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ABSTRACT DNA replication is normally coupled with centriole duplication in the cell cycle.
Trophoblast giant cells (TGCs) of the placenta undergo endocycles resulting in polyploidy but
their centriole state is not known. We used a cell culture model for TGC differentiation to
examine centriole and centrosome number and properties. Before differentiation, tropho-
blast stem cells (TSCs) have either two centrioles before duplication or four centrioles after.
We find that the average nuclear area increases approximately eight-fold over differentiation,
but most TGCs do not have more than four centrioles. However, these centrioles become
disengaged, acquire centrosome proteins, and can nucleate microtubules. In addition, some
TGCs undergo further duplication and disengagement of centrioles, resulting in substantially
higher numbers. Live imaging revealed that disengagement and separation are centriole au-
tonomous and can occur asynchronously. Centriole amplification, when present, occurs by the
standard mechanism of one centriole generating one procentriole. PLK4 inhibition blocks
centriole formation in differentiating TGCs but does not affect endocycle progression. In sum-
mary, centrioles in TGC endocycles undergo disengagement and conversion to centrosomes.
This increases centrosome number but to a limited extent compared with DNA reduplication.
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INTRODUCTION

Centrosomes are the major microtubule-organizing center (MTOC)
in mammalian cells during interphase and assist in spindle forma-
tion during mitosis. They consist of two main elements: 1) a pair of
centrioles, defined as microtubule-based cylindrical structures that
are ~400 nm in length with ninefold symmetry, and 2) associated
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pericentriolar material (PCM) that imparts the centrioles with
MTOC activity (Nigg and Stearns, 2011; Nigg and Holland, 2018).
Centrosomes, along with chromosomal DNA, are unique in that
they are duplicated exactly once per cell division cycle in animal
cells. In mitotic cycles, newly formed centrioles are engaged to
their parental centriole and are embedded in the PCM of the pa-
rental centriole. Upon passage through mitosis, the engagement
link is broken, and new centrioles undergo the centriole-to-centro-
some conversion and acquire their own PCM (Wang et al., 2011).
Disengaged centrioles within the centrosome usually remain close
to each other by the action of cohesion fibers until they separate
into two centrosomes at the initiation of mitosis (Nigg and Stearns,
2011; Wang et al., 2014). The duplication cycle of centrosomes
ensures that there are two centrioles in a G1 cell that duplicate in
S-phase and are then segregated as pairs on the mitotic spindle
(Tsou and Stearns, 2006; Wang et al., 2014). In the context of cells
that adhere to this canonical form of centriole duplication and seg-
regation, the aberrant centriole number is detrimental (Godinho
and Pellman, 2014).

Centrioles are required to form a primary cilium for critical cell
signaling pathways. One rationale for the tight control of centriole
number is to ensure that only a single cilium can form in most cells
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(Nigg and Stearns, 2011). Centriole loss both prevents formation of
the primary cilium and results in mitotic defects leading to p53-de-
pendent cell cycle arrest (Lambrus et al., 2015). Conversely, having
too many centrioles results in the formation of multiple cilia, com-
promising their function in signal transduction, as well as the forma-
tion of multipolar spindles, interfering with chromosome segrega-
tion (Mahjoub and Stearns, 2012; Godinho and Pellman, 2014). The
presence of extra centrioles is a hallmark of many cancers, can itself
promote tumorigenesis and invasion, and is strongly prognostic of
poor patient outcomes (Basto et al., 2008; Denu et al., 2016).

Although the centriole duplication and DNA replication cycles
are coupled in most animal cells, there are examples of differenti-
ated cells that alter their DNA replication, centriole duplication, or
cell division cycles to specifically amplify DNA or centrioles. For ex-
ample, multiciliated cells (MCCs) found in the airway epithelium,
brain ependyma, and oviduct have hundreds of centrioles and as-
sociated motile cilia that are used to generate directional fluid flow
(Vladar and Stearns, 2007; Klos Dehring et al., 2013; Spassky and
Meunier, 2017). MCCs engage a specific transcriptional program
during differentiation that results in massive centriole amplification
without concomitant DNA replication (Vanderlaan et al., 1983;
Kyrousi et al., 2015; Vladar et al., 2018).

There are also many examples in which amplification of DNA
content has been observed, largely in the context of cells undergo-
ing endocycles (Macauley et al., 1998; Ullah et al., 2008; Edgar
et al., 2014; Schoenfelder et al., 2014). Endocycles encompass a
range of cell cycle behaviors. Remarkably, little is known about the
coordination of replication of centrioles and DNA in such endocy-
cles. We seek here to determine whether endocycling cells specifi-
cally amplify DNA and not centrioles, separating the two cycles as
in MCCs, or whether both are coordinately amplified during
endocycles.

Mammalian trophoblast giant cells (TGCs) are an important poly-
ploid cell type that establishes the maternal-fetal interface for nutri-
ent, oxygen, and waste exchange (Silva and Serakides, 2016). Both
the mother and fetus contribute to the formation and, in turn, the
function of the developing placenta (Cross, 2005; Simmons and
Cross, 2005; Silva and Serakides, 2016). TGCs invade and remodel
the maternal decidua, which is critical for embryonic implantation
and placentation (Maltepe and Fisher, 2015). Defects in trophoblast
invasion can lead to pregnancy-related disease states; for example,
preeclampsia is characterized by a loss or reduction of trophoblastic
invasiveness, while gestational trophoblastic disease is character-
ized by increased invasiveness (Maltepe and Fisher, 2015; Silva and
Serakides, 2016). TGCs have been studied as models of polyploidy
with respect to genome amplification (Ullah et al., 2008; Edgar
etal., 2014). There are several types of TGCs, based on their deriva-
tion and/or location in the placenta. These represent different paths
toward polyploidy, including endocycling, cell fusion, and cell divi-
sion failure (Zybina and Zybina, 1996, 2005; Simmons and Cross,
2005; Simmons et al., 2007; Sakaue-Sawano et al., 2013; Klisch
etal., 2017).

To address questions about the coordination of DNA and centri-
ole duplication in endocycles, we focus here on murine mononu-
clear TGCs, which are derived by differentiation of murine tropho-
blast stem cells (TSCs). Mononuclear TSCs exit the canonical cell
cycle and enter an endocycle in which DNA replication continues up
to 64N without an intervening cell division (Ullah et al., 2008). We
show that centrioles in endocycling TGCs undergo centriole disen-
gagement and conversion to single-centriole centrosomes without
passage through mitosis. This leads to an increase in centrosome
number but to only a limited extent compared with DNA amplifica-
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tion. Thus, TGCs, like multiciliated epithelial cells, are able to un-
couple the centriole and DNA cycles as part of a differentiation
program.

RESULTS

Polyploidization of murine TGCs in the developing placenta
and in vitro

To investigate centriole and centrosome number in murine TGCs,
we sought to establish conditions for in vitro differentiation that
would represent those in vivo. Figure 1A shows a cartoon represen-
tation of the placenta, with the zone containing TGCs outlined in
red. Figure 1B shows a section of the mouse conceptus at day 9.5
(€9.5), with the corresponding region containing TGCs evident by
their larger nuclear area. Cells in this zone were imaged in subse-
quent experiments as comparison to in vitro-produced TGCs (see
below). We exploited an existing cell culture model to differentiate
TGCs from derived TSCs in vitro (Hannibal and Baker, 2016). Wild-
type mouse TSCs isolated from blastocyst embryos were stimulated
to differentiate into TGCs by shifting growth medium, as depicted in
Figure 1C. Briefly, TSCs were grown in the presence of growth fac-
tors activin A, fibroblast growth factor-4 (FGF-4), and heparin. At the
beginning of differentiation (t = 0 d), the growth factors were re-
moved and the culture medium was supplemented with retinoic
acid for up to 10 d to encourage adoption of the TGC fate (Sim-
mons et al., 2007). Differentiation was accompanied both by an in-
crease in cell size (Figure 1C) and by induction of the canonical TGC
marker placental lactogen-l alpha, Pri3d1 (Hemberger et al., 2004;
Simmons and Cross, 2005; Simmons et al., 2007; Rai and Cross,
2015) (Figure 1D).

To assess differentiation at the single-cell level, we chose to use
nuclear size as a proxy for TGC differentiation as this correlates with
an increase in TGC ploidy and DNA content (Roukos et al., 2015;
Morimoto et al., 2021; Supplemental Figure 1). Nuclear area en-
largement has been previously shown to correlate with the increase
in TGC marker gene expression, with most nonexpressing cells fall-
ing in the range 118-249 um? (Carney et al., 1993). Thus, we de-
fined TGCs as mononuclear cells with a nuclear area of >250 um?
(Figure 1E). At t=0d, 90% of cells had nuclei smaller than this cut-
off. At t=10d, 83% of cells had nuclei larger than this cutoff, with a
mean of 960 = 72 um?. In 9.5 placenta sections, 84% of cells in the
TGC zone had nuclei larger than this cutoff, with a mean of 886 + 96
pm?, suggesting that the TGC in vitro differentiation conditions ad-
equately allow for TGC polyploidization.

These results also show that some TSCs spontaneously differen-
tiate into TGCs in vitro and that not all cells become TGCs even
when stimulated by the described treatments, consistent with previ-
ous findings (Yan et al., 2001). This results in a heterogeneous popu-
lation of trophoblast cells at any given time point, with the fraction
of cells adopting the TGC fate increasing over time (Figure 1, D and
E). We therefore consider a nuclear area of >250 um? and differen-
tiation time t= 6 d to be the time at which a majority of the popula-
tion (51% of cells) have begun to differentiate.

Centriole number increases during TGC endocycles

Chromosomal DNA in mononuclear TGCs is amplified exponen-
tially via serial S-phases without an intervening mitosis (Zybina and
Zybina, 1996; Sakaue-Sawano et al., 2013). Thus, a simple hypoth-
esis would be that centriole number would also increase exponen-
tially, in coordination with DNA replication. We first investigated
centriole number in TGCs in the natural context of the developing
placenta of a mouse strain expressing eGFP-centrin2 to visualize
centrioles and Arl13B-mCherry to mark primary cilia in embryonic
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FIGURE 1: TSCs can be propagated and differentiated into TGCs in vitro: (A) Diagram of the developing mouse
placenta, decidua, and vasculature (light gray) with nuclei (dark gray); the layer of TGCs outlined in red. Graphic was
created with Biorender.com. (B) Wide-field image of a tissue section of conceptus at €9.5 stained with DAPI; layer of
TGCs, characterized by large nuclei, is outlined in red. Scale bar = 100 pm. (C) Schematic of TGC differentiation time
course for detailed protocol; see Materials and Methods. TSCs were differentiated into TGCs for up to 10 d, with a time
point collected every 2 d. The t =0 d time point was collected at the beginning of differentiation; thus cells at t=0 d are
also considered to be TSCs. Note that TGC differentiation is an asynchronous process, and there may be TGCs with
large nuclei present at the beginning of differentiation, as indicated in the schematic. Phase images of TSCs (left) and
TGCs (right) show clear morphological differences of the two cultures. Scale bar = 50 pm. (D) To validate TGC
differentiation over the time course, expression of TGC-specific lactogen Prl3d1 was evaluated by quantitative real-time
PCR. Data were collected in four independent experiments. A Gapdh probe was used to normalize samples; expression
is relative to time t = 0 d. **p value < 0.01. (E) Quantification of nuclear area throughout TGC differentiation shows a
gradual increase in the size of nuclei. Graph shows average nuclear area (mean plus SEM) measured during in vitro
differentiation time course. Data were collected in three independent experiments. ****p value < 0.0001, n.s., not
significant.

Volume 33 November 1, 2022 Centrosome number in endocycling cells



Centrin Foci per Cell

1004 . e — 1001 =y

” |
3 80 == O 2 ]
& ) Li>4 3 80 Os>4
b 34 _

o ‘s 3-4
£ 60 o 1-2 2 60; I

8 £ o 12
S 40 == e g 0o
a 1 o 40

. [ -
204 20
0 ol =/ HEN EE . . —
t=0d t=2d t=4d t=6d t=8d t=10d t=0d t=2d t=4d t=6d t=8d t=10d
E t=0d t=6d t=10d
20
20 _ 18+

- 18 § 16 20
g 16 5 14 g

g 1 8 12- 2

2 12 3 10 5

8 10 2 ] 2 10
£ c 8 =

s 8 E 6 8

£ 6 & 44 5

8 41 875 2 © 2= =

24 o® R?=0.06886 R2=0.5879 2 R2=0.8639 1
0 T LJ ? T T T T T 1 0 T T T T T T 1 0 T T T T T T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Gamma tubulin foci per cell Gamma tubulin foci per cell Gamma tubulin foci per cell

Increase in centriole number and centrosome number during TGC differentiation. (A) Confocal microscopy
images of tissue sections of a mouse conceptus (e9.5) transgenic for eGFP-centrin2/Arl13b-mCherry. Sections
correspond to the TGC layer described in Figure 1A. DAPI (cyan) was used to visualize nuclei, and the native eGFP-
centrin2 fluorescence to visualize centrioles (white). TGCs were identified by nuclear size relative to adjoining cells. Scale
bars overview, 10 pm; inset 2 um. (B) Microscopic images of differentiating TGCs at t =0, 6, and 10 d. Cells were fixed
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cells (Bangs et al., 2015). Imaging sections of the TGC-containing
zone of the 9.5 placenta showed both cells with normal-sized nu-
clei and cells with large nuclei and positive cytokeratin 7 staining,
indicative of being TGCs (Maldonado-Estrada et al., 2004). Exam-
ples of two fields of cells are shown in Figure 2A. The non-TGCs in
these sections usually had two eGFP-centrin2 foci. This is as ex-
pected for canonical centriole duplication, where the centrin foci
represent either two centrioles preduplication or four centrioles in
two engaged pairs postduplication. TGCs usually had a higher num-
ber of eGFP-centrin2 foci, although the large cell size precluded a
definitive determination of centriole number per cell (Figure 2A). In
no case were primary cilia observed, consistent with previous work
(Bangs et al., 2015).

We next used the in vitro cell culture system to assess centriole
number during TGC differentiation (Figure 2, B-E; Supplemental
Figure S2, A-C). Cells were imaged by immunofluorescence stain-
ing for centrin and y-tubulin, a component of the PCM. All y-tubulin
foci had at least one associated centrin focus. At t=0 d, the majority
of TSCs in the population had two y-tubulin foci, each with a single
centriole (Figure 2, B-D; Supplemental Figure S2C). This is typical of
diploid G1 cells in which both of the two disengaged centrioles of
the centrosome have associated y-tubulin but are held together by
centriole cohesion, forming a single centrosome.

Over the course of 10 d of TGC differentiation, there was an in-
crease in centriole number (Figure 2, B-D; Supplemental Figure S2,
A and B). The fraction of cells with only two centrioles decreased,
coincident with the increase in cells with four centrioles and more
than four centrioles (Figure 2B). The number of y-tubulin foci also
increased over the time course, with the percentage of cells having
only two decreasing to become a minority within the population
(Figure 2D). At t = 10 d, 40% of TGCs had a higher-than-normal
number of centrioles (>4 centrin foci per cell) and 65% had a higher-
than-normal number of y-tubulin foci per cell (Figure 2, B-D).

Although the number of centrioles rose over time in differentiat-
ing TGCs, the increase was modest and not a function of 2n (1-2 ex-
tra centrioles per cell). Restricting analysis to cells with very large,
single nuclei (21000 pm?), which presumably had undergone one or
more endocycles (DNA > 8n), the mean centriole number in these
cells was 5.2, lower than the expected value of >8. Remarkably, the
number of y-tubulin foci was the same in that population, with 5.2
foci/cell.

We observed that the number of centrioles was equal to the
number of y-tubulin foci in t=10 d TGCs, suggesting that centrioles
were not engaged and that they had acquired PCM components,
despite not having passed through mitosis. This interpretation was
consistent with images of t= 10 d TGCs, showing that each focus of
centrin was associated with a focus of y-tubulin (Figure 2B). The
single centrioles in t= 10 d TGCs were often dispersed compared

with the centrioles in TSCs, which were usually closely associated.
The absence of a close association in TGCs suggests a lack of cen-
triole cohesion, which forms a flexible link between disengaged
centrioles in most interphase mammalian cells (Mahen, 2018).

Given the marked similarities between the distributions of cen-
trin and y-tubulin during TGC differentiation, we quantified the
centrin/y-tubulin foci ratio per cell over time. The number of cells
with a 1:1 ratio of centrin to y-tubulin foci increased over time to
reach ~40% of all cells in the population by t= 10 d (Supplemental
Figure S2C). Even when the ratio of centrioles to y-tubulin foci was
not 1:1, there was a clear trend for TGCs to approach that ratio
throughout differentiation (Figure 2E). By t= 10 d, the number rela-
tionship between centrin and y-tubulin per cell was strongly corre-
lated, with R? = 0.8639 (Figure 2E). These results show that centri-
oles in differentiating TGCs typically go through at least one
duplication event before becoming disengaged in the absence of
mitosis that these centrioles undergo a centriole-to-centrosome
conversion during the endocycle, forming what seem to be inde-
pendent, single-centriole centrosomes. In addition, some TGCs
gain extra centrioles during differentiation.

Centrioles disengage in differentiating postmitotic TGCs

To better understand centriole dynamics in TGCs, we observed
them in living cells (Figure 3). For this purpose, we derived TSCs
from blastocysts using the eGFP-centrin2; Arl13b-mCherry mouse
strain, as previously described (Tanaka, 2006; Kidder, 2014; Bangs
et al., 2015). These TSCs were plated on gridded 35 mm imaging
dishes and were induced to differentiate as in Figure 1C. Beginning
on t=4d of differentiation, centrioles were imaged by spinning-disk
confocal microscopy for at least 48 h. Fields of mononucleate cells
that were chosen were at the edge of colonies, such that cells had
space to expand or divide over the course of imaging. As expected
for the asynchronous differentiation process, these fields contained
a mix of TSCs, early TGCs and late TGCs. We focused our initial
analysis on mononuclear cells that had only two centrin foci with the
rationale that it would be easiest to observe changes to the normal
pattern of duplication in such cells.

In 95 time-lapse sequences, we found that in the vast majority of
imaging fields (85 of 95) all cells appeared to adhere to canonical
centriole duplication cycle behavior for mitotically dividing cells.
However, possibly due to the lack of a bona fide differentiation
marker, we note that many of these fields failed to capture any dis-
cernible differentiation (64 of 85). Additionally, some of these se-
quences had cells that displayed behavior other than proliferation,
such as cell fusion (2 of 85), in accordance with previous reports
(Carvalho et al., 2006). In ~10% of the time lapses (10 of 95), we
found cells that we assumed to be TGCs, based on their position at
the edge of a colony and increasingly large nuclear area and total

and labeled with antibodies to mark the centrosome (y-tubulin, yellow) and centrioles (centrin, magenta). DAPI (cyan)
was used to visualize nuclei. Centrioles from cells indicated with dashed lines are shown at higher magnification in
insets. The t = 10 d images are from a large TGC whose boundary is beyond shown field of view. Scale bars overview,
10 pm; inset 2 um. (C) Quantification of centriole number throughout TGC differentiation as measured by centrin
immunofluorescence shows an increase in centriole number as cells differentiate. The percent of cells with the indicated
centriole numbers was calculated in three independent experiments. For each experiment, a minimum of 60 cells per
condition were counted; bars represent the mean percent of cells. Error bars represent the SEM. (D) Quantification of
centrosome number throughout TGC differentiation time course, as marked by y-tubulin immunofluorescence. The
percent of cells with the indicated centriole numbers was calculated in three independent experiments. For each
experiment, a minimum of 60 cells per condition were counted; bars represent the mean percent of cells. Error bars
represent the SEM. (E) Correlation of centriole and centrosome number per cell as identified by centrin and y-tubulin
immunofluorescence, respectively, at the beginning of differentiation (t = 0 d), middle of differentiation (t = 6 d), and end
of differentiation (t = 10 d) from the data in C and D; shading opacity of each point is 5%.
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cell area, that appeared to have noncanonical centriole events rel-
evant to the two major TGC centrosome phenotypes of centriole
disengagement and ampilification.

We found that in some cells (n = 7 examples), paired centrin foci
separated (distance 22 pm) without an intervening mitosis (Figure 3,
A, B, and D), consistent with the enrichment for single-centriole cen-
trosomes observed in fixed cells (Figure 2, B-D). In some cases the
separation of centrin foci within a cell having two pairs of such foci
occurred relatively close in time (~1 h; “synchronous”) (Figure 3A,
Supplemental Video S1), whereas in others, separation occurred fur-
ther apart in time (>20 h; “asynchronous”) (Figure 3, B and D; Sup-
plemental Video S2).

Less frequently (n = 3 examples), we found supernumerary cen-
trin foci that appeared as pairs, consistent with the normal pattern
of centriole duplication in which each parental centriole begets a
single new centriole. In the example shown in Figure 3C, the cell
begins with four pairs but a single pair separates early in the se-
quence (Figure 3C, numbers 5-6, and Supplemental Video S3, 3:50)
while the rest remain engaged. Approximately 20 h later, another
pair separates (Supplemental Video S3, 24:20). Thus, nonmitotic
disengagement and separation can occur in differentiating TGCs
with both normal and amplified centriole numbers.

We note that in the example shown in Figure 3D (Supplemental
Video S4), we were able to image the entire centriole cycle as a cell
transitioned from mitotic cycling to the early stages of TGC differ-
entiation, which culminated in the separation of two pairs of centri-
oles approximately 40 h after the last mitosis. These results show
that in differentiating TGCs centrioles duplicate and disengage
without passing through mitosis. Interestingly, separation events of
engaged pairs in the same cell can be many hours apart and thus
the events of disengagement and separation are autonomous to
each centriole pair.

Amplified centrioles in TGCs acquire microtubule nucleation
competence

Given that about half of differentiating TGCs created new centrioles
during the differentiation, and that newly formed centrioles typically
mature in conjunction with the cell cycle, we sought to characterize
the composition and function of additional centrioles formed within
the context of the endocycle. We used expansion microscopy to
visualize centrioles in TGCs at higher resolution, to assess their
structure and composition. Cells were stained with antibodies
against acetylated o-tubulin, to mark centriolar microtubules, and
y-tubulin, to mark pericentriolar material and centriole lumen. (Saha-
bandu et al., 2019; Wassie et al., 2019; Gambarotto et al., 2021). We
found that the centriolar structure in TGCs was similar to previous
descriptions of centrioles in human cells imaged by expansion mi-
croscopy (Gambarotto et al., 2019; Sahabandu et al., 2019). Acety-
lated tubulin labeling revealed cylindrical structures with the dimen-
sions of normal centrioles, some with orthogonally positioned
procentrioles, identified from their shorter length (Figure 4A). All
centrioles had associated y-tubulin.

Centrioles in mitotically dividing cells undergo changes in struc-
ture to mature over the course of more than one cell cycle (Tsou and
Stearns, 2006; Izquierdo et al., 2014; Kong et al., 2014). To deter-
mine whether these structural changes also occur to newly formed
centrioles in TGC endocycles, we examined markers of centriole
maturity in TGCs with more than four centrioles, such that some of
the centrioles were presumably acquired during the endocycle.
TGCs at t = 10 d were examined for tubulin modification (polyglu-
tamylated tubulin), proteins of the distal lumen (POC5, centrin), the
proximal end (CNAP1), the centriole cap (CP110), pericentriolar ma-
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terial (y-tubulin, pericentrin, CDK5RAP2), and distal appendages
(CEP164) (Figure 4B). For all proteins examined, the centrioles in
TGCs had the expected localization of the proteins considering the
stage of duplication (i.e., single centrioles vs. centrioles with procen-
trioles). Interestingly, CEP164, which is usually found on only one
centriole/cell, could be readily found on more than one centriole in
TGCs (Figure 4B), although it often was not on all centrioles in a cell.

Next, we tested whether amplified centrioles were competent to
nucleate microtubules, using nocodazole to depolymerize microtu-
bules and washout of the drug to visualize newly nucleated microtu-
bules. TSCs and t=6 d TGCs were treated with 10 ug/ml nocodazole
for 1 h to depolymerize microtubules and assessed for regrowth 5
min after washout (c-tubulin) (Figure 4C), as well as the location of
centrioles (centrin). Microtubule asters began to grow from centriole
foci in TSCs within 5 min, with no more than two asters per cell. In
TGCs, microtubule asters (Figure 4C) formed from each centriole
focus, including in TGCs with amplified centrioles, suggesting that
each centriole focus is capable of serving as a functional MTOC.
Thus, centrioles formed during the endocycle in TGCs undergo the
centriole-to-centrosome conversion, assemble PCM, acquire matu-
rity markers, and serve as functional MTOCs.

PLK4 activity is required for centriole amplification, but not
for reduplication of DNA during the TGC endocycle

Because centriole and MTOC number increases with TGC differen-
tiation, we sought to determine whether centriole formation was
necessary for endocycles to proceed in differentiating TGCs.
Although it is not currently possible to acutely prevent centriole sep-
aration and centriole-to-centrosome conversion, we could prevent
the formation of additional centrioles by treatment with centrinone-
B, an inhibitor of PLK4, the master regulator of centriole biogenesis
(Sillilbourne and Bornens, 2010; Holland et al., 2012; Wong et al.,
2015). TSCs were treated with centrinone-B at the beginning of dif-
ferentiation and grown for 6 d (Figure 5A). Using centrin as a marker
of centrioles, we determined the number of centrioles per cell rela-
tive to EdU status (Figure 5, B-E). Centrinone-B treatment reduced
the number of centrioles per cell, including greatly reducing in-
stances of cells with four or more centrioles, indicating that PLK4 in-
hibition was effective (Figure 5, B and C). This suggests that the cen-
triole increase in TGCs is PLK4 dependent, just like in mitotic cells. To
assess whether TGCs amplified their DNA despite the inhibition of
centriole formation, newly synthesized DNA was labeled by incuba-
tion with the analogue 5-ethynyl-2’-deoxyuridine (EdU) 24 h before
the endpoint of the experiment (Figure 5A). Centrinone-B treatment
did not significantly alter nuclear size or the fraction of EdU-positive
cells (Figure 5, D and E). We note that previous work suggested that
PLK4 is required for TGC differentiation via phosphorylation of the
transcriptional regulator HAND1 (Hemberger et al., 2004; Martindill
et al., 2007). Given a more recent understanding of the essential role
of PLK4 in centriole duplication and the consequences of centriole
loss, we suggest that the earlier results might instead be due to cen-
triole loss. These results suggest that PLK4 activity is necessary for
increased centriole number but is dispensable for progression
through the endocycle during TGC differentiation.

DISCUSSION

Centriole formation usually occurs in the context of mitotically divid-
ing cells, where it is coupled to DNA replication and cell cycle pro-
gression. It can be uncoupled from these events in specialized dif-
ferentiated cells that make many centrioles under the control of a
transcriptional program (Vanderlaan et al., 1983; Kyrousi et al.,
2015; Spassky and Meunier, 2017) without replicating DNA. Here
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we have examined endocycling cells of the trophoblast lineage to
determine whether centriole formation is coupled or uncoupled to
the DNA endocycles. We find that TGCs in situ have amplified cen-
trioles and that this can be recapitulated in an in vitro differentiation
system. However, centriole number in these cells does not increase
exponentially with DNA reduplication, as would be expected for
tight coupling of these two processes. Rather, centrosome number
increases to a greater extent than centriole number in TGCs be-
cause centrioles that are duplicated disengage, separate, and be-
come single-centriole centrosomes, such that each centriole is an
independent, functional MTOC. We consider the implications of
these findings for understanding centriole and centrosome number
control in division and differentiation.

In Figure 6 we propose a model that integrates our findings.
TSCs (shown on the left) with either two disengaged centrioles (G1)
or two pairs of engaged centrioles (G2) (magenta barrels) and their
associated PCM (yellow dots) either divide and cycle or undergo
differentiation into TGCs (shown on the right). Most TGCs have dis-
engaged and separated centrioles that have acquired centrosome
proteins and MTOC capability such that they become single-centri-
ole centrosomes. In some cases, the total number of centrioles in a
TGC is equal to that in an S/G2 TSC (four centrioles), whereas in
others further rounds of centriole formation occur (greater than four
centrioles). Only disengaged centrioles are competent to duplicate,
and we observe that disengagement and separation can occur
asynchronously, resulting in centriole/centrosome numbers that are
not a simple function of 2n. Additionally, our data cannot rule out
the possibility that centrioles may also arise by some mechanism
other than canonical duplication or that procentrioles formed by ca-
nonical duplication are not subsequently lost. Many TGCs appeared
to have odd numbers of centrioles and centrosomes rather than the
even number expected from this model, and this may have resulted
from such processes, although it could also have been due to imper-
fect counting of centrioles, based on inherent imaging challenges.
In any case, TGCs bearing extra centrioles also ultimately resolve to
single-centriole centrosomes. We also note that, beyond microtu-
bule regrowth, we have not tested whether there are any differences
between the single-centriole centrosomes in a TGC, for example
whether that formed by the original mother centriole is different, or
whether they differ from the standard centrosome in cycling cells.

In cycling cells, disengagement of the procentriole from the
mother centriole is a rate-limiting step for forming new centrioles.
Indeed, laser ablation of a procentriole results in a new centriole
forming from the same mother centriole (Loncarek et al., 2010). In
contrast, we found that TGCs could exist for prolonged periods
(days) with fully disengaged centrioles and no further centriole for-
mation. One explanation would be that the transcriptional program
of the TGC endocycle either does not express the genes for centri-
ole duplication or expresses an inhibitor of the process. We note
that the canonical centriole duplication proteins SASS6, PLK4, and
STIL are all significantly down-regulated in t = 4 d TGCs as deter-
mined by RNAseq (Ullah et al., 2020). How then would the relatively
small fraction of TGCs with greater numbers of centrioles arise? It
could be that these cases are due to the protein remaining after
initiation of TGC differentiation or might be due to stochastic varia-
tion in establishment of the TGC transcriptional program, or incom-
plete repression of expression of centriole duplication genes could
be sufficient to allow for duplication in some cells (Raj and Van
Oudenaarden, 2008). This is consistent with the observation that
most TGCs that have more than four centrioles have only five or six
centrioles, rather than, for example, eight, as would be expected for
another complete round of duplication.
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There are several differentiated cell types in mammals that
break the “once and only once” pattern of centriole duplication
observed for most cycling cells. Examples include multiciliated
cells of the airway, chorid plexus, oviduct, and olfactory sensory
neurons (Klos Dehring et al, 2013; Narita and Takeda, 2015;
Spassky and Meunier, 2017; Ching and Stearns, 2020). In most of
these cell types the amplified centrioles form cilia, and the function
of these cells is dependent on having multiple cilia (Klos Dehring
et al., 2013; Narita and Takeda, 2015; Ching and Stearns, 2020).
TGCs do not form even a single primary cilium, so presumably the
observed amplification is not related to cilium functions. A unique
feature of TGC centriole formation is that it mostly occurs by the
usual process of initiating one procentriole on the side of a mother
centriole but that the centriole pairs all disengage, separate, and
become single-centriole centrosomes, maximizing the number of
centrosomes. Might this greater number of centrosomes be related
to the properties of TGCs? Recent reports show that the presence
of extra centrosomes in mammalian cells causes a range of pheno-
types, including increased invasiveness (Godinho and Pellman,
2014). Thus, a possible explanation for the function of the extra
centrosomes in TGCs is that they aid in promoting the invasive
phenotype of TGCs, which is critical to their ability to migrate into
the placenta during pregnancy. Another possibility is that the extra
centrosomes in TGCs are not necessary for TGC function but in-
stead are simply a byproduct of this form of endocycling. Whether
extra centrosomes are required for the TGC function will require
testing in vivo, using cell type-specific genetic manipulation to
block centriole formation.

The centriole and centrosome events that we have observed
in TGC endocycles bear a remarkable resemblance to those de-
scribed in some mammalian cell types under prolonged S-phase
arrest. Balczon et al. (1995) showed that arrest of CHO cells in S-
phase with hydroxyurea resulted in amplification of centrioles
over several days. Subsequent work on this S-phase arrest ampli-
fication has shown that even among transformed cell lines this is
not a universal property and instead seems to be associated with
PLK1 activity during the prolonged arrest (LonCarek et al., 2010).
Centrioles duplicated under these conditions often disengage
and can become competent for further duplication (Balczon et al.,
1995; LonCarek et al., 2010). Disengagement in a typical cell cy-
cle is likely a multistep process, initiated in G2 and completed in
late mitosis (Tsou and Stearns, 2006; LonCarek et al., 2010). How-
ever, in both the TGC endocyle and prolonged S-phase, arrest
can occur without transiting mitosis. Also, in both cases disen-
gagement can occur asynchronously with engaged centriole pairs
separating hours apart (LonCarek et al., 2008). It remains to be
determined what centriole-intrinsic factors in TGCs might be re-
sponsible for this asynchronous behavior in a common cytoplasm,
but we note that there are many examples of localized phenom-
ena in shared cytoplasm, such as the asynchronous division of
nuclei in the filamentous phase of the fungus Ashbya (Gladfelter
et al., 2006).

In summary, we find that murine TGCs differentiating in vitro un-
dergo endocycles that increase DNA content without substantially
increasing centriole number in most cells beyond the normal S/G2
number of four. However, the centrioles that do exist are disen-
gaged and separated and become single-centriole centrosomes,
such that most TGCs have four or more functional centrosomes. It
will be of interest to determine whether the many other examples of
genome amplification in differentiated cells are similar or different in
regard to centrosome properties and the function they might
provide.
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MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animal studies

This study uses samples from mice. All animal procedures in this
study were approved by the Stanford University Administrative
Panel for Laboratory Animal Care (SUAPLAC protocol 11659) and
carried out according to SUAPLAC guidelines.

Cell lines

Mouse trophoblast stem cells (TSCs) were a gift from Julie C. Baker
(Stanford University) and were maintained in DMEM-F12 with 15 mM
HEPES (Life Technologies, catalogue #11330032), 20% fetal bovine
serum (Gemini Bioproducts, catalogue #900-208, lot #A00G91),
2 mM Glutamax (Life Technologies, catalogue #35050061),
100 pg/ml penicillin—streptomycin, T mM sodium pyruvate (HyClone;
GE Healthcare Life Sciences, catalogue #SH3023901), 100 pyM
B-mercaptoethanol, and 1x MEM nonessential amino acids, supple-
mented with 10 ng/ml activin A (Peprotech, catalogue #120-14P),
25 ng/ml fibroblast growth factor 4 (FGF4; Peprotech, catalogue
#100-31), and 1 pg/ml heparin (Sigma-Aldrich), as described in
Chuong et al. (2013) and Tanaka et al. (1998).

To differentiate TSCs into parietal trophoblast giant cells (TGCs),
TSCs were seeded at 2.5 x 10* cells per well in six- or 12-well plates.
The following day, TSCs were differentiated into TGCs by removing
the FGF4, activin A, and heparin from the growth media, with re-
placement with 5 pM retinoic acid. TGCs were maintained for up to
10 d in culture, where media was changed every 2 d.

Mouse husbandry and derivation of TSCs
Arl13b-mCherry;eGFP-centrin2 transgenic mice (JAX#027967) were
obtained from JAX Laboratories and were generated by Bangs et al.
(2015) on FVB and C3H mixed background. All procedures involving
animals were approved by the Institutional Animal Care and Use
Committee of Stanford University School of Medicine in accordance
with established guidelines for animal care. Breeding pairs were
mated to establish timed pregnancies. Copulation was determined
by the presence of a vaginal plug the morning after mating, and
embryonic day 0.5 (€0.5) was defined as noon of that day. Embryos
ranging from e3.5d to €9.5d, as well as adult males and females for
breeding between 8 wk and 9 mo, were used for this study.
Arl13b-mCherry;e GFP-centrin2 TSCs were derived from mouse
blastocysts isolated from pregnant mice at e3.5d as described by

Tanaka (2006) and Kidder (2014). Initially, blastocysts were seeded
onto a feeder layer of irradiated mouse embryonic fibroblasts
(iMEFs) after isolation and then observed for an outgrowth of cells.
Arl13b-mCherry;eGFP-centrin2 TSCs were maintained in the same
growth conditions as for TSCs stated above. Fetal bovine serum
used for TSC derivation and maintenance was purchased from
HyClone (GE Healthcare Life Sciences, catalogue #SH30070.02, lot
#AC1024054S).

Immunofluorescence and immunohistochemistry

TSCs and TGCs were grown on poly-L-lysine—coated #1.5 glass cov-
erslips (Electron Microscopy Sciences, Hatfield, PA) for confocal mi-
croscopy. TSCs and TGCs were washed with phosphate-buffered
saline (PBS), fixed in —20°C methanol for 10 min, washed three times
with PBS, and then blocked in 3% bovine serum albumin (BSA),
0.1% Triton X-100, and 0.02% sodium azide in PBS (PBS-BT) for
30 min to 1 h at room temperature (RT). Samples were then incu-
bated with primary antibodies overnight at 4°C. The following day,
samples were washed three times in PBS-BT and then incubated
with Alexa Fluor dye—conjugated secondary antibodies (Invitrogen)
diluted 1:1000 in PBS-BT for 1 h at RT. When applicable, appropri-
ate isotype-specific secondary antibodies were used to distinguish
different monoclonal mouse antibodies. Samples were then stained
with 5 pg/ml DAPI (4’,6-diamidino-2-phenylindole) for 2 min to
visualize nuclei and mounted in Mowiol mounting medium
(Polysciences) in glycerol containing 2.5% 1,4-diazabicyclo-(2,2,2)-
octane (DABCO; Sigma-Aldrich) antifade.

The conceptus was isolated from a pregnant mouse at €9.5d and
fixed in 4% paraformaldehyde at 4°C overnight. The conceptus was
then washed three times in PBS, incubated in 30% sucrose at 4°C
overnight for cryoprotection, embedded in OCT compound, and
frozen at —80°C. The conceptus was then cryosectioned at 10-um-
thick sections. For immunohistochemistry, tissue was rehydrated
with 1% normal goat serum in PBS for 30 min at RT. Nuclei were
stained using DAPI as indicated in the immunofluorescence proto-
col above.

Antibodies

Primary antibodies used were mouse monoclonal anti—y-tubulin
(Sigma-Aldrich; clone GTU88, IgG1; used at 1:5000 dilution in PBS-
BT), mouse monoclonal anti-centrin3 (Novus Biologicals; clone 93E§,
IgG2b; 1:2000), mouse monoclonal anti—o-tubulin (Abcam, St. Louis,
MO; clone DM1g, 1gG1; 1:4000), mouse monoclonal anti-centrin

FIGURE 3: Centriole disengagement in postmitotic TGCs. (A-D) Differentiating TGCs, with centrioles marked by
eGFP-centrin2, demonstrating synchronous or asynchronous separation and disengagement of duplicated centrioles.
Scale bars = 10 pm. (A) Still frames from Supplemental Video S1 demonstrating synchronous separation of both
centriole pairs. Panel 1 shows engaged configuration of centrioles that persists for ~14 h before disengaging and
separating both pairs of centrioles in panel 2 “Full Separation.” Panel 3 shows the same four centrioles nearly 30 h later
while the cell has dramatically enlarged both its nucleus and its cytoplasm. Insets are shown at 3x magnification. (B) Still
frames from Supplemental Video S2 demonstrating asynchronous separation of a single centriole pair. Panel 2
“Asynchronous Separation” demonstrates a single pair of centrioles (“3-4") undergoing disengagement and separation
while the other pair (“1-2") remains tightly associated. Panel 3 shows the same cell with centrioles 3 and 4 remaining
separated and centrioles 1 and 2 remaining associated hours later. Insets are shown at 3x magnification. (C) Still frames
from Supplemental Video S3 demonstrating partial centriole separation for a pair of engaged centrioles in a cell with
supernumerary centrioles. Panel 2 “Asynchronous Separation” demonstrates a single pair of centrioles (“5-6")
undergoing disengagement and separation while the other pairs (“1-4; 7 and 8") remain associated. Panel 3 shows the
same cell 1 d later with most centrioles separated throughout the cell (arrowheads). Insets are shown at 2x
magnification. (D) Still frames from Supplemental Video S4 demonstrating duplication, disengagement, and separation
after a mitotic event. Panels show a TSC undergoing mitosis (first panel, “Mitosis"”), disengaging and separating
centrioles (“Separation #1"), duplicating, disengaging, and separating centrioles again (“Separation #2") without

passing through a second mitosis. Insets are shown at 3x magnification.

Volume 33 November 1, 2022

Centrosome number in endocycling cells | 9


https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-05-0182

Centrin

Centrin CDK5RAP2 Centrin

Centrin Centrin Cepl64 Centrin

TSC

. -
aTub Merge

t=6d TGC

10 | G. Buss, M. B. Stratton, et al. Molecular Biology of the Cell



(Sigma-Aldrich; clone 20H5, 1gG2a; 1:200), mouse monoclonal anti-
acetylated tubulin (Sigma-Aldrich; clone 6-11B-1; 1:1000), rabbit
polyclonal anti-POC5 (A303-341A-T., Bethyl Laboratories; 1:500),
rabbit polyclonal anti-CP110 (12780-1-AP; Proteintech; 1:200), rab-
bit polyclonal anti-CNAP1/Cep250 (Proteintech; 14498-1-AP; 1:500),
rabbit polyclonal anti-pericentrin (Abcam; ab4448; 1:500), rabbit
polyclonal anti-CDK5RAP2 (Sigma-Aldrich; 06-1398; 1:1000), and
rabbit polyclonal anti-Cep164 (purified from serum of immunized
animals as described in Lau et al. [2012]; 1:1000).

Drug treatments, EJU labeling, and centrinone-B treatment
For inhibition of centriole duplication experiments, 400 nM centri-
none-B or the equivalent volume of dimethyl sulfoxide (DMSO) as a
vehicle control was added to TSCs upon inducing differentiation.
TGCs were maintained in the presence of these treatments through-
out the duration of the time course. EdU (5-ethynyl-2"-deoxyuridine)
(10 uM) was added 24 h before the termination of a time course at
day 5 postdifferentiation to examine whether DNA replication oc-
curred during drug treatment. Staining for EdU incorporation was
conducted using the Click-iT EJU Alexa Fluor 594 Imaging Kit (Life
Technologies, catalogue #C10339), followed by immunofluores-
cence as mentioned above.

Microtubule regrowth assay

TSCs were seeded onto coverslips at 5 x 10* cells in 3.5 cm dishes
and differentiated the following day. To depolymerize microtubules,
cells were treated with 10 pg/ml nocodazole for 1 h at 37°C. Cells
were then washed with ice-cold PBS on ice. Microtubule regrowth
was then initiated when coverslips were incubated with medium
warmed at 37°C. To stop the assay, cells were fixed with 100% meth-
anol for 10 min at —20°C at the respective time points before pro-
ceeding with immunofluorescence as described above.

Confocal microscopy and live cell imaging

For all assays, unless otherwise noted, all mononuclear cells in the
imaging field were used for subsequent analyses. Confocal micros-
copy images were acquired as Z stacks collected at 0.5-pym intervals
across a 15-30 pm range for fixed cells on a Zeiss Axio Observer
microscope (Carl Zeiss) with a confocal spinning-disk head (Yok-
ogawa Electric Corporation, Tokyo, Japan), PlanApoChromat
63x/1.4 NA objective, and a Cascade 11:512 electron-muiltiplying
charge-coupled device (EMCCD) camera (Photometrics, Tucson,
AZ) or a PRIME: BSI backside illuminated CMOS camera run with
p-Manager software (Edelstein et al., 2014) or SlideBook 6 software
(3i, Denver, CO).

Confocal microscopy images for fixed cells were also acquired
using a Leica SP8 scanning confocal microscope with a 63x (1.4
N.A.) objective at the same Z stack parameters listed previously. All
images were processed using Fiji (National Institutes of Health,
Bethesda, MD) and/or SlideBook (3i, Denver, CO).

The medium was changed 1 h before imaging to phenol-free
DMEM-F12 with 15 mM HEPES supplemented with 20% fetal bo-
vine serum, 100 pg/ml penicillin—streptomycin, 1 mM sodium pyru-
vate, 100 uM B-mercaptoethanol, 1x MEM nonessential amino ac-
ids, and 5 pM retinoic acid. During image acquisition, cells were
incubated at 37°C under 5% CO,. Images were acquired as 0.5 pm
Z stacks collected every 5 or 10 min for up to 72 h using a Zeiss Axio
Observer microscope (Carl Zeiss) with a confocal spinning-disk head
(Yokogawa Electric Corporation, Tokyo, Japan), PRIME: BSI back-
side illuminated CMOS camera run with p-Manager software (Edel-
stein et al., 2014) or SlideBook 6 software (3i, Denver, CO).

Expansion microscopy

Expansion microscopy was performed according to the previously
described U-ExM protocol (Gambarotto et al., 2019). In brief, TGC
cultures on coverslips were fixed in ice-cold methanol and incu-
bated for 10 min at —20°C for 10 min and then washed with 1x PBS.
The PBS was removed, and cells were incubated in monomer fixa-
tive solution (0.7% formaldehyde and 1% wt/vol acrylamide in wa-
ter) for 4-5 h at 37°C. Coverslips were then inverted onto droplets
of cold gelation solution (19% wt/vol sodium acrylate, 10% wt/vol
acrylamide, 0.1% BIS, 0.5% TEMED, 0.5% ammonium persulfate in
PBS) and allowed to set for 5 min on ice. Coverslips were then trans-
ferred to 37°C for 1 h. Coverslips with gels were incubated in dena-
turation buffer (200 mM SDS, 200 mM NaCl, and 50 mM Tris in wa-
ter) for 15 min at RT to allow the gel to detach from the coverslip
and then the gel was transferred to a 1.5 ml Eppendorf tube with
denaturation buffer for 45 min at 95°C. Gels were removed from the
Eppendorf tube, washed in water twice for 5 min, and then ex-
panded in water overnight. Gels were then incubated in PBS-BT for
30 min before any staining. Gels were incubated in primary antibody
solution in PBS-BT on a nutator for 3-4 h to overnight. Next, gels
were washed three times in PBS for 10-30 min per wash and then
incubated in a solution of secondary antibodies conjugated to Alexa
Fluors plus DAPI, diluted 1:1000, overnight at 4°C. Gels were
washed in PBS for at least 30 min and then in water three times for
10 min per wash. Gels were then allowed to fully expand in water for
at least an hour before being mounted in a glass-bottom imaging
dish and imaging by spinning-disk confocal microscopy.

Quantification of nuclear area and statistical analyses

The nuclear area and integrated DAPI measurements of mononucle-
ate TGCs were quantified using either maximum intensity or sum
projections of stacks acquired by confocal microscopy for all nuclei
in a given imaging field. Nuclei watershed separation was generated
in Fiji on DAPI-stained nuclei as stated on imagej.net (https://imagej
.net/Nuclei_Watershed_Separation). Briefly, a Gaussian Blur three-
dimensional filter was applied with a sigma value of 3.0 pixels in x, y,
and z. Automated threshold plus watershedding was applied to
separate individual nuclei. Nuclear area particle analysis parameters

FIGURE 4: Amplified centrioles in TGCs acquire microtubule nucleation competence. (A) Expansionmicroscopy
(physical expansion factor ~3.5x) images of a t = 10 d TGC. Expanded TGCs were stained with antibodies to mark the
centrioles (acetylated tubulin) and PCM (y-tubulin) and were counterstained with DAPI, to mark nuclei. Scale bars =

10 um, inset = 2 um (expansion). (B) Immunofluorescence images of t = 10 d TGCs showing localization of various
centrosome proteins in TGCs with amplified centrosomes. Cells were fixed and labeled with antibodies to label
structural, PCM, and appendage proteins as indicated above each panel. Scale bar = 10 pm, inset =1 um.

(C) Immunofluorescence images showing TSCs (top) and TGCs (bottom) in a microtubule regrowth experiment. First
panel shows cells just before washout (0 min). Second and third panels show cells shortly after washout (5 and 20 min).
Cells were fixed and labeled with antibodies to mark microtubules (o-tubulin, yellow), centrioles (centrin, magenta), and
nuclei (DAPI, cyan). (A-C) Scale bars = 10 pm; insets in C are shown at 7x magnification.
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Increase in TGC centriole number during differentiation is dependent on PLK4 activity. (A) Schematic of
experimental design. TSCs were seeded 24 h before differentiation, as indicated by TSC proliferation. TGC
differentiation was conducted in the presence of centrinone-B or an equivalent volume of DMSO as a control for up to
6 d. An untreated control was also included. To label nuclei that are actively replicating DNA in S-phase, TGCs were
incubated with 10 pM 5-ethynyl-2"-deoxyuridine (EdU) at 5 d for 24 h. (B) Immunofluorescence of representative images
of TGCs at t = 6 d. Centrioles were labeled with centrin (yellow) antibody, and nuclei that entered S-phase were labeled
for EdU incorporation using Click-it Chemistry (magenta). Scale bars = 10 pm, inset = 2 pm. (C) Violin plot of centriole
number in cells for t = 6 d during drug treatments and control conditions. Solid red lines indicate median.

(D) Quantification of nuclear area for t = 6 d during drug treatments and control conditions. Red horizontal lines
represent the mean. Each dot represents a single cell mean (in red). (E) Quantification of the EdU status for populations
of cells at t = 6 d during drug treatments and control conditions. Results shown are for three independent experiments.
At least 50 cells quantified per experiment for untreated, DMSO, and centrinone-B treatments; error bars are SEM.
***%%p value < 0.0001, n.s., not significant.
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FIGURE 6: Model of centriole and centrosome amplification in endocycling murine TGCs. Cartoon diagram showing
(left) the centriole duplication cycle in a TSC, with either two disengaged centrioles (G1) or two pairs of engaged
centrioles (G2) (magenta barrels), and their associated PCM (yellow dots). (Right) TGCs during differentiation with a
variable number of centrosomes and centrioles. The centrioles in most TGCs undergo disengagement and separation,
which can be synchronous or asynchronous, and acquire PCM, such that they form single-centriole centrosomes. Some
TGCs undergo additional centriole/centrosome amplification that also ultimately resolves to single-centriole

centrosomes. Graphic was created with Biorender.com.

were the following: size 50-2000 ym?, as reported in Simmons
et al. (2007), and circularity 0.0-1.0. If necessary, the upper limit of
nuclear area was increased to 5000 pm?. If a single nucleus was
segmented into multiple pieces, the area of each segment was
added to quantify the nuclear area of the entire nucleus. Nuclei on
the edges of the field of view, in addition to binucleate and multi-
nucleate syncytiotrophoblasts, were excluded from analysis (Sup-
plemental Figure STA).

Statistical analyses and graphs were generated using Graph-
Pad Prism 9 Software. Pairwise comparisons were made using a
one-way analysis of variance. For multiple comparisons, a Dun-
nett’s test was applied to correct for multiple hypothesis testing.
For all analyses, a p value less than 0.05 was considered signifi-
cant. Error bars on graphs represent SEM, and horizontal lines rep-
resent the mean.

Quantitative real-time PCR

RNA was extracted using phenol-chloroform extraction (TriZOL Re-
agent; Invitrogen, catalogue #15596-026) from TGCs initially seeded
at 2.5 x 10* cells per well in six-well plates at various time points
throughout the differentiation time course indicated. cDNA was pre-
pared from total RNA using the Maxima First Strand cDNA Synthesis
Kit (Life Technologies, catalogue #K1641). gPCR was performed in
triplicate with Luna Universal gPCR SYBR Green Master Mix (New
England Biolabs, catalogue #M3003L), where 25 ng of cDNA was
loaded per well. Gene expression was evaluated using the AACt
method (Schmittgen and Livak, 2008). Gapdh levels were used to
normalize target gene expression values. For TGC differentiation
time courses, gene expression levels were compared with those of
TGCs collected at the beginning of differentiation (t= 0 d). For vali-
dation of derived TSCs from Arl13b-mCherry;eGFP-centrin2 mice,

Target gene Forward primer (5’-3)

Reverse primer (5’-3') Reference

Gapdh AGGTCGGTGTGAACGGATTTG
Pri3d1 CTGCTGACATTA AGGGCA

TGTAGACCATGTAGTTGAGGTCA
AACAAAGACCATGTGGGC

N/A
Rai and Cross, 2015

N/A: not applicable, designed by author using PrimerBLAST.

TABLE 1: Primer sequences.
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gene expression levels were normalized to TSCs not derived in this

paper.
Primers were validated as intron-spanning using PrimerBLAST
(NCBI). Primer sequences are given in Table 1.
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