody; Blue, DNA; Red, cilium revealed by the IFT88 antibody (left panel) or
centrosome revealed by the c-tubulin antibody (three right panels). Scale bar, 10 lm
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image reconstruction can produce artifacts that require
a significant amount of knowledge from users to detect.

3D-SIM has been widely applied in centrosome study
for three reasons. First, for those proteins that localize
to the outer zones of the centrosome (from zone II
outward, Fig. 2), their staining can be resolved into
shapes instead of blobs under conventional microscopy
(Fig. 3A) (Baumann 2012; Fu and Glover 2012;
Gopalakrishnan et al. 2011; Lawo et al. 2012; Luders
2012; Mennella et al. 2012; Sir et al. 2011; Sonnen et al.
2012). The Drosophila centrosome thus can be divided
into five major zones (Fig. 3A) (Fu and Glover 2012; Fu
et al. 2016). Zone I includes proteins that take a dot
shape when viewed under 3D-SIM resolution, such as
the cartwheel components Sas6 and Ana2 (Dzhindzhev
et al. 2014; Mennella et al. 2012). Zone II proteins have
a toroid shape with a diameter of no more than 200 nm,
including Sas4, Spd2, Polo, and the centriolar micro-
tubule wall (Fu and Glover 2012; Gopalakrishnan et al.
2011; Mennella et al. 2012). Zones I and II constitute
the centriole structure, whereas zones III and IV are
PCM regions. The zone III proteins Asl and Dplp are
recruited to the pro-centriole in the metaphase, whereas
Cnn and c-tubulin are loaded in the following inter-
phase before expanding into zone IV along with Spd2 to
form a mass of PCM at the beginning of mitosis. Zone V
proteins include CP110 and its partners that decorate
the distal end of the centriole. Similarly, the PCM of the
human centrosome is resolved into various concentric
rings (Lawo et al. 2012; Sonnen et al. 2012). In inter-
phase, Cep152, Cep192, PCNT, CDK5RAP2, TUBG1, and
NEDD1 (homologues of Drosophila Asl, Spd2, Dplp, Cnn,
c-tubulin, and DGp71WD, respectively) occupy a space
similar to zone III of the Drosophila centrosome,
whereas during mitosis, Cep192, PCNT, CDK5RAP2,
TUBG1, and NEDD1 expand into the PCM matrix similar
to the zone IV proteins of the Drosophila centrosome.
Several proteins have an elongated conformation. For
instance, the C-terminus of Drosophila Cep135 occupies

a dot in zone I, its N-terminus occupies a ring at the
border of zones I and II, the N-terminus of Ana1 occu-
pies a relatively smaller ring at the border of zones I and
II, its C-terminus occupies a ring in zone II, and the
C-terminus of Asl is in zone II while its N-terminus is in
zone III (Fu et al. 2016). These three proteins form a
complex through spatially overlapping regions and are
necessary for newly born centrioles to duplicate and
recruit PCM in both Drosophila and human cells (Chang
et al. 2016; Fu et al. 2016; Izquierdo et al. 2014; Saurya
et al. 2016; Tsuchiya et al. 2016). Another example is
Dplp and its human homologue PCNT, whose
C-terminus is distributed in a ring that overlaps with the
centriolar microtubule wall in zone II and whose
N-terminus extends into the PCM in zone III in inter-
phase (Mennella et al. 2012). Dplp is required for the
initial recruitment and proper organization of mitotic
PCM but is not necessary for PCM expansion; PCNT
depletion affects the toroid shapes of several PCM pro-
teins, including NEDD1, CDK5RAP2, and Cep192 (Lawo
et al. 2012; Mennella et al. 2012).

Second, the mother and daughter centrioles can be
well distinguished by 3D-SIM in order to trace the
protein composition at each centriole separately. Pre-
vious studies have taken advantage of this capability to
extensively investigate the recruitment of proteins onto
newly born daughter centrioles (Dzhindzhev et al. 2014;
Fu et al. 2016). For instance, Drosophila Ana2 is
recruited to the pro-centriole earlier than Sas6, and the
phosphorylation of Ana2 by Plk4 is required for its
interaction with and recruitment of Sas6 (Dzhindzhev
et al. 2014, 2017). Cep135 and Ana1 are sequentially
recruited to the daughter centriole within a very close
time window, whereas Asl and Dplp are recruited
sequentially only in mitosis (Fu et al. 2016; Mennella
et al. 2012). In U2OS cells, the pre-replication complex
component Cdc6 is recruited to the pro-centriole to
prevent centriole over-duplication via the sequestering
of Sas6 (Xu et al. 2017).

Fig. 2 Centrosome zones revealed via super-resolution microscopy. A Schematics of the Drosophila centrosome highlighting the five
major zones revealed via 3D-SIM microscopy. B Human mature centriole highlighting the microtubule wall, subdistal appendages, distal
appendages, and the corresponding zones I and II. The PCM compartment is not shown
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Third, while the above observations are mainly made
on the end-on views of centrioles that are located per-
pendicular to the slides, 3D-SIM takes advantage of the
side views of centrioles and dissects the protein distri-
bution along the axis. Combined with the end-on views,
the side views can describe a series of proteins involv-
ing not only the centriolar and PCM proteins but also
the components of distal and subdistal appendages
(Huang et al. 2017; Lee et al. 2014; Sydor et al. 2018).
For instance, several proteins align along the centroso-
mal longitudinal axis; from the proximal to distal ends,
these proteins are Cep250, Sas6, Cep135, CPAP (ho-
mologue of Drosophila Sas4), RTTN (homologue of
Drosophila Ana3), POC1B, POC5, and Centrin (Sydor
et al. 2018). PPP1R35 (homologue of Drosophila Rcd4)
forms a complex with microcephaly protein RTTN, and
both of them are required for a proper centriole elon-
gation (Chen et al. 2017; Sydor et al. 2018). At the
centriole–cilium interface of multi-ciliated mouse tra-
cheal epithelial cells (MTECs), Cby1 (Drosophila homo-
logue of Chibby) localizes as a ring at the distal end of
the mature centrioles, close to the distal end protein
Ofd1 and transition zone protein Ahi1 (Lee et al. 2014).
Cep164, a component of distal appendages, localizes as
a larger ring proximal to Cby1 and Ahi1; Sdccag8, a
distal end protein, also localizes proximal to Cby1 (Lee
et al. 2014). In another study of U2OS cells, the sub-
distal appendage components Odf2, CCDC68, CCDC120,
hNinein, and Cep170 gradually form enlarged rings that
are required for hierarchical subdistal appendage
assembly and microtubule anchoring in interphase
(Huang et al. 2017).

The use of 3D-SIM over the past decade has con-
tributed new knowledge to centrosome research. For
instance, in the past, PCM was described to have an

amorphous structure that surrounded both centrioles,
but today, PCM was revealed to have at least two layers
that are recruited to the mother centriole in a temporal
manner (Baumann 2012; Fu and Glover 2012; Lawo
et al. 2012; Luders 2012; Mennella et al. 2012; Sonnen
et al. 2012). 3D-SIM has also provided enormous
amounts of data to indicate how centrosome proteins
may interact with one another to build the structure.

STIMULATED EMISSION DEPLETION MICROSCOPY
(STED)

STED microscopy is a diffraction-unlimited super-
resolution microscopy that has attracted wide attention,
given its power to achieve super-resolution images
without additional data processing, thereby greatly
reducing the risk of producing artifacts (Hell and
Wichmann 1994; Vicidomini et al. 2018). The resolution
enhancement depends on the deactivation of fluo-
rophores in the outer regions of the diffraction-limited
excitation focus. In practice, STED uses pairs of syn-
chronized laser pulses for a certain fluorescence dye or
protein. The first laser excites the fluorophore to its ON
state, whereas the second laser, called the STED laser, is
red-shifted in wavelength and arranged in a donut
shape covering the excitation beam. As a result, the
fluorescence at the center of the donut remains unaf-
fected, whereas that at the periphery of the excitation
spot is switched off via this stimulated emission. STED
images can be further processed using deconvolution
algorithms that significantly reduce the amount of noise
and increase the contrast. The current commercial 3D-
STED is based on a confocal system and can achieve a
lateral resolution of 50 nm. 3D-STED also allows users

Fig. 3 Representative images
obtained from 3D-SIM, STED,
and SMLM. A Comparison
between conventional
microscopy and 3D-SIM. The
3D-SIM revealed five
centrosome zones in the
Drosophila centriole. Green,
from left to right:
immunostaining of Cep135,
Spd2, Asl, Cnn, and CP110
antibodies. Red: Dplp antibody.
Scale bar, 500 nm.
B Comparison of 3D-SIM,
STED, and SMLM in resolving
Cep164, a component of distal
appendages. Scale bar, 200 nm
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to select between lateral and axial resolution increase,
that is, the axial resolution can ultimately reach 130 nm
at the expense of the x–y resolution.

STED is relatively easy to operate. Commercial sys-
tems provide three STED lasers (592 nm, 660 nm, and
the pulsed laser at 775 nm) that cover the entire
spectrum of visible light and are compatible with many
conventional dyes or fluorescence proteins. Three-color
imaging is routinely possible either by choosing a
specific combination of fluorophores that can be deac-
tivated by a single STED laser or a combination that can
be deactivated by three STED lasers. In the latter
approach, sequential acquisition should be applied
starting from the longest wavelength, and imaging can
only be performed once because the green-shifted STED
laser can lead to photobleaching for the red-shifted
fluorophores. Given that STED is based on a confocal
system, this technique is more suitable than other
super-resolution techniques for imaging thick samples
with depths of up to 10 to 15 lm. However, the acqui-
sition speed of STED is relatively slow for large fields of
view. Another drawback of STED is that this approach
requires a high laser intensity to make the stimulated
emission rate high enough for an effective depletion,
and photobleaching may occur during this process. This
drawback restricts the application of STED in live cell
imaging and 3D sectioning.

STED has been less popular in centrosome research
even though its high lateral resolution can resolve
Cep164, a distal appendage protein, into nine clusters
spaced around a ring with *300 nm diameter (Fig. 3B)
(Lau et al. 2012; Lee et al. 2014), thereby achieving an
actual resolution of below 2pR/9 = 105 nm. Compared
with 3D-SIM, STED resolves the transition zone proteins
Tmem237 and Ahi, the distal end proteins Cby1, Ofd1
and Sdccag8 as puncta around various rings in MTECs,
whereas 3D-SIM resolves them as continuous rings (Lee
et al. 2014). STED was applied in another study to
reveal the architectural map of the transition zone in
RPE-1 cells, including both the lateral and longitudinal
distribution of eight proteins (Yang et al. 2015). Among
these components, transmembrane proteins TMEM67
and TCTN2 are accumulated at the same axial level as
MKS1 and RPGRIP1L, and Cep290 is localized at a dif-
ferent axial level closer to the basal body in order to
bridge basal body with other transition zone proteins.
Cep164 appears at the proximal side of Cep290 along
the axis, whereas the distal end protein Centrin is
proximal to Cep164. STED has also been used to
examine the centrosome linker that connects the two
centrosomes from G1/S to the early G2 phase (Vlijm
et al. 2018), thereby revealing that Rootletin forms an
extended filamentous network with both N- and

C-termini showing a repeat organization of 75 nm in
RPE-1, primary human umbilical vein endothelial cells
(HUVECs), and HCT116 colon cancer cells. Cep68 binds
to the C-terminus of Rootletin and exhibits a repeat unit
of 75 nm along the Rootletin filaments to modulate the
branching and thickness of the centrosome linker. All
these cases demonstrate the power of STED, which has a
higher lateral resolution than 3D-SIM, and highlight the
need to further explore its application.

SINGLE-MOLECULE LOCALIZATION MICROSCOPY
(SMLM)

Single-molecule localization microscopy (SMLM) is a
diffraction-unlimited super-resolution microscopy
technique based on single-molecule switching by
stochastic excitation (Betzig et al. 2006). It is based on
wide-field illumination and can achieve lateral and axial
resolutions of 20 and 50 nm, respectively. This tech-
nique employs fluorophores that can be induced into a
non-emissive dark state, and during each acquisition,
only a small fraction of fluorophores is returned to the
emissive state and excited. The fluorophores produce
sparse fluorescence spots that are diffraction limited.
However, the centroid of each excited molecule can be
located with high accuracy. By repeating the stochastic
excitation and acquisition, more fluorophores in the
sample are illuminated and recorded, and a high-
resolution image is subsequently reconstructed by
superposing thousands of single frames. Most SMLMs
operate by using the common concept, but differ in the
photochemical properties of the fluorophores. For
instance, (direct) stochastic optical reconstruction
microscopy ((d)STORM) uses organic fluorophores,
whereas photoactivated localization microscopy (PALM)
uses photoactivatable fluorescent proteins to realize
ON–OFF switching. The complexity of SMLM lies in its
sample preparation, downstream reconstruction, and
data analysis, thereby requiring extensive expertise to
set up a working system.

SMLM faces several challenges when applied in cen-
trosome research, likely due to the limited amount of
fluorophores arranged in a tiny ring-shaped distribution
(Keller et al. 2014; Sillibourne et al. 2011; Vlijm et al.
2018). A recent study defined the 3D arrangement of
key proteins in the transition zone and found that
NPHP1, TMEM231, and RPGRIP1L form nested rings
comprised of nine-fold doublets (Shi et al. 2017). Two
other studies described the architecture of mammalian
centriole distal appendages, a region that protrudes
from the microtubule wall with a relatively large
diameter (Bowler et al. 2019; Yang et al. 2018). By
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resolving a multiplex of 16 centriole-distal-end compo-
nents, one study defined a new structural element, the
distal appendage matrix, that fills the space between the
previously known pinwheel blades (Yang et al. 2018),
thereby suggesting that distal appendages may serve as
barriers gating the ciliary compartment. The distal
appendage matrix contains FBF1 and IFT88, whereas
the pinwheel blades mainly comprise Cep83, Cep89,
SCLT1, and Cep164. Another study described the initial
steps in distal appendage assembly, with CCDC41 ini-
tially detectable in G2, SCLT1 accumulated around the
prophase, and ANKRD26 appearing in telophase slightly
earlier than Cep164 and FBF1 (Bowler et al. 2019). The
distal appendages undergo a dramatic ultra-structural
reorganization before mitosis and temporarily lose their
outer components, while the inner components main-
tain a nine-fold organization. All these studies have built
a roadmap of distal appendages and transition zones
with an unprecedented clearness and demonstrate the
power of SMLM in revealing the architectural properties
of complex cellular structures with nanoscale
resolution.

OTHER TECHNIQUES

3D-SIM FRAP

3D-SIM FRAP performs fluorescence recovery after
photobleaching (FRAP) on a fluorescence protein and
traces its dynamics by 3D-SIM. This revealed the dif-
ferent characteristics of PCM components Spd2 and Cnn
in Drosophila-living embryos (Conduit et al. 2014). After
photobleaching, Spd2-GFP fluorescence initially recov-
ers in a toroid shape in zone II and then gradually
moves outward, thereby forming dynamic projections
that spread away from the centriole. By contrast, GFP-
Cnn fluorescence initially recovers in the central region
of the PCM, which is significantly broader than the
toroidal region where Spd2-GFP initially recovers,
thereby indicating Spd2 and Cnn may not be incorpo-
rated into PCM together as part of the same complex.
The same group then used two-color 3D-SIM FRAP and
found that Sas4 molecules are recruited exclusively to
growing daughter centrioles, whereas the PCM compo-
nents Spd2 and Cnn are recruited only around mother
centrioles (Conduit et al. 2015). This finding contrasts
that of a previous study which showed that Cnn is part
of the multi-protein S–CAP (Sas4–Cnn–Asl–Dplp) com-
plex that is pre-assembled in the cytosol before being
recruited into the centrosome (Gopalakrishnan et al.
2011).

3D-SIM and SMLM

Although the proteins at the outer regions of a centro-
some have been extensively studied via super-
resolution microscopy, proteins at the inner regions remain
challenging to resolve. The combination of 3D-SIM and
SMLM has been applied on both custom-built micro-
scopes (Rossberger et al. 2013) and commercial
instruments, such as the 3D-NSIM/NSTORM Nikon
microscope and DeltaVision OMX microscope (Garten-
mann et al. 2017; Hamel et al. 2014). The proteins that
localize to the inner zones of the centrosome have a
limited amount of fluorophores due to their small vol-
ume; therefore, the signals collected from a single cen-
trosome cannot be reconstructed reliably into a toroid.
To address this problem, one study combined 1200 to
8800 protein localization signals from 40 to 100 cen-
trioles to generate an overall view of the protein dis-
tribution (Gartenmann et al. 2017). For each
centrosome, a reference channel was initially imaged by
3D-SIM before collecting and aligning SMLM localization
data to generate the final image. In this way, the zone I
proteins Sas6 and Ana2 were resolved as toroids with
diameters having a standard deviation of 4 to 5 nm.
However, this methodology tends to overestimate the
average radial distance. The diameter of the N-terminus
of Sas6, which is known based on the protein structure
and electron cryotomography, is not consistent with the
results of the 3D-SIM and SMLM combination (Guichard
et al. 2010, 2012; Kitagawa et al. 2011; van Breugel
et al. 2011). Therefore, more measurements on proteins
with a very small radial distance must be performed to
determine the underlying problem of this method.

SMLM and single-particle reconstruction

Single-particle reconstruction has been widely applied
in studying protein structure via cryo-electron micro-
scopy. To study the centrosome protein identity in vitro,
a recent study built a computational and analytical
framework for reconstructing and co-aligning multiple
proteins from 2D-SMLM images (Sieben et al. 2018a, b).
This is an alternative way to 3D-SIM and SMLM com-
bination, but in a similar train of thought to combine
large amount of centrosome signals for a final image.
This method was applied to Cep152 and measured its
diameter as *270 nm, in agreement with the
*242 nm diameter of SNAP-Cep152 as measured by
STED while taking antibody size into account. The Sas6
protein forms an angle to the Cep152 toroid during the
pro-centriole formation. However, more proteins should
be tested using this method to ensure that the algorithm
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works well for general centrosome proteins before zone
I proteins could be readily resolved.

Correlative light electron microscopy

Super-resolution microscopy has been recently corre-
lated with electron microscopy to determine the area
where super-resolved protein signals localize with
respect to morphology viewed under electron micro-
scopy. A recent study fitted the signals of centriole distal
appendage proteins to the centriole microtubules and
appendage electron densities, and revealed the initial
assembly of the distal appendages and their reorgani-
zation prior to mitosis (Bowler et al. 2019). Electron
cryotomography provides *30 to 40 Å resolution for
several centrosome compartments, including the cart-
wheel and microtubule triplets/doublets. Combining
this approach with super-resolution microscopy offers a
powerful method for generating a map of the fine
structure of the centrosome with the corresponding
protein architecture.

APPLICATIONS BEYOND CENTROSOME

The past decade not only witnessed the emerging
application of super-resolution microscopy in centro-
some research but also in the study of many other
subcellular organelles and structures, including chro-
matin, which is mostly resolved by SMLM (Bintu et al.
2018; Birk 2019; Sieben et al. 2018b; Wang et al. 2016;
Xu and Liu 2019), the centromere and kinetochore
(Joglekar et al. 2009; Wan et al. 2009; Wynne and
Funabiki 2016), the contractile ring (Laplante et al.
2016; McDonald et al. 2017), the nuclear pore complex
(Hurt and Beck 2015; Loschberger et al. 2012; Szym-
borska et al. 2013), and the mitochondria (Brown et al.
2010; Jakobs and Wurm 2014; Jans et al. 2013).

SUMMARY AND PERSPECTIVES

Almost a century after the discovery under a micro-
scope, the protein architecture of centrosomes remains
unknown. The development and application of super-
resolution microscopy in centrosome research over the
past decade has completely changed the way people
look at this organelle. After revealing the spatial orga-
nization of many proteins, additional questions have
emerged, such as what is the full map of zone I com-
ponents? How does the architecture of centrosomal
proteins correlate to the structure we see on an electron
microscope or electron cryotomography? How dynamic

are centrosomal proteins and how do they change in
different cell activities? The continuous development of
faster, deeper, and clearer super-resolution microscopy
techniques and the integration of super-resolution
microscopy with other solutions such as FRAP and
correlative electron cryotomography, can introduce
additional solutions to the field.
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