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ABSTRACT Giardia has 198 Nek kinases whereas humans have only 11. Giardia has a com-
plex microtubule cytoskeleton that includes eight flagella and several unique microtubule
arrays that are utilized for parasite attachment and facilitation of rapid mitosis and cytokine-
sis. The need to regulate these structures may explain the parallel expansion of the number
of Nek family kinases. Here we use live and fixed cell imaging to uncover the role of Nek8445
in regulating Giardia cell division. We demonstrate that Nek8445 localization is cell cycle
regulated and this kinase has a role in regulating overall microtubule organization. Nek8445
depletion results in short flagella, aberrant ventral disk organization, loss of the funis, defec-
tive axoneme exit, and altered cell shape. The axoneme exit defect is specific to the caudal
axonemes, which exit from the posterior of the cell, and this defect correlates with rounding
of the cell posterior and loss of the funis. Our findings implicate a role for the funis in estab-
lishing Giardia’s cell shape and guiding axoneme docking. On a broader scale our results
support the emerging view that Nek family kinases have a general role in regulating microtu-

ARTICLE

Monitoring Editor
Yixian Zheng
Carnegie Institution

Received: Aug 1, 2019
Revised: May 19, 2020
Accepted: May 21, 2020

bule organization.

INTRODUCTION

The protozoan parasite Giardia lamblia (synonymous with G. intesti-
nalis and G. duodenalis) infects more than 200 million people each
year (Lane and Lloyd, 2002; Lalle, 2010; Ansell et al., 2015). The di-
vergence of parasite protein kinases from their homologues in hu-
mans has been identified as an opportunity for the development of
new therapeutic interventions (Rotella, 2012). The Giardia kinome
(strain WB) contains 278 protein kinases, 80 of which constitute the
core kinome from 49 different classes of kinases while the remainder
are all Nek kinase homologues (Manning et al., 2011). The highly
expanded Giardia Nek family contains 198 kinases, compared with
only 1 in budding yeast, 7 in Arabidopsis, 11 in humans, 13 in
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Chlamydomonas, and 39 in Tetrahymena (Wloga et al., 2006;
Manning et al., 2011; Takatani et al., 2015).

Nek kinases are named for their homology to the Aspergillus
nidulans NIMA (never in mitosis A) kinase. NIMA-related kinases
(Nek or NRK) kinases have been shown to control mitotic entry,
centrosome separation, and flagella length in other eukaryotes
(Faragher and Fry, 2003; O’'Connell et al., 2003; Bradley and
Quarmby, 2005; Wloga et al., 2006; Chen and Gubbels, 2013), but
may also have a more general role in regulating microtubule orga-
nization (Takatani et al., 2015). The number of Nek kinases is typi-
cally expanded in the genomes of eukaryotes that build cilia or fla-
gella (Parker et al., 2007). Notably, Giardia possesses four pairs of
flagella that undergo a complex developmental cycle (Nohynkova
et al., 2006; see Figure 1 for a diagram of Giardia structures). As
pairs of flagella do not share paired basal bodies, maintaining the
identity of each flagella is complex and the regulatory mechanism
remains uncharacterized (Nohynkova et al., 2006). The complexity
of maintaining eight flagella identities could explain the develop-
ment of a greatly expanded set of Nek kinases in Giardia.

Flagella positioning and identity are essential for Giardia cellular
processes including pathogenicity. Unlike most other eukaryotes
that dock their basal bodies just under the plasma membrane,
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FIGURE 1: Diagram of Giardia emphasizing microtubule-based structures. The microtubule
cytoskeleton includes the ventral disk, median body, funis, anterior, posterolateral, ventral, and

caudal flagella sets.

Giardia positions its eight basal bodies between the two nuclei in
the center of the cell. As a result, a significant portion of each axo-
neme runs through the cytoplasm of the cell before it exits and is
sheathed by membrane (Mclnally and Dawson, 2016; Mclnally et al.,
2019b). We use the term flagella to refer to the membrane-bound
portion of axonemes, while the portion of axonemes running
through the cell body is referred to as cytoplasmic axonemes.
Giardia cytoplasmic axonemes serve as tracks for cargo trafficking
and have also been implicated in force generation for cell division
(Hardin et al., 2017). Each of Giardia’s flagella pairs beat with unique
waveforms, further indicating the complexity of specifying flagella
identity and function (Lenaghan et al., 2011). For example, the cau-
dal axoneme pair, which runs the length of the cell body, is thought
to flex the entire body of the cell to contribute to swimming via a
flipper type mechanism (Lenaghan et al., 2011). The anterior and
posterolateral flagella generate power strokes for motility, while the
ventral flagella, with a unique fin-like appendage, beat in a sinusoi-
dal waveform thought to generate fluid flows beneath and around
Giardia trophozoites (Holberton, 1973; Lenaghan et al., 2011; Halp-
ern etal., 2017).

In addition to four unique sets of flagella, Giardia has several
novel microtubule structures including the ventral adhesive disk,
median body, and funis (also known as the caudal complex). With
the exception of the median body, each of these structures is associ-
ated with specific sets of basal bodies (McInally and Dawson, 2016).
The ventral disk is a complex dome-shaped structure composed of
approximately 100 microtubules in a one and a quarter turn helical
sheet and is thought to mediate attachment through a suction cup-
like mechanism (Erlandsen et al., 2004, Hansen et al., 2006; Brown
et al., 2016; Nosala et al., 2018). The funis is a pair of microtubule
sheets that originate at the basal bodies. One sheet runs above
the cytoplasmic caudal axoneme pair while the other runs below the
caudal cytoplasmic axonemes. Toward the posterior of the cell,
the funis microtubules separate from the main sheet to form rib-like
structures that lock the cytoplasmic axonemes of the caudal and
posterolateral flagella together (Benchimol et al., 2004; Carvalho
and Monteiro-Leal, 2004). The median body is a reservoir of micro-
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tubules and associated binding proteins
used to support Giardia's rapid mitosis (Har-
din et al.,, 2017; Horlock-Roberts et al,,
2017). Remarkably, mitosis is completed in
approximately 7 min and this includes dupli-
cating axonemes and building two new ven-
tral disks (Hardin et al., 2017). Currently, little
is known about how the assembly and disas-
sembly dynamics of these structures are
regulated. As Giardia lacks an anaphase
promoting complex, it has been suggested
that kinases may play an enhanced role in
regulating mitotic events (Gourguechon
etal., 2013). Indeed, Nek kinases have been
implicated in the regulated assembly and
disassembly of microtubule-based struc-
tures during the cell cycle (Smith et al.,
2012).

The Giardia Nek kinase homologues
with the highest sequence identity for hu-
man Nek1 and Nek2 were previously stud-
ied (Smith et al., 2012). The Nek1 homo-
logue GINek1 localized to the ventral disk
while the Nek2 homologue GINek2 local-
ized to the cytoplasmic axonemes of the
anterior flagella. Both kinases reorganize during mitosis, and over-
expression studies showed that GINek1 has a role in ventral disk
disassembly while GINek2 overexpression interfered with excysta-
tion (hatching from the cyst form). Other Giardia Nek kinases have
not yet been individually studied.

Here, we characterize the role of Nek kinase GL50803_8445
(Nek8445) in Giardia cell proliferation. Nek8445 has direct ortho-
logues (>90% sequence identity) in other Giardia assemblages
(strains), but exhibits only 30-40% sequence identity to other Nek
paralogues in the expanded Giardia Nek kinome. This is consistent
with a functional role in Giardia that is both essential and distinct
from that of other Nek family kinases. We previously identified this
kinase as a potential therapeutic target due to the presence of a
small gatekeeper residue, which makes it susceptible to a specific
class of kinase inhibitors with relatively low activity against human
kinases (Hennessey et al., 2016). These “bumped kinase inhibitors”
(BKls) exploit the property that most mammalian protein kinases
have a large gatekeeper residue that limits accessibility to a hydro-
phobic pocket in the active site. Various BKls have been shown to
selectively and effectively block kinase-associated processes in the
life cycle of parasites such as Toxoplasma gondii, Cryptosporidia
parvum, and Plasmodium falciparum (Keyloun et al., 2014). In Giar-
dia there are at least eight small gatekeeper kinases (Hennessey
et al., 2016). Although we identified inhibitors that target Nek8445,
they also target additional small gatekeeper kinases, which currently
limits their usefulness in uncovering the role of Nek8445.

We previously determined that Nek8445-depleted cells are se-
verely impeded in growth, often abnormally multinucleated, and
unable to maintain attachment (Hennessey et al., 2016). The initial
study focused on defects at 48 h after morpholino knockdown,
which corresponded with the endpoint of our growth assays. By
this time cellular organization was severely disrupted and there-
fore the primary defect was not apparent. However, the cytokine-
sis and attachment defects are potentially explained by aberrant
flagella function. Unlike other eukaryotes that use an actomyosin
contractile ring to guide membrane delivery and drive cytokinesis,
Giardia utilizes nascent cytoplasmic axonemes to coordinate
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cytokinesis. However, the cells were poorly
adherent and the majority of the attached
cells had already failed cytokinesis or were
abnormally organized (Supplemental Figure
S2). Therefore, we decided to film cells from
12 to 18 h after knockdown. The majority of
cells at this time point displayed typical or-
ganization as assessed by DIC imaging
(Supplemental Figure S2), allowing us to fol-
low cytokinesis in long-term 4D imaging ex-

24 hours

FIGURE 2: Nek8445 is required for cytokinesis. (A) Multiplex immunoblot showing Nek8445-HA
depletion 12 and 24 h after Nek8445 antisense and control morpholino treatment.

(B) Representative still images from a 4D time-lapse movie showing failed cytokinesis in
Nek8445-depleted cells (see Supplemental Video S1). T =0 set to the initiation of cytokinesis,
which occurs ~7 min after the initiation of mitosis as indicated by anterior flagella reorganization.
(C) Histogram of cytokinesis timing. Only 13% of Nek8445-depleted cells complete cytokinesis
within 2 min vs. 90% for the control treatment (n = 88 control morpholino, n = 56 Nek8445 KD).

Scale bar =5 pm.

membrane trafficking into the furrow while the mature flagella
propel daughter cells apart for abscission (Hardin et al., 2017).
The flagella may also have a role in parasite attachment (Holber-
ton, 1973). It has been proposed that flows generated by the ven-
tral flagella transit through gates in the ventral disk, which can
close off to lock down attachment (Dawson and Nosala, 2017).
Here we examine the role of Nek8445 in Giardia's unique mode of
cytokinesis.

RESULTS

Nek8445 function is required for cytokinesis

The initial observation that Nek8445 plays a role in cytokinesis was
based on analysis of Nek8445-depleted cells fixed and analyzed
48 h after treatment with translation-blocking antisense morpholi-
nos (Hennessey et al., 2016). These cells were abnormally multinu-
cleate (more than two nuclei) with a roughly corresponding increase
in flagella number (Supplemental Figure S1). Cell shape and flagella
organization were disrupted in the multinucleate cells. Therefore, it
was not clear whether the cytokinesis defect was a primary conse-
quence of Nek8445 knockdown or whether disrupted cell polarity
led to failed cytokinesis. We recently developed methods for long-
term four-dimensional (4D) differential interference contrast (DIC)
time-lapse imaging to follow Giardia trophozoites through the cell
cycle (Hardin et al., 2017). We sought to film Nek8445-depleted
cells undergoing cytokinesis to test for changes in the timing of
events and gain insight into the underlying cause of failed cytokine-
sis. We planned to examine Nek8445-depleted cells from 20 to 26 h
after morpholino treatment as in our previous study of Giardia
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periments. Supporting significant depletion
of Nek8445 at this time point, Western blot-
ting indicated that antisense morpholino
treatment reduced Nek8445 levels by 41%
compared with cells treated with GeneTools
LLC’s standard control morpholino at 12 h
post electroporation (~1.5 cell cycles after
treatment; Figure 2A).

Upon the initiation of cytokinesis, the
cleavage furrow often failed to progress
(Figure 2B and Supplemental Video S1).
Under our assay conditions, 90% of control
morpholino-treated cells completed cytoki-
nesis within 2 min (n = 88), similar to our
previous results (Hardin et al., 2017). In con-
trast, only 13% of Nek8445-depleted cells
(n=56) completed cytokinesis within 2 min.
Additionally, 48% of Nek8445-depleted
cells never completed cytokinesis com-
pared with just 4.5% noncompletion ob-
served for cells treated with the control
morpholino (Figure 2C). Although Nek ki-
nases are implicated in centrosome dupli-
cation and regulation of mitosis, we did not
observe any mitotic defects as indicated by typical nuclear segre-
gation in Nek8445-depleted cells (Supplemental Video S1). Re-
markably, the cell division defect resulting from Nek8445 knock-
down is stronger than the phenotype of any cytoskeleton or
membrane trafficking component previously studied (Hardin et al.,
2017), suggesting a central regulatory role for Nek8445 in coordi-
nating cytokinesis.

Nek8445 localization is cell cycle regulated

We previously reported that Nek8445-3HA localized to the plasma
membrane and nuclear envelope in interphase cells (Hennessey
et al., 2016). Many cell cycle-regulated proteins, including Nek ki-
nases, change their localization during mitosis (Mahjoub et al., 2004;
Smith et al., 2012; Chen and Gubbels, 2013). To follow Nek8445
localization throughout the cell cycle in live cells, the C-terminus of
Nek8445 was tagged with the green fluorescent protein, mNeon-
Green (Shaner et al., 2013), generating Nek8445-mNeonGreen
(Nek8445-mNG). This construct was integrated into the genome to
ensure endogenous expression levels (Gourguechon and Cande,
2011). At the initiation of mitosis, Nek8445-mNG translocated from
the cell cortex to become concentrated around the two nuclei and
along the cytoplasmic axonemes (Figure 3A and Supplemental
Video S2). Late in mitosis, Nek8445-mNG also concentrate at what
appear to be the tips of the cytoplasmic axonemes as the axonemes
were being rearranged (Supplemental Video S2). During cytokine-
sis, Nek8445-mNG remained in association with the nuclear enve-
lopes as well as portions of the anterior, caudal, and posterolateral
cytoplasmic axonemes.

Nek8445 microtubule regulation | 1613
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We previously established that Rab11-
positive vesicles traffic along cytoplasmic
axonemes and into the cleavage furrow to
support furrow progression (Hardin et al.,
2017). The localization of Nek8445 to the cy-
toplasmic axonemes prompted us to ask
whether Nek8445 and Rab11 might have a
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Nek8445 relocalizes during mitosis to associate with axoneme microtubules. (A) Still
images from a time-lapse movie of Nek8445-mNG showing Nek8445 translocating from the cell
cortex to the nuclear envelope, and axoneme microtubules (see Supplemental Video S2). White
arrowheads indicate Nek8445 in association with cytoplasmic axonemes; cyan arrowhead marks
nascent axonemes pointing into the developing furrow. (B) Immunofluorescence analysis of
Nek8445-HA (red), microtubules (6-11B-1 antibody; green), and nuclei (DAPI; blue) throughout

the cell cycle. Scale bar =5 pm.

To confirm association of Nek8445 with the cytoplasmic axo-
nemes of flagella during mitosis and cytokinesis, we colocalized
Nek8445-3HA and microtubules in fixed cells (Figure 3B). In-
deed, Nek8445-3HA colocalized with the cytoplasmic axonemes
of flagella including some association with the nascent axo-
nemes that act as tracks for delivering membrane to the cleav-
age furrow (Hardin et al., 2017). Overall the two chimeric pro-
teins have similar localization; however, Nek8445-3HA clearly
associates with the nuclear envelope of interphase cells while
Nek8445-mNG only weakly associated with the nuclei until the
initiation of mitosis.

1614 | K. M. Hennessey et al.

functional relationship. Colocalization of HA-
Rab11 with Nek8445-mNG revealed that
while both proteins translocate from the
plasma membrane to the intracytoplasmic
axonemes during mitosis and cytokinesis,
they were rarely seen to be on cytoplasmic
axonemes at the same time (Supplemental
Figure S3). Therefore, it is unlikely that
Nek8445 is directly regulating membrane
trafficking associated with furrowing. In-
stead, Nek8445 may have a role in regulat-
ing axoneme/flagella function, which is re-
quired forforce generation during cytokinesis
(House et al., 2011; Hardin et al., 2017).

Nek8445-depleted cells have short
flagella and lack median bodies

The microtubule cytoskeleton plays a major
role in establishing Giardia's unique shape
and in generating forces for driving cells
apart during cytokinesis (Mariante et al.,
2005; Tumova et al., 2007; Hardin et al.,
2017). Defects in microtubule regulation
could account for defects in cell division
(Mariante et al., 2005). Therefore, we exam-
ined tubulin staining in Nek8445-depleted
cells (Figure 4A). We observed that ~17%
(n> 300) of the Nek8445-depleted cells had
noticeably short flagella and either round or
oval-shaped cell bodies (Figure 4, A and B).

We measured the entire length of ante-
rior and caudal axonemes from randomly
selected control and Nek8445 translation-
blocking morpholino-treated cells. The an-
terior axonemes were modestly shorter
(control morpholino: 17.5£0.34 ym, n=76;
Nek8445 KD 15.5 £+ 0.48 um, n = 60) while
the caudal axonemes were 30% shorter
(control morpholino: 17.7 £0.27 ym, n = 80;
Nek8445 KD: 12.3 £ 0.31 um, n = 64). The
values reported here likely underreport the
shortening defect as the knockdown cells
with the most severe flagella shortening had
tangled axonemes, which we omitted from
our measurements because they were too convoluted to trace. Simi-
larly, we did not attempt to measure the posterolateral or ventral
axonemes as they were often difficult to identify, due to being mis-
positioned, in the Nek8445 knockdown cells.

We also noted that the rounded cells lacked median bodies
(Figure 4A). Upon quantitation, we found that 46.8% (n = 158) of all
Nek8445-depleted cells lacked median bodies versus just under
15% (n = 302) of the control morpholino-treated cells. Note that this
microtubule reservoir is consumed during mitosis and then grows in
size as cells prepare for the next round of division (Hardin et al.,
2017; Horlock-Roberts et al., 2017). Additionally, we identified

Molecular Biology of the Cell
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which is known to recognize K40 acetylation
and stain all known microtubule-based
structures in Giardia (Nohynkova et al,
2006; Halpern et al., 2017). The altered
staining indicates that either acetylation lev-
els or microtubule array organization were
perturbed by Nek8445 depletion. Microtu-
bule acetylation is thought to soften micro-
tubules so that they are more flexible and
able to resist mechanical stress (reviewed in
Janke and Montagnac, 2017). Notably, hu-
man Nek3 has been shown to regulate the
levels of acetylated tubulin (Chang et al.,
2009). Therefore, we questioned whether
Nek8445 has a role in regulating microtu-
bule acetylation as this could potentially ac-
count for the observed defects in axoneme
length and ventral disk staining.

To differentiate between changes in
acetylation or overall microtubule organiza-
tion, we costained cells with the anti-acety-
lated o-tubulin antibody 6-11B-1 and the

B 25 = Control C Anterior Flagella Caudal Flagella anti-o-tubulin antibody DM1A. Total o-
8445KD 407 25 : o

20 l_‘ tubulin and acetylated tubulin localization

§15_ T -|- - lﬁl 20 g appeared qualitatively similar in Nek8445

s Chad B 3 knockdown cells (Figure 4A). Immunoblot-

3 101 2 o O 215 ﬁ $ ting with the two tubulin antibodies indi-
(&] < 204 ) < g d th h . anifi diff

= -05.’10_ % cated that there is not a significant differ-

5' b g b % ence in the ratio of acetylated to

i = 104 .o“ - 5 ° nonacetylated o-tubulin when comparing

Rounded Short Nodes control morpholino and Nek8445 knock-

flagella 0 T T 0 r ’ down cells (Figure 4D). This confirmed that

D Control 8445 KD & ~l9 Q 49 Nek8445 does not regulate acetylation.

6-11-B1m o b‘b?) o b‘b?) However, consistent with overall smaller

61"3’ é& cells that lack median bodies, we found that

DM1A m S = tubulin levels are approximately 25% lower

Nek8445 regulates microtubule organization. (A) Immunofluorescence staining of

in Nek8445-depleted cells compared with
control morpholino-treated cells.

acetylated and total o-tubulin. Acetylated tubulin is stained with the anti-acetylated o-tubulin

antibody 6-11B-1 (green) and total tubulin is stained with the anti-o-tubulin antibody DM1A
(red). Note changes in overall tubulin staining after Nek8445 depletion including reduced ventral
disk (vd) staining, the lack of a median body (mb) in rounded cells, and nodes of tubulin staining
at the ends of flagella. Scale bar = 5 pm. (B) Quantification of mutant phenotypes observed after
Nek8445 depletion (n > 300 cells). (C) Measurement of anterior and caudal axoneme length from
control morpholino and Nek8445 knockdown cells (n = 76 measurements from control cells and
n = 64 measurements for 8445 knockdown cells). (D) Immunoblotting for total tubulin (DM1A)
vs. acetylated tubulin (6-11B-1 antibody) in Nek8445 and control morpholino-treated cells.
Lysates were prepared from equal numbers of cells for each replicate. There is no significant
difference in the ratio of acetylated to total tubulin although overall tubulin levels are decreased

by ~25% in Nek8445-depleted cells.

abnormal accumulation of tubulin in nodes at the tips of flagella in
the Nek8445 knockdown cell (Figure 4, A and B). Short flagella and
accumulation of axoneme components at the tips of flagella is con-
sistent with a defect in axoneme/flagella length homeostasis (Qin
et al., 2004; Absalon et al., 2008; Meng and Pan, 2016).
Microtubule staining also appears altered in Nek8445 knock-
down cells. Specifically, we noticed that staining of the ventral disk
was often reduced while the axonemes of Nek8445-depleted cells
appeared more clearly delineated with less background staining.
Our initial immunofluorescence localization was performed with the
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Nek8445-depleted cells have defective
ventral disk organization

We previously reported that Nek8445-de-
pleted cells were defective in their ability to
attach to the sidewalls of culture tubes
(Hennessey et al, 2016). Attachment is
largely attributed to the microtubule-based
suction cup-like organelle known as the
ventral adhesive disk (Dawson and Nosala,
2017). Because the ventral disk failed to
stain with anti-tubulin antibodies in many of
the Nek8445-depleted cells, we examined
localization of the ventral disk marker §-giardin to verify that a ven-
tral disk was still present (Jenkins et al., 2009; Halpern et al., 2017).
We did not find any cells lacking 8-giardin-3HA staining, indicating
that the ventral disk was present (Figure 5). However, we observed
abnormal disk organization that correlated with abnormal cell
shape and flagella length. Of the Nek8445-depleted cells that con-
sequently had short flagella, we observed 38% (n = 108) of these
cells to have an altered disk morphology compared with the control
morpholino-treated cells (n = 63). Defects included a larger area
devoid of 8-giardin staining in the center of the disk (bare area),

Nek8445 microtubule regulation | 1615



frayed, and open disk conformations (Figure 5). Similar defects
have been observed in cells depleted of disk-associated proteins
that have a structural role in the ventral disk (Mclnally et al., 2019a);
therefore, Nek8445 may have a role in regulating ventral disk
assembly.

Nek8445-depleted cells have axoneme exit defects

In contrast to the typical half-pear shape of trophozoites, a subset
of Nek8445-depleted cells were observed to have a rounded cell
shape that lacked a portion of the posterior end of the cell. Tubu-
lin staining (6-11B-1) indicated that the caudal flagella of these
cells were either tucked under the cell body or the axonemes
were trapped within the cell body, but this could not be resolved
with light microscopy (Figures 4 and 5). To resolve whether the
axonemes were trapped in the trophozoite cell body we turned
to scanning electron microscopy (SEM). Control morpholino (n =
26) and translation-blocking anti-Nek8445-treated cells (n = 50)
were processed for SEM 12 h after morpholino electroporation.
As observed by light microscopy, a subset of the Nek8445-de-
pleted cells was much smaller and had short flagella (Figure 6).
While the anterior, ventral, and posterolateral flagella were visi-
ble, the caudal flagella were frequently missing. In some cases,
we could see abnormal membrane protrusions near where the
caudal flagella were expected to exit, with successful exit from an
atypical position (Figure 6, arrowhead). The defect in axoneme
exit site specification is expected to contribute to the cytokinesis
defects observed with Nek8445 depletion as the flagella must be
properly oriented in order to collaboratively generate forces for
cytokinesis (Mariante et al., 2005; Paredez et al., 2011; Hardin
et al., 2017).

The defective axoneme exit defect provided us with the op-
portunity to investigate whether the exit site is predetermined or
established after the axonemes are in position. Unlike other eu-
karyotes where basal body appendages known as transition fibers
dock the basal body to the plasma membrane (Goncalves and
Pelletier, 2017), Giardia basal bodies are positioned many mi-
crons from where the cytoplasmic axoneme exits the cell body to
become sheathed by plasma membrane. Giardia lacks all known
transition zone proteins, so how the axoneme exit site is specified
remains an open question (Avidor-Reiss and Leroux, 2015; Barker
etal., 2014). A recent study of Giardia intraflagellar transport (IFT)
suggests the exit sites are pore-like diffusion barriers that regu-
late IFT (Mclnally et al., 2019b). The Hehl lab, University of Zurich,
identified GL50803_8855 as a protein that forms a ring at the
axoneme exit site, where the axonemes transition from cytoplas-
mic to membrane sheathed (GiardiaDB). We endogenously
tagged exit site protein GL50803_8855 (ESP8855) with a triple
HA tag to test whether the exit site was altered in the Nek8445
knockdown cells. As previously reported, we observed distinct
localization of ESP8855-HA to the exit site of each axoneme set in
cells treated with the control morpholino (n = 23; Figure 7A). In
Nek8445 knockdown cells, ESP8855 localization varied. In cells
where the caudal axoneme exited the cell body, ESP8855-HA was
present where axonemes met the plasma membrane (Figure 7B).
This included several cells with abnormally oriented caudal cyto-
plasmic axonemes (6 of 58) that mispositioned their caudal exit
sites (Figure 7C). However, ESP8855-HA did not mark the poste-
rior exit site in 59% (n = 58) of rounded cells with short caudal
axonemes that in some cases were too short to reach the cell
cortex (Figure 7D). Together we interpret these findings to indi-
cate that the exit site is specified upon axoneme contact with the
plasma membrane.
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FIGURE 5: Nek8445-depleted cells have ventral disk organization
defects. Control morpholino-treated cells and Nek8445 knockdown
cells stained for §-giardin-3HA and tubulin (6-11B-1 antibody). Note
the altered disk morphology such as increased width, larger bare
area, and some striated staining of §-giardin-3HA not observed in
control cells. Of rounded Nek8445-depleted cells, 38% (n = 108) had
altered disk morphology not observed in the control morpholino-
treated cells (n = 63). Scale bar =5 pm.

Superresolution imaging reveals Nek8445-depleted cells
lack a funis

Nek8445 depletion alters the lengths of all flagella, but the caudal
axonemes were specifically susceptible to being trapped in the cell
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FIGURE 6: SEM analysis reveals Nek8445-depleted cells have caudal
axoneme exit defects. Control morpholino and Nek8445 knockdown
cells processed for SEM 12 h after morpholino treatment. Note the
shorter cell length and absence of caudal flagella (cf) at the anterior
apex of the cell. White arrowhead indicates an abnormal membrane
protrusion associated with a caudal flagellum that eventually exits the
cell body at an abnormal position. Scale bar =5 pm.

body without an exit site. Many of the trapped axonemes are long
enough to exit the cell body; therefore, the failure to exit cannot
simply be attributed to length. The caudal cytoplasmic axonemes
make the longest run through the cell body and are uniquely sand-
wiched between the two halves of the funis (see Figure 1). Because
the cytoplasmic caudal axonemes often stained with higher contrast
than in controls, and the exit sites were sometimes mispositioned
(Figures 4-7), we questioned whether the funis was lost or disrupted
as a consequence of Nek8445 depletion. The funis is difficult to
observe with standard resolution microscopy because it has over-
lapping localization with the caudal cytoplasmic axonemes and
spacing of the rib-like microtubules is near the resolution limit of
standard light microscopy. We turned to structured illumination su-
perresolution microscopy to compare control and Nek8445-
depleted cells. We were able to resolve the funis in every control
morpholino-treated cell examined (n = 12) while none of the
rounded Nek8445 knockdown cells (n = 12) had any vestige of a
funis (Figure 8). The lack of a funis is consistent with the abnormal
posterolateral axoneme/flagella positioning observed in Nek8445
knockdown cells. Previously observed connections between the fu-
nis microtubules and the posterolateral cytoplasmic axonemes were
anticipated to be important for caudal cell movement (Benchimol
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et al., 2004); however, the funis also appears to have a role in stabi-
lizing the position of the posterolateral axonemes. Another unique
feature of the rounded cells is that we observed several cells with
frayed axoneme tips, further suggesting an axoneme stability defect
in Nek8445-depleted cells (Wloga et al., 2006; Bower et al., 2013;
Meng and Pan, 2016). The correlation of round cell shapes, mispo-
sitioned axonemes/flagella, defective axoneme exit, and the lack of
a funis is consistent with the funis having a role in establishing Giar-
dia cell shape and guiding caudal axoneme exit. Together this study
illustrates the overall importance of Nek8445 in regulating the mi-
crotubule cytoskeleton of Giardia.

DISCUSSION

We set out to study the primary cause of cytokinesis defects in
Nek8445-depleted cells. Recent advances in live cell imaging have
made it possible to visualize Giardia mitosis and cytokinesis with
fantastic spatial-temporal resolution providing insights into Giardia’s
myosin-independent mechanism of cytokinesis (Hardin et al., 2017).
Characterization of the Nek8445 knockdown phenotypes illustrates
a requirement for Nek8445 in coordinating microtubule organiza-
tion. This study reinforces the view that the microtubule cytoskele-
ton has expanded function for Giardia cell division, which includes
force generation necessary for cytokinesis (Benchimol, 2004; Correa
and Benchimol, 2006; Hardin et al., 2017).

Our working model for myosin-independent cytokinesis (Hardin
et al., 2017) posits that at the onset of cytokinesis, the caudal cyto-
plasmic axonemes, each connecting to a daughter ventral disk, ori-
ents the daughter disks so that the anteriormost regions face away
from one another. Major reorganization of the flagella occur as the
cells initiate cytokinesis such that each daughter cell will inherit four
full-length flagella and grow four new flagella (Nohynkova et al.,
2006; Sagolla et al., 2006; Tumova et al., 2007; Hardin et al., 2017).
As the furrow expands, the newly duplicated axonemes, which are
completely contained within the cytoplasm of the dividing cell, are
used as tracks to guide additional membrane into the cleavage fur-
row (Hardin et al., 2017). Ultimately, the four mature flagella assume
the position and identities of the anterior and caudal flagella
(Nohynkova et al., 2006; Hardin et al., 2017). Power strokes from the
anterior flagella drive the two daughter cells in opposite directions
generating the membrane tension required for division (Zhang and
Robinson, 2005; Ralston et al., 2006; Poirier et al., 2012; Hardin
etal., 2017).

The observation that Nek8445 knockdown cells with typical cell
shape and organization fail cytokinesis (Figure 2), suggests that the
flagella may have improper function before the extensive shorten-
ing observed in rounded cells. Cytokinesis in these cells appears to
fail because the caudal axonemes are not able to orient the daugh-
ter disks in opposition to each other (Figure 2 and Supplemental
Video S1). This reorientation requires both coordinated force gen-
eration and the delivery of plasma membrane to provide slack for
the disks to move away from each other (Hardin et al., 2017). The
similarity between the failed cytokinesis phenotype of brefeldin A
treatment and Nek8445-depleted cells is striking (Hardin et al.,
2017), which leads us to suspect that membrane trafficking could be
impaired.

While most 12-h post knockdown cells had typical cell shape and
organization as assessed with DIC optics, tubulin staining revealed
that a significant portion of cells (~45%) lack median bodies. The lack
of median bodies is an indicator of reduced tubulin reservoirs. During
mitosis, microtubules flux from the median body, to the spindle, na-
scent disks, and finally to the nascent axonemes (Nohynkova et al.,
2006; Hardin et al., 2017). Growth of new axonemes could be
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Nek8445-depleted cells misposition or lack exit sites. Control morpholino and
Nek8445 knockdown cells were stained for tubulin (6-11B-1 antibody; green) and ESP8855-3HA
(red). White arrowheads mark the caudal axoneme exit site and are oriented with the trajectory
of the exiting axoneme. (A) Typical exit site organization in control cells. (B) Knockdown cell with
typical teardrop shape retains exit sites at the expected position. (C) Mispositioned caudal
axoneme exit site observed in 10% of rounded knockdown cells (n = 58). Note that these
images are maximum projections; the caudal axoneme exit site in this cell is clearly positioned
above the adjacent posterolateral axoneme exit site (cyan arrowhead) when viewed in the 3D
image stack. (C’) Shows maximum projections of the ventral and dorsal halves of the Z-stack to
show that these exit sites are displaced in Z similar to the cell with the arrowhead in Figure 6.
(D) Complete lack of a caudal axoneme exit site is observed in 59% of rounded knockdown cells
(n=58). Scale bar =5 ym.

of membrane for furrowing. Due to the lack
of robust cell synchronization and the very
short window during which cells use these
tracks to deliver membrane, it is technically
challenging to find knockdown cells actively
dividing in order to examine the positioning
and length of the nascent axonemes.

Short flagella may indicate a defect in
IFT. Such a role for Nek8445 would not be
surprising as Nek family kinases are known
to regulate IFT (Lin et al., 2003; Surpili et al.,
2003; Wloga et al., 2006; Meng and Pan,
2016). We did not measure axoneme or fla-
gella growth rates, but the presence of short
flagella with swollen tips is consistent with
an IFT defect. Indeed, the short flagella
phenotype observed in Nek8445-depleted
cells is reminiscent of the Giardia kinesin-2
mutants that impair IFT (Hoeng et al., 2008;
Carpenter and Cande, 2009).

The caudal axoneme exit defect pro-
vided a unique opportunity to probe the
mechanism of exit site specification/flagella
pore formation in Giardia. ESP8855 marks
axoneme exit sites. When Nek8445 was de-
pleted, cells with extremely short cytoplas-
mic axonemes were observed to lack
ESP8855 staining at the posterior apex of
the cell, which is where the caudal axo-
nemes exit in wild-type interphase cells. Ad-
ditionally, some cells had mispositioned
posterolateral and caudal axonemes with
improperly positioned exit sites (Figures 6
and 7C). These findings are consistent with
axoneme contact with the plasma mem-
brane being the specifier for exit site/fla-
gella pore formation rather than the axo-
neme being targeted to a predetermined
position on the membrane. Because only
the caudal flagella were observed to lack
exit sites, it is likely a secondary defect of
Nek8445 depletion.

The caudal cytoplasmic axonemes make
the longest run through the cell body and
are unique in their association with the funis,
a ribbon of microtubules that runs along the
length of the cytoplasmic axoneme of each
caudal flagellum (Benchimol et al., 2004).
The ribbon originates near the basal bodies
and as it progresses toward the posterior, in-
dividual microtubules splay out to form rib-
like structures that match the shape of the
cell (Figures 1 and 8; Benchimol et al., 2004).
A defect in axoneme guidance or stabiliza-
tion could lead to defects in specifying the
exit site if, for example, the axoneme must
remain in place for the exit site to be assem-
bled. Indeed, the axoneme exit defect was

impaired due to a limited tubulin supply. Importantly, the nascentaxo-  specifically associated with rounded Nek8445-depleted cells, which
nemes point into the cleavage furrow during cytokinesis and are used  we found also lack funis microtubules (Figure 8). This suggests that
to direct new membrane into the furrow. Thus, short or improperly  the funis is responsible for establishing posterior cell morphology
organized nascent axonemes could potentially reduce the availability ~ and additionally acts as a scaffold for guiding caudal axoneme exit.
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Structured lllumination superresolution imaging of
8-giardin-3HA and tubulin (6-11B-1 antibody) in morpholino-treated
cells. Nek8445-depleted cells lack median bodies, a funis, and the
axonemes have a fraying defect. Control inset shows a magnified view
of funis microtubules. Middle inset shows that the Nek8445-depleted
cells lack both a median body and funis. The bottom image shows an
example of a Nek8445-depleted cell with abnormal disk morphology
and splayed axoneme tips. Scale bar =5 pm.

Although many Nek8445-depleted cells had short flagella, we
interestingly observed other cells with longer cytoplasmic axonemes
trapped within the cell. This is consistent with the idea that Giardia
can employ IFT-independent cytoplasmic axoneme growth as cyto-
plasmic axonemes do not necessarily need active IFT for growth
(Briggs et al., 2004; Mclnally et al., 2019b). The importance of this
observation remains to be determined. IFT has been assessed in
interphase Giardia, where it has been shown that IFT train assembly
occurs at the flagella pore/axoneme exit site (Mclnally et al., 2019b).
Regulation of new axoneme growth in mitotic cells remains unstud-
ied. IFT-independent growth is likely important for the growth of
nascent axonemes, which begin completely within the cell cyto-
plasm. We previously noted that after cytokinesis the ventral fla-
gella, which have the shortest run through the cell body, regrow
more quickly than the posterolateral pair (Hardin et al., 2017).
Whether this is due to regulated growth or the fact that the ventral
axoneme would be the first to initiate an exit site and establish regu-
lated IFT remains to be determined.
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For an otherwise minimalistic parasite, the hugely expanded
family of Nek kinases is intriguing. Giardia has 198 members com-
pared with just 1 nonessential Nek kinase in yeast, 7 in Arabidopsis,
11 in humans, 13 in Chlamydomonas, and 39 in Tetrahymena (Wloga
et al., 2006; Manning et al., 2011; Takatani et al., 2015). Each of the
three Giardia Nek kinases that have been studied appear to regu-
late different cellular processes. Depletion studies of GINek1 and
GINek2 have not been performed, so whether they are required for
cell division remains to be determined. However, localization stud-
ies did reveal that these proteins relocalized during mitosis. In gen-
eral, Nek kinases are activated during the G2/M transition by mitotic
kinases (Fry et al., 2017), but Nek kinases have also been shown to
function during interphase (Chang et al., 2009; Cohen et al., 2013;
Govindaraghavan et al., 2014). While we cannot rule out interphase
function, relocalization of Nek8445, GINek1, and GINek2 during mi-
tosis suggests these kinases likely regulate the microtubule cyto-
skeleton in a cell cycle—-dependent manner (Smith et al., 2012). The
anaphase promoting complex, which canonically regulates cell cy-
cle events through proteolytic degradation, has not been identified
in Giardia (Gourguechon et al., 2013). It has been speculated that
kinases could play an expanded role in regulating cell cycle-related
processes (Gourguechon et al., 2013); the expanded Nek kinase
family potentially fills this role. Future studies aimed at identifying
pathways regulated by additional Nek kinases will be needed to
further support this hypothesis.

Given the total number of Nek kinases in Giardia, we anticipated
that each kinase would have a limited role in cytoskeletal regulation,
yet Nek8445 depletion disrupts nearly all of the major microtubule
structures in Giardia. The exception is that Nek8445 does not ap-
pear to regulate centrosome separation or spindle function as mito-
sis appears to progress normally. The other microtubule defects
could result from a role for Nek8445 in regulating a key microtubule-
binding protein with a role in regulating Giardia’s microtubule-based
structures. For instance, EB1 has important roles in regulating micro-
tubule dynamics and flagella length (Pedersen et al., 2005; Schroder
et al., 2007). Several studies have localized Nek kinases to centro-
somes, the tips of microtubules and axonemes, and implicated a
relationship with EB1 (Mahjoub et al., 2004; O’Regan and Fry, 2009;
Govindaraghavan et al., 2014; Prosser et al., 2015). The relationship
between Nek kinases and EB1 is not fully characterized, but Asper-
gillus nimA has been shown to require EB1 for its localization
(Govindaraghavan et al., 2014). Intriguingly, EB1 knockdown in
Giardia has been shown to reduce median body volume, flagella
length, and cause loss of axoneme central pairs (Kim and Park,
2019). Although less severe, these phenotypes are similar to what
we observe in Nek8445-depleted cells. It will be interesting to iden-
tify Nek8445 phosphorylation targets to gain insight into microtu-
bule array regulation in Giardia.

Whether many other Nek kinases play as critical a role as
Nek8445 in cell division and microtubule array biogenesis remains
to be determined, but the presence of a small gatekeeper residue
in Nek8445 makes this protein kinase a particularly attractive drug
target as this structural feature renders this kinase sensitive to BKIs.
Importantly, we have already shown this class of inhibitor is effective
at killing parasites resistant to metronidazole (Hennessey et al.,
2016), the frontline treatment for giardiasis.

METHODS AND MATERIALS

Parasite culture

G. lamblia wild-type strain WBCé (ATCC 50803) cells were grown in
TYI-S-33 medium supplemented with 10% bovine serum and
0.05 mg/ml bovine bile (Keister, 1983). Cells were cultured at 37°
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under hypoxic conditions using 15 ml polystyrene screw-cap tubes
(Corning Life Sciences DL).

Vector construction and transfection

With the exception of Rab11, the constructs used in this study were
C-terminal fusions. All constructs were integrated into the genome
using single-site recombination to maintain endogenous expression
levels (Gourguechon and Cande, 2011). Primer sequences and re-
striction enzymes are shown in Supplemental Table S1. All PCR am-
plifications were performed using iProof DNA polymerase (Bio-Rad).
Typically, an amplicon of ~1 kb in length that lacked the start codon
was cloned in frame to a C-terminal triple-hemagglutinin epitope
tag (3x HA) of the pKS_3HA_Neo or PAC plasmid (Gourguechon
and Cande, 2011). The plasmids were linearized at a unique restric-
tion site in the coding region of the gene of interest and ~5 pg of
DNA was used to transfect wild-type Giardia. Transfected cells were
selected with G418 at 40 pg/ml or puromycin at 45 ug/ml.

To follow Nek8445 localization throughout mitosis and cytokine-
sis, the C-terminus of GL50803_8445 was tagged with an 11-amino
acid flexible linker and the fluorescent protein mNeonGreen (Allele
Biotechnology). The mNG-N11-Neo vector was constructed for this
purpose by amplifying mNeonGreen using the primers listed in
Supplemental Table S1. The PCR product was cloned into the pKS
3HA Neo vector (Gourguechon and Cande, 2011) after excising the
3HA tag with BamH1 and EcoR1.

Live cell imaging

Cells were imaged in 35-mm glass bottom dishes overlaid with aga-
rose growth medium at 37°C under hypoxic conditions as described
in Hardin et al. (2017).

Immunofluorescence microscopy analysis
Fixed cell imaging was performed as described in Paredez et al.
(2011). In cases where a higher mitotic index was desired, the starve
and release method was utilized before fixation (Sagolla et al., 2006).
Briefly, 4-day-old past confluent cultures were inverted to loosen
dead cells and then the dead cells and spent medium were poured
off and replaced with fresh medium. Four hours later, the cells were
pelleted at 500 x g at room temperature. The pellet and remaining
attached cells were fixed in PME (100 mM Pipes, pH 7.0, 5 mM
EGTA, 10 mM MgSO4) plus 2% paraformaldehyde, 0.025% Triton
X-100, 100 uM MBS, and 100 uM EGS for 30 min at 37°C. Cells were
again pelleted, washed with PME, resuspended with PME, and ad-
hered to poly-L-lysine— (Sigma-Aldrich) coated coverslips. Cells were
permeabilized in PME + 0.1% Triton X-100 for 10 min, then washed
twice with PME + 0.05% Triton X-100 and blocked for 30 min in PME-
BALG (PME + 1% bovine serum albumin, 0.1% NaN3, 100 mM lysine,
0.5% cold water fish skin gelatin ; Sigma-Aldrich, St. Louis, MO).
Cells were stained with rabbit anti-GlActin antibody 28PB+1
(Paredez et al., 2011) and mouse monoclonal anti-HA (Clone HA7;
Sigma-Aldrich) both diluted 1:125 in PMEBALG and incubated
overnight. After three subsequent washes with PME + 0.05% Triton
X-100, cells were incubated with Alexa-488 goat anti-mouse and
Alexa-555 goat anti—a-rabbit (Sigma-Aldrich, St. Louis, MO; diluted
1:150 in PMEBALG) for 1 h. Cells were washed three times with PME
+ 0.05% Triton X-100. The coverslips were mounted with ProLong
Gold or Prolong Diamond anti-fade plus DAPI (ThermoFisher Scien-
tific, Rockford, IL). Fluorescence deconvolution microscopy images
were collected as described in Hardin et al. (2017). For all standard
resolution microscopy experiments, a minimum of 200 cells were
examined with at least 20 imaged per experiment. Structured illumi-
nation images were acquired on an OMX SR (GE Healthcare).
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Morpholino knockdown and growth assays

Trophozoites were cultured until 85-100% confluence, placed on ice
for 30 min to detach cells, pelleted at 500 x g for 5 min, and medium
was replaced with 1.0 ml fresh ice-cold Giardia growth medium.
Cells and cuvettes were chilled on ice. Lyophilized morpholinos
listed in Supplemental Table S1 (Gene Tools, Philomath, OR) were
resuspended in sterile water and 30 pl of a 100 mM morpholino
stock was added to 300 pl of cells in a 4-mm cuvette. We used Gene
Tools standard control morpholino as a negative control. Cells were
electroporated (375 V, 1000 pF, 750 ohms; GenePulser Xcell; Bio-
Rad, Hercules, CA) and returned to growth medium. See Krtkova
and Paredez (2017) for a detailed protocol.

Western blot analysis

Giardia trophozoites were chilled on ice for 30 min to detach them
from the culture tube side walls. Cells were pelleted at 700 x g,
washed once in HEPES buffered saline, then resuspended in 300 pl
of lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 7.5% glycerol,
0.25 mM CaCly, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfo-
nyl fluoride, 0.1% Triton X-100, Halt 100X Protease Inhibitor Cocktail
(ThermofFisher Scientific), then sonicated. The lysate was cleared by
centrifugation at 10,000 x g for 10 min at 4°C and then boiled in 2x
Laemmli Sample Buffer (Bio-Rad). After SDS-PAGE, samples were
transferred to Immobilon-FL membrane (Millipore) following the
manufacturers’ directions. Primary polyclonal rabbit anti-GJActin
28PB+1 (Paredez et al., 2011), monoclonal anti-HA mouse HA7 an-
tibodies (IgG1; Sigma-Aldrich), 6-11B-1 anti-acetylated tubulin
(IgG2b), and DMA1 anti—a-tubulin (IgG1, Sigma-Aldrich) were di-
luted 1:2500 in blocking solution (5% dry milk, 0.05% Tween-20 in
TBS). Secondary isotype-specific anti-mouse Alexa-555 or anti-rab-
bit Alexa-647 antibodies (Molecular Probes) were used at 1:2500.
Horseradish peroxidase-linked anti-mouse or anti-rabbit antibodies
(Bio-Rad) were used at 1:7000. Multiplexed immunoblots were im-
aged on a Chemidoc MP (Bio-Rad). Digital images were exported to
16-bit TIFF files and protein levels were determined by measuring
integrated density using ImageJ (Schneider et al., 2012). Protein lev-
els in Figure 2A were normalized using actin as a loading control.
For equal loading in Figure 4D the cells were counted using a MoxiZ
Coulter counter (ORFLO) and the total cell number was adjusted to
match the tube with the lowest cell number before making lysates.
Reported values are the mean of three independent experiments.

SEM

For SEM analysis, trophozoites were pelleted at 700 x g for 7 min,
fixed with 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.4 and incubated for 1 h. After fixation, cells were pel-
leted again at 700 x g for 7 min and washed twice and resuspended
in PBS. Cells were adhered to poly-I-lysine- (Sigma-Aldrich) coated
coverslips for 15 min, then washed three times for 5 min with PBS
and postfixed in 1% OsOy4 for 1 h. Cells were washed three times for
5 min with dH,O, dehydrated in alcohol, dried to critical point with
COy, sputter coated with gold, and analyzed on a JEOL JSM-840A
scanning electron microscope.

Accession numbers

Genes/proteins. Nek8445: GL50803_8445; Axoneme Exit Site
Protein:  GL50803_8855; Rab11: GL50803_1695; Actin:
GL50803_40817; §-giardin: GL50803_86676.

ACKNOWLEDGMENTS

We thank Christine Wong for technical assistance and Wai Pang
for help with the SEM. We thank Elizabeth Thomas and

Molecular Biology of the Cell



Melissa Steele-Ogus for help with editing and preparing figures.
This work was supported by National Institutes of Health award
RO1AI110708 to A.R.P. and R21A1127493 to E.A.M. The funders had
no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

REFERENCES

Absalon S, Blisnick T, Bonhivers M, Kohl L, Cayet N, Toutirais G, Buisson J,
Robinson D, Bastin P (2008). Flagellum elongation is required for correct
structure, orientation and function of the flagellar pocket in Trypano-
somabrucei. J Cell Sci 121, 3704-3716.

Ansell BR, McConville MJ, Ma'ayeh SY, Dagley MJ, Gasser RB, Svard SG,
Jex AR (2015). Drug resistance in Giardiaduodenalis. Biotechnol Adv 33,
888-901.

Avidor-Reiss T, Leroux MR (2015). Shared and distinct mechanisms of com-
partmentalized and cytosolic ciliogenesis. Curr Biol 25, R1143-R1150.

Benchimol M (2004). Participation of the adhesive disc during karyokinesis
in Giardialamblia. Biol Cell 96, 291-301.

Benchimol M, Piva B, Campanati L, de Souza W (2004). Visualization of the
funis of Giardialamblia by high-resolution field emission scanning elec-
tron microscopy—new insights. J Struct Biol 147, 102-115.

Bower R, Tritschler D, Vanderwaal K, Perrone CA, Mueller J, Fox L, Sale WS,
Porter ME (2013). The N-Drc forms a conserved biochemical complex
that maintains outer doublet alignment and limits microtubule sliding in
motile axonemes. Mol Biol Cell 24, 1134-1152.

Bradley BA, Quarmby LM (2005). A Nima-related kinase, Cnk2p, regulates
both flagellar length and cell size in Chlamydomonas. J Cell Sci 118,
3317-3326.

Barker AR, Renzaglia KS, Fry K, Dawe HR (2014). Bioinformatic analysis
of ciliary transition zone proteins reveals insights into the evolution of
ciliopathy networks. Bmc Genomics 15, 531.

Briggs LJ, Davidge JA, Wickstead B, Ginger ML, Gull K (2004). More than
one way to build a flagellum: comparative genomics of parasitic proto-
zoa. Curr Biol 14, R611-R612.

Brown JR, Schwartz CL, Heumann JM, Dawson SC, Hoenger A (2016). A de-
tailed look at the cytoskeletal architecture of the Giardialamblia ventral
disc. J Struct Biol 194, 38-48.

Carpenter ML, Cande WZ (2009). Using morpholinos for gene knockdown in
Giardiaintestinalis. Eukaryot Cell 8, 916-919.

Carvalho KP, Monteiro-Leal LH (2004). The caudal complex of Giardia
lamblia and its relation to motility. Exp Parasitol 108, 154-162.

Chang J, Baloh RH, Milbrandt J (2009). The Nima-family kinase Nek3 regu-
lates microtubule acetylation in neurons. J Cell Sci 122, 2274-2282.

Chen CT, Gubbels MJ (2013). The Toxoplasma gondii centrosome is the
platform for internal daughter budding as revealed by a Nek1 kinase
mutant. J Cell Sci 126, 3344-3355.

Cohen S, Aizer A, Shav-Tal Y, Yanai A, Motro B (2013). Nek7 kinase ac-
celerates microtubule dynamic instability. Biochim Biophys Acta 1833,
1104-1113.

Correa G, Benchimol M (2006). Giardia lamblia behavior under cytochala-
sins treatment. Parasitol Res 98, 250-256.

Dawson SC, Nosala C (2017). The Ventral disc is a flexible microtubule or-
ganelle that depends on domed ultrastructure for functional attachment
of Giardialamblia. bioRxiv, 213421.

Erlandsen SL, Russo AP, Turner JN (2004). Evidence for adhesive activity
of the ventrolateral flange in Giardia lamblia. J Eukaryot Microbiol 51,
73-80.

Faragher AJ, Fry AM (2003). Nek2a kinase stimulates centrosome disjunc-
tion and is required for formation of bipolar mitotic spindles. Mol Biol
Cell 14, 2876-2889.

Fry AM, Bayliss R, Roig J (2017). Mitotic regulation by Nek kinase networks.
Front Cell Dev Biol 5, 102.

Goncalves J, Pelletier L (2017). The ciliary transition zone: finding the pieces
and assembling the gate. Mol Cells 40, 243-253.

Gourguechon S, Cande WZ (2011). Rapid tagging and integration of genes
in Giardiaintestinalis. Eukaryot Cell 10, 142-145.

Gourguechon S, Holt LJ, Cande WZ (2013). The Giardia cell cycle pro-
gresses independently of the anaphase-promoting complex. J Cell Sci
126, 2246-2255.

Govindaraghavan M, McGuire Anglin SL, Shen KF, Shukla N, De Souza CP,
Osmani SA (2014). Identification of interphase functions for the Nima
kinase involving microtubules and the ESCRT pathway. PLoS Genet 10,
€1004248.

Volume 31 July 15, 2020

Halpern AR, Alas GCM, Chozinski TJ, Paredez AR, Vaughan JC (2017).
Hybrid structured illumination expansion microscopy reveals microbial
cytoskeleton organization. ACS Nano 11, 12677-12686.

Hansen WR, Tulyathan O, Dawson SC, Cande WZ, Fletcher DA (2006).
Giardialamblia attachment force is insensitive to surface treatments.
Eukaryot Cell 5, 781-783.

Hardin WR, Li R, Xu J, Shelton AM, Alas GCM, Minin VN, Paredez AR
(2017). Myosin-independent cytokinesis in Giardia utilizes flagella to
coordinate force generation and direct membrane trafficking. Proc Natl
Acad Sci USA 114, E5854-E5863.

Hennessey KM, Smith TR, Xu JW, Alas GC, Ojo KK, Merritt EA, Paredez AR
(2016). Identification and validation of small-gatekeeper kinases as drug
targets in Giardia lamblia. PLoS Negl Trop Dis 10, e€0005107.

Hoeng JC, Dawson SC, House SA, Sagolla MS, Pham JK, Mancuso JJ,
Léwe J, Cande WZ (2008). High-resolution crystal structure and in vivo
function of a kinesin-2 homologue in Giardia intestinalis. Mol Biol Cell
19, 3124-3137.

Holberton DV (1973). Fine structure of the ventral disk apparatus and the
mechanism of attachment in the flagellate Giardia muris. J Cell Sci 13,
11-41.

Horlock-Roberts K, Reaume C, Dayer G, Ouellet C, Cook N, Yee J (2017).
Drug-free approach to study the unusual cell cycle of Giardia intestinalis.
mSphere 2 e00384-16.

House SA, Richter DJ, Pham JK, Dawson SC (2011). Giardia flagellar motility
is not directly required to maintain attachment to surfaces. PLoS Pathog
7,e1002167.

Janke C, Montagnac G (2017). Causes and consequences of microtubule
acetylation. Curr Biol 27, R1287-R1292.

Jenkins MC, O'Brien CN, Murphy C, Schwarz R, Miska K, Rosenthal B, Trout
JM (2009). Antibodies to the ventral disc protein 8-giardin prevent in
vitro binding of Giardialamblia trophozoites. J Parasitol 95, 895-899.

Keister DB (1983). Axenic culture of Giardia-lamblia in Tyi-S-33 medium
supplemented with bile. Trans R Soc Trop Med Hyg 77, 487-488.

Keyloun KR, Reid MC, Choi R, Song Y, Fox AMW, Hillesland HK, Zhang Z,
Vidadala R, Merritt EA, Lau AQT, et al. (2014). The gatekeeper residue
and beyond: homologous calcium-dependent protein kinases as drug
development targets for veterinarian apicomplexa parasites. Parasitol-
ogy 141, 1499-1509.

Kim J, Park SJ (2019). Roles of end-binding 1 protein and gamma-tubulin
small complex in cytokinesis and flagella formation of Giardia lamblia.
MicrobiologyOpen 8, e00748.

Krtkova J, Paredez AR (2017). Use of translation blocking morpholinos for
gene knockdown in Giardia lamblia. Methods Mol Biol 1565, 123-140.

Lalle M (2010). Giardiasis in the post genomic era: treatment, drug resis-
tance and novel therapeutic perspectives. Infect Disord Drug Targets 10,
283-294.

Lane S, Lloyd D (2002). Current trends in research into the waterborne
parasite Giardia. Crit Rev Microbiol 28, 123-147.

Lenaghan SC, Davis CA, Henson WR, Zhang Z, Zhang M (2011). High-speed
microscopic imaging of flagella motility and swimming in Giardia lamblia
trophozoites. Proc Natl Acad Sci USA 108, E550-E558.

Lin F, Hiesberger T, Cordes K, Sinclair AM, Goldstein LS, Somlo S, Igarashi
P (2003). Kidney-specific inactivation of the Kif3a subunit of kinesin-II
inhibits renal ciliogenesis and produces polycystic kidney disease. Proc
Natl Acad Sci USA 100, 5286-5291.

Mahjoub MR, Qasim Rasi M, Quarmby LM (2004). A NIMA-related kinase,
Fa2p, localizes to a novel site in the proximal cilia of Chlamydomonas
and mouse kidney cells. Mol Biol Cell 15, 5172-5186.

Manning G, Reiner DS, Lauwaet T, Dacre M, Smith A, Zhai Y, Svard S, Gillin
FD (2011). The minimal kinome of Giardia lamblia illuminates early
kinase evolution and unique parasite biology. Genome Biol 12, R66.

Mariante RM, Vancini RG, Melo AL, Benchimol M (2005). Giardia lamblia:
evaluation of the in vitro effects of nocodazole and colchicine on tropho-
zoites. Exp Parasitol 110, 62-72.

Mclnally SG, Dawson SC (2016). Eight unique basal bodies in the multi-
flagellated Ddiplomonad Giardia lamblia. Cilia 5, 21.

Mclnally SG, Hagen KD, Nosala C, Williams J, Nguyen K, Booker J, Jones
K, Dawson SC (2019a). Robust and stable transcriptional repression in
Giardia using CRISPRi. Mol Biol Cell 30, 119-130.

Mclnally SG, Kondev J, Dawson SC (2019b). Length-dependent disassem-
bly maintains four different flagellar lengths in Giardia. elife 8, e48694.

Meng D, Pan J (2016). A NIMA-related kinase, CNK4, regulates ciliary stabil-
ity and length. Mol Biol Cell 27, 838-847.

Nohynkova E, Tumova P, Kulda J (2006). Cell division of Giardiaintestinalis:
flagellar developmental cycle involves transformation and exchange

Nek8445 microtubule regulation | 1621



of flagella between mastigonts of a diplomonad cell. Eukaryot Cell 5,
753-761.

Nosala C, Hagen KD, Dawson SC (2018). ‘Disc-o-fever’: getting down
with Giardia's groovy microtubule organelle. Trends Cell Biol 28,
99-112.

O’Connell MJ, Krien MJ, Hunter T (2003). Never say never. The NIMA-
related protein kinases in mitotic control. Trends Cell Biol 13,
221-228.

O'Regan L, Fry AM (2009). The Neké and Nek? protein kinases are required
for robust mitotic spindle formation and cytokinesis. Mol Cell Biol 29,
3975-3990.

Paredez AR, Assaf ZJ, Sept D, Timofejeva L, Dawson SC, Wang CJ, Cande
WZ (2011). An actin cytoskeleton with evolutionarily conserved functions
in the absence of canonical actin-binding proteins. Proc Natl Acad Sci
USA 108, 6151-6156.

Parker JD, Bradley BA, Mooers AO, Quarmby LM (2007). Phylogenetic
analysis of the Neks reveals early diversification of ciliary-cell cycle
kinases. PLoS One 2, e1076.

Pedersen LB, Miller MS, Geimer S, Leitch JM, Rosenbaum JL, Cole DG
(2005). Chlamydomonas IFT172 is encoded by FLA11, interacts with
CrEB1, and regulates IFT at the flagellar tip. Curr Biol 15, 262-266.

Poirier CC, Ng WP, Robinson DN, Iglesias PA (2012). Deconvolution of the
cellular force-generating subsystems that govern cytokinesis furrow
ingression. PLoS Comput Biol 8, €1002467.

Prosser SL, Sahota NK, Pelletier L, Morrison CG, Fry AM (2015). Nek5
promotes centrosome integrity in interphase and loss of centrosome
cohesion in mitosis. J Cell Biol 209, 339-348.

Qin H, Diener DR, Geimer S, Cole DG, Rosenbaum JL (2004). Intraflagellar
transport (IFT) cargo: IFT transports flagellar precursors to the tip and
turnover products to the cell body. J Cell Biol 164, 255-266.

Ralston KS, Lerner AG, Diener DR, Hill KL (2006). Flagellar motility con-
tributes to cytokinesis in Trypanosoma brucei and is modulated by an

1622 | K. M. Hennessey et al.

evolutionarily conserved dynein regulatory system. Eukaryot Cell 5,
696-711.

Rotella DP (2012). Recent results in protein kinase inhibition for tropical
diseases. Bioorg Med Chem Lett 22, 6788-6793.

Sagolla MS, Dawson SC, Mancuso JJ, Cande WZ (2006). Three-dimensional
analysis of mitosis and cytokinesis in the binucleate parasite Giardia
intestinalis. J Cell Sci 119, 4889-4900.

Schneider CA, Rasband WS, Eliceiri KW (2012). NIH image to Imagej: 25
years of image analysis. Nat Methods 9, 671-675.

Schroder JM, Schneider L, Christensen ST, Pedersen LB (2007). EB1 is re-
quired for primary cilia assembly in fibroblasts. Curr Biol 17, 1134-1139.

Shaner NC, Lambert GG, Chammas A, Ni Y, Cranfill PJ, Baird MA, Sell
BR, Allen JR, Day RN, Israelsson M, et al. (2013). A bright monomeric
green fluorescent protein derived from Branchiostoma lanceolatum. Nat
Methods 10, 407-409.

Smith AJ, Lauwaet T, Davids BJ, Gillin FD (2012). Giardia lamblia Nek1 and
Nek2 kinases affect mitosis and excystation. Int J Parasitol 42, 411-419.

Surpili MJ, Delben TM, Kobarg J (2003). Identification of proteins that
interact with the central coiled-coil region of the human protein kinase
NEK1. Biochemistry 42, 15369-15376.

Takatani S, Otani K, Kanazawa M, Takahashi T, Motose H (2015). Structure,
function, and evolution of plant NIMA-related kinases: implication for phos-
phorylation-dependent microtubule regulation. J Plant Res 128, 875-891.

Tumova P, Kulda J, Nohynkova E (2007). Cell division of Giardia intestinalis:
assembly and disassembly of the adhesive disc, and the cytokinesis. Cell
Motil Cytoskeleton 64, 288-298.

Wloga D, Camba A, Rogowski K, Manning G, Jerka-Dziadosz M, Gaertig J
(2006). Members of the NIMA-related kinase family promote disassem-
bly of cilia by multiple mechanisms. Mol Biol Cell 17, 2799-2810.

Zhang W, Robinson DN (2005). Balance of actively generated contractile
and resistive forces controls cytokinesis dynamics. Proc Natl Acad Sci
USA 102, 7186-7191.

Molecular Biology of the Cell





