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Loss of the canonical spindle orientation function
in the Pins/LGN homolog AGS3
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Abstract

In many cell types, mitotic spindle orientation relies on the canoni-
cal “LGN complex” composed of Pins/LGN, Mud/NuMA, and Gai
subunits. Membrane localization of this complex recruits motor
force generators that pull on astral microtubules to orient the
spindle. Drosophila Pins shares highly conserved functional
domains with its two vertebrate homologs LGN and AGS3. Whereas
the role of Pins and LGN in oriented divisions is extensively docu-
mented, involvement of AGS3 remains controversial. Here, we
show that AGS3 is not required for planar divisions of neural
progenitors in the mouse neocortex. AGS3 is not recruited to the
cell cortex and does not rescue LGN loss of function. Despite
conserved interactions with NuMA and Gai in vitro, comparison of
LGN and AGS3 functional domains in vivo reveals unexpected dif-
ferences in the ability of these interactions to mediate spindle
orientation functions. Finally, we find that Drosophila Pins is
unable to substitute for LGN loss of function in vertebrates, high-
lighting that species-specific modulations of the interactions
between components of the Pins/LGN complex are crucial in vivo
for spindle orientation.
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Introduction

Oriented cell divisions (OCD) play an essential role in the develop-

ment, growth, and homeostasis of many tissues [1,2]. They rely on

the specific orientation of the mitotic spindle during mitosis, which

controls the position of the cleavage plane and hence the position of

the two daughter cells within the tissue. In many cell types, OCD

relies on an evolutionary conserved protein complex composed of

Pins/LGN, Mud/NuMA, and Gai subunits of heterotrimeric G

proteins. In response to intra- or extracellular polarity cues, a local

enrichment of this complex at specific cortical regions of the divid-

ing cell is used to recruit motor proteins of the dynein/dynactin

complex [3–5]. This creates an imbalance in cortical forces exerted

on astral microtubules and drives mitotic spindle movements and

orientation [1,6].

A conserved role for Pins and its homolog LGN [7] in mitotic

spindle orientation has been largely documented in Drosophila and

vertebrates [8–12]. In particular, mouse LGN was able to substitute

for Pins and rescue both spindle orientation and associated asym-

metric cell division defects of embryonic neuroblasts in a Drosophila

pins mutant background [13]; in addition to this role in spindle

orientation, mouse LGN has been involved in the regulation of G

protein-activated inwardly rectifying potassium (GIRK) channels

[14], and in regulating spine density in cortical neurons [15], a func-

tion that requires its ability to interact with MAGUK proteins of the

Dlg family. LGN is also essential for the establishment of the planar

polarization and the organization of stereocilia bundles in cochlear

hair cells [16–18], and LGN mutations have been associated with

deafness in mice and humans [19–21].

In addition to LGN, the canonical Drosophila Pins possesses

another homologous gene in vertebrates named AGS3 [22]. AGS3

has been studied in a number of cell types in vitro and in a mouse

loss-of-function model, and implicated in a diverse set of cellular,

organ, and physiological functions, ranging from autophagy, Golgi

apparatus organization, protein trafficking, and drug craving, but a

clear picture of its cellular function has yet to emerge [23]. In addi-

tion, LGN and/or AGS3 show polarized recruitment and may be

functionally involved in heterotrimeric G-protein-dependent chemo-

taxis of mouse neutrophils [24].

All three genes belong to the type II class of receptor-independent

activator of G-protein signaling (AGS) family [23]. They share exten-

sive sequence, structure homology, and biochemical interactions
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(Fig 1A) [13]. Their N-terminal TPR domain (containing eight tetra-

tricopeptide repeats, seven of which contain a leucine–glycine–

asparagine motif which gave LGN its name) is involved in multiple

protein–protein interactions, and in particular in the interaction with

NuMA, which is crucial for the spindle orientation function. The

C-terminal GPR (G-protein regulatory) region contains three (in

Pins) or four (in LGN and AGS3) GoLoco motifs; GoLoco are 15- to

20-aa Gai/o-interacting domains with a guanine dissociation inhibi-

tory activity [25,26]. Within the GPR region, GoLoco motifs are

separated by 11- to 25-aa-long sequences that are thus far thought

to mainly serve as spacers allowing the simultaneous interaction of

the GPR region with multiple Gai subunits [23]. A less conserved

linker region separates the TPR and GPR domains. Recently, we

have shown that the direct interaction between the phosphorylated

linker domain of LGN and the baso-lateral protein Dlg1/SAP97 is

crucial for mitotic spindle orientation in chick neuroepithelial

progenitors and cultured HeLa cells [27], a function that is

conserved in its ortholog Dlg in some fly epithelial tissues [28].

AGS3 and LGN probably appeared through the duplication of a

common Pins-like ancestor and they have clearly evolved new and

different functions, through the acquisition of specific interactions

[23]. This raises the question of whether only one of them, or both,

retained the capacity to control spindle orientation. Interestingly,

while the linker region of AGS3 does not interact with Dlg family

members [15,29], one previous study proposed a role for AGS3

during mitotic spindle orientation in the mouse embryonic cortex

[30], but the mechanism is unclear.

In this study, we explored whether LGN and AGS3 have both

retained the “spindle orientation” function of their common ances-

tor. We first observed that AGS3 is not required for planar spindle

orientation in a mouse knockout line, and that AGS3 is not recruited

to the cell cortex in mouse neural progenitors. We then used the

LGN-dependent planar divisions of neural progenitors in the chick

neural tube as an in vivo model to compare the functions of LGN

and AGS3, and found that AGS3 cannot substitute for LGN. In-depth

analysis through multiple AGS3/LGN chimeras showed that dif-

ferences in several functional domains contribute to AGS3’s loss of

the ability to control mitotic spindle orientation. Remarkably, we

also found that Drosophila Pins was unable to substitute for LGN in

vertebrates, despite the interchangeability of both molecules in the

fly. Our study suggests that despite similar binding affinities

observed between LGN and AGS3 and their common interaction

partners in vitro, other as yet unidentified partners are required to

allow these interactions to occur in vivo.

Results and Discussion

AGS3 is cytoplasmic during progenitor division and is not able to
rescue LGN loss of function

Since LGN and AGS3 share extensive domain composition and

sequence homology (Fig 1A), it has been proposed that both mole-

cules may share functional properties and that both could be

involved in spindle orientation. We generated a mouse AGS3 mutant

strain lacking the GPR region (AGS3DC, Fig EV1) and investigated

spindle orientation in mouse cortical progenitors. Remarkably, the

orientation of divisions in anaphase was undistinguishable between

control and AGS3DC mutant cells (Fig 1B), in agreement with our

previous observations using siRNA (unpublished and [8]) but in

contrast to a previous report [30]. To better characterize this func-

tional difference, we compared the localization of GFP-LGN and

GFP-AGS3 fusion proteins during mitosis in several cell types known

to rely on LGN for their spindle orientation [8,9,11]. In radial glial

cells of the mouse embryonic cortex, in chick embryonic spinal cord

neural progenitors, and in MDCK cells, AGS3 failed to be recruited

to the cell cortex during mitosis (Fig 1C–E). By contrast, LGN was

consistently enriched at the cortex in all three cell types, consistent

with its well-documented role in recruiting cortical force generators

and its requirement for planar cell division in both mouse and chick

neural progenitors. The knockout phenotype and the different local-

ization of the two molecules suggest that AGS3 and LGN do not play

a redundant role in spindle orientation in these cells.

We previously reported that full-length AGS3 is not produced in

the chick, due to a frame shift in the coding sequence [9]. We

thought of using this characteristic to our advantage by exploring

LGN and AGS3 functional divergences in the chick neural tube.

Throughout this study, we used mouse AGS3 and mouse LGN

cDNAs in functional and localization experiments in vivo. Subcellu-

lar distribution was performed in dividing chick neuroepithelial

progenitors by in ovo electroporation using low-level expression of

GFP-tagged molecules from the weak CMV promoter, in order to

avoid saturation of the cell and potential localization artifacts. By

contrast, rescue and gain-of-function experiments were performed

with “high-level” expression from the strong CAG promoter. In

particular, we have previously shown that mouse LGN is able to

rescue the LGN RNAi phenotype in the chick neural tube [9] (see

also Fig 1F and G). Besides, whereas in vitro studies have

described that overexpression of LGN induced defects in spindle

orientation relative to the adhesion substrate in HeLa cells [4] and

exaggerated spindle rocking in MDCK cells [31], we reported that

overexpression of mouse LGN in vivo from the CAG promoter does

not prevent planar spindle orientation in the neural tube [9] (see

also Fig 1H).

In agreement with its cytoplasmic distribution in mitotic

neuroepithelial cells, AGS3 was unable to substitute for LGN and

failed to rescue spindle orientation defects resulting from LGN

knockdown, whereas expression of LGN restored planar spindle

orientation (Fig 1F and G for quantification). In addition, we

controlled whether AGS3 misexpression may exert a dominant nega-

tive effect: like LGN, AGS3 expression in a wild-type (wt) back-

ground did not cause any spindle orientation defect (Fig 1H).

AGS3 and LGN may compete for the interaction with Gai sub-
units at the cell cortex: We therefore analyzed the distribution of

GFP-AGS3 in an LGN RNAi background. However, even in the

absence of LGN, AGS3 remained cytoplasmic in chick neuroepithe-

lial cells (Fig EV3A). As the two proteins share strong sequence

homology, domain composition, and extensive structural similari-

ties, we decided to explore the molecular basis for this functional

difference.

The linker domain of LGN does not confer the ability to regulate
mitotic spindle orientation to AGS3

We have previously established that a direct interaction between

LGN and the baso-lateral protein Dlg1 is necessary for the mitotic
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Figure 1. The LGN homolog AGS3 is cytoplasmic and does not regulate mitotic spindle orientation in the vertebrate neuroepithelium.

A LGN/AGS3 protein structure and functional domains required for interaction with NuMA, Dlg1, and Gai. The black cross and question mark, respectively, point
toward absent or uncharacterized interaction.

B Spindle orientation in anaphase is normal in radial glial cells of AGS3DC mice at E14.5 (mean � SEM, n = 41 and 51 cells from 3 and 4 embryos, respectively;
ns = not significant, Mann–Whitney test).

C In mouse radial glial cells at E14.5, both endogenous LGN and a GFP-mLGN fusion protein accumulate at the cell cortex whereas GFP-mAGS3 is cytoplasmic
throughout mitosis.

D, E GFP-mLGN is cortical and GFP-mAGS3 is cytoplasmic in dividing chick neural progenitors at E3 (D) and in MDCK cells (E).
F Z-view examples of typical spindle orientation observed upon LGN RNAi and rescue experiments with different LGN and AGS3 constructs in chick neural

progenitors at E3. The dashed lines indicate the apical surface and the solid lines the mitotic spindle angle.
G, H Quantification of mitotic spindle angles in LGN RNAi rescue experiment (G) or after misexpression in a wt background (H) in the chick spinal cord (mean � SEM,

n > 50 cells from at least three different embryos per condition; ns = not significant, ****P < 0.0001, Mann–Whitney test).

Data information: Scale bars: 5 lm in all panels except panel (E) (10 lm).

ª 2017 The Authors EMBO reports Vol 18 | No 9 | 2017

Mehdi Saadaoui et al LGN and AGS3 in spindle orientation EMBO reports

1511



spindle orientation function of LGN in the chick neural tube [27].

This interaction relies on the 130-amino-acid-long linker domain of

LGN, and in vitro experiments have defined a short peptide of 18

aa containing a core RRHpS motif inside the linker as a binding

interface between LGN and the C-terminal guanylate kinase (GK)

domain of Dlg (Fig 2A) [29]. Neither the AGS3 linker nor a short

AGS3 peptide encompassing the same region is able to interact with

Dlg [15,29]. Phosphorylation of the serine in the RRHpS motif is

essential for interaction with Dlg GK domain in vitro [29], and a

serine to alanine substitution in this motif strongly reduces the

cortical recruitment of full-length LGN and abolishes its spindle

orientation capability in vivo [27]. The crucial serine residue is

conserved between LGN and AGS3. However, the arginine (R)

residue localized at position –3, an essential element of the consen-

sus R-X-X-S/T sequence recognized by multiple kinases, is replaced

by a glutamine (Q) in AGS3; besides, an alanine substitution at this

position in the PhosphoLGN peptide caused a fivefold decrease in

the binding affinity between LGN and Dlg, even though the peptide

contained a phosphorylated serine in these experiments [29]. We

therefore reasoned that the ability of AGS3 to be phosphorylated on

this particular serine residue is impaired, but that a Q-R substitu-

tion in AGS3 may restore phosphorylation of the linker domain,

promote interaction with Dlg1, and confer LGN-like spindle orienta-

tion properties to AGS3. However, a GFP fusion to AGS3QR still

displayed a cytoplasmic localization in neuroepithelial cells

(Fig 2B), and AGS3QR was unable to rescue spindle orientation

defects in an LGN knockdown background (Fig 2C and D). We then

swapped increasing parts of the linker domain between LGN and

AGS3 (Figs 2 and EV2). To our surprise, even a complete replace-

ment of the linker did not change the cytoplasmic localization of

the GFP-tagged AGS3LGN-linker chimera (Fig 2B). Likewise,

AGS3LGN-linker expression did not rescue spindle orientation in an

LGN RNAi background (Fig 2C and D). Hence, the inability of

AGS3 to interact with Dlg1 is not sufficient to explain its inability

to control spindle orientation.

In line with this conclusion, we also found that overexpression

of AGS3QR and AGS3LGN-linker, respectively, caused mild—but

significant—and strong spindle misorientation (Fig EV3B). This

dominant effect may be explained by a competition between these

constructs and endogenous LGN for the interaction with Dlg1

combined to their inability to interact with one or more other LGN

partners. Consistent with this hypothesis, expression of AGS3LGN-linker

led to the cytoplasmic accumulation of a GFP-Dlg1 construct

compared to the control situation, although GFP-Dlg1 was still

observed at the cell cortex (Fig EV3C). We therefore set out to iden-

tify other important differences between LGN and AGS3.

Differential cortical recruitment of the GPR domains of LGN and
AGS3 in mitotic progenitors in vivo

We have previously shown that both linker and GPR domains of

LGN are required for its cortical recruitment. In particular, a

mutated LGN that is unable to interact with Dlg1 (LGNSA) still

displays residual cortical recruitment [27,32]. By contrast, we did

not detect any cortical staining with AGS3 (Figs 1B and 2B). This

suggested that the GPR domain of AGS3 may not be able to mediate

cortical recruitment and led us to ask whether the GPR domains of

LGN and AGS3 are functionally distinct. We generated a chimeric

construct in which the GPR domains of LGN were replaced by those

of AGS3 (LGNAGS3-GPR). A GFP-tagged version of this chimera

displayed a cytoplasmic localization, both in mouse radial glial cells

(Fig 3A) and in chick neuroepithelial progenitors (Fig 3B). Remark-

ably, co-expression of Gai led to a strong cortical recruitment of

LGNAGS3-GPR in mouse radial glial cells (Fig 3A). This suggested that

AGS3 GPR domain does not interact with cortical Gai subunits

in vivo. Accordingly, the chimera was unable to rescue the LGN loss-

of-function phenotype in the chick neuroepithelium (Fig 3C). In addi-

tion, when overexpressed in a wild-type background, LGNAGS3-GPR

caused a dominant spindle misorientation phenotype (Fig 3D) simi-

lar to the dominant effect of the AGS3LGN-linker construct described

above (Fig EV3B). Remarkably, when Myc-tagged LGNAGS3-GPR was

expressed in combination with GFP-LGNwt, the latter was poorly

recruited to the cell cortex (Fig 3E); this suggests that the dominant

phenotype results from a competition with endogenous LGN for

interaction with other partners, most likely Dlg1 but also possibly

NuMA, reducing LGN cortical recruitment and preventing the

formation of a functional Gai/LGN/NuMA complex at the cortex.

Indeed, GFP-Dlg1 was also enriched in the cytoplasm in these cells

(Figs 3E and EV3C). The inability of the chimera to localize to the

cortex could be due to its failure to switch from an inactive, closed

state (where TPR and GPR domains interact together intramolecu-

larly and bind poorly to Gai and NuMA) to an open active conforma-

tion [31,33], or to a reduced affinity of the GPR toward Gai. We

addressed the second point by comparing the distribution of GFP-

tagged GPR domains alone from LGN and AGS3 during progenitor

division. Whereas GPRLGN was enriched at the cell cortex as reported

previously [27], GPRAGS3 was cytoplasmic (Fig 3F, upper panels).

Experiments in vitro have reported that individual GoLoco motifs

from AGS3 and LGN present similar binding affinity toward Gai
subunits. While the core 19 amino acid GoLoco motif only shows

weak affinity, experiments with “extended” GoLoco sequences

including six to 35 additional amino acids C-terminal to the core

GoLoco motif have shown that these downstream sequences modu-

late the binding of individual GoLoco motifs [34,35], indicating that

they may contribute to the global affinity of the protein toward Gai.
However, the in vitro affinity of the whole purified GPR domains

toward Gai appeared very similar between LGN and AGS3, although

marginally higher for LGN [36].

We therefore wondered whether a conformational difference

related to the sequences separating individual GoLoco motifs

(thereafter called interdomains) in LGN and AGS3 might be

responsible for differential accessibility to cortical Gai subunits

in vivo. To test this idea, we generated complete chimeras within

the GPR domains of AGS3 and LGN, in which we swapped the

four GoLoco domains between AGS3 and LGN, leaving interdo-

mains unchanged, and vice versa. Indeed, we found that the

chimera containing the GoLoco domains of AGS3 and the interdo-

mains of LGN (GPRAGS3interLGN) was recruited to the cortex as effi-

ciently as GPRLGN, while the converse construct (GPRLGNinterAGS3)

was essentially cytoplasmic, similar to GPRAGS3 (Fig 3F and G).

Similarly, a Myc-tagged version of full-length LGN in which only

the GoLoco had been replaced by those from AGS3 (LGNAGS3Goloco)

was recruited to the cortex, whereas a construct containing only

the interdomains from AGS3 (LGNAGS3interdomain) remained cyto-

plasmic (Fig 3H). Surprisingly, when expressed in an LGN RNAi

background, LGNAGS3Goloco did not rescue the spindle orientation
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A, B Replacing the GPR domains of LGN with those of AGS3 (LGNAGS3-GPR chimera) delocalizes LGN from cell cortex to cytoplasm in both mouse (A) and chick (B) neural
progenitors. However, overexpressed Gai1 recruits LGNAGS3-GPR to the cell membrane (A).

C LGNAGS3-GPR is unable to rescue spindle orientation defects in an LGN RNAi background (mean � SEM, n > 60 cells; ns = not significant, Mann–Whitney test).
D Ectopic expression of LGNAGS3-GPR randomizes spindle orientation in a wt background (mean � SEM, n = 85 cells; ****P < 0.0001, Mann–Whitney test).
E GFP-LGN is partially delocalized from cell cortex to cytoplasm, and GFP-Dlg1 is stronger in the cytoplasm upon expression of LGNAGS3-GPR.
F, G Localization of GPR domain fusion constructs reveals that binding ability of GoLoco domains to cortical Gai-GDP requires specific interdomain sequences. AGS3

interdomains induce cytoplasmic localization while LGN interdomains lead to cortical enrichment of LGN/AGS3 GPR domains. The ratio between cortical and
cytoplasmic distribution of the different constructs is provided in (G) (see Materials and Methods for detail of quantification; mean � SEM, n > 8 cells/condition;
ns = not significant, **P < 0.01, one-way ANOVA test with multiple comparisons).

H A full-length LGN with AGS3 GoLoco domains (Myc-LGNAGS3-GoLoco) is cortical, (top), whereas full-length LGN with AGS3 interdomains (Myc-LGNAGS3-interdomain) is
cytoplasmic (bottom). None of these constructs rescues the LGN RNAi spindle orientation phenotype (mean � SEM, n > 40 cells; ns = not significant, Mann–
Whitney test).

I Overexpressed wt or GDP-bound G203A mutant forms or Gai1 recruits wt AGS3 to the cell membrane.

Data information: Scale bars: 5 lm in all panels. The dashed lines indicate the apical surface and the solid lines the mitotic spindle angle (C, D).
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phenotype, indicating that the observed cortical recruitment is not

sufficient to restore spindle orientation ability to the full-length

chimera. One possible explanation is that in addition to cortical

recruitment, the GoLoco motifs may have additional functions in

the context of the full-length molecule: in particular, they may be

involved in the strength of the intramolecular GPR–TPR interaction

[31,33], therefore modulating the ability to switch from closed to

open conformation and the formation of a complex with NuMA

and Gai subunits. It should be noted that GoLoco domains in our

chimeras are 23-amino-acid-long sequences that include one and

three amino acids, respectively, at the N-terminal and C-terminal

ends of each 19 amino-acids core GoLoco motif. Our data therefore

do not discriminate whether differences between core GoLocos of

AGS3 and LGN or between the immediate surrounding residues

are involved.

Overall, our data show that although individual GoLoco domains

interact with Gai subunits in vitro, they are not sufficient on their

own for cortical recruitment during mitosis in vivo, and that the

specific sequence of interdomains in the GPR plays a crucial role. In

support of this observation, we found that a single consensus

GoLoco motif [26,34] fused to a GFP reporter (GFP-GoLoco) was

not recruited to the cortex in vivo (Fig EV4A). However, co-

expression of Gai-G203A (a point mutant of Gai that is unable to

release GDP, and therefore shows a strong affinity for GoLoco

motifs) was sufficient to recruit GFP-GoLoco as well as GFP-

GPRAGS3 to the cortex (Fig EV4A and B). Similarly, we found that

full-length GFP-mAGS3 was strongly recruited to the cell cortex

upon overexpression of wt Gai or Gai-G203A (Fig 3I). This indicates

that in mitotic progenitors in vivo, endogenous Gai-GDP levels

combined with the intrinsic affinity of AGS3 or LGN GoLoco

domains alone for Gai subunits are not sufficient for cortical recruit-

ment. The interdomains contribute to the conformation of LGN and

regulate its cortical recruitment in vivo, either by favoring the acces-

sibility of GoLoco domains for Gai-GDP binding, or through the

interaction of the interdomains with an as yet unknown partner that

facilitates LGN transport to the cortex.

The TPR domains of AGS3 can only partially substitute
functionally those of LGN

Having shown that both linker and GPR domains of AGS3 and LGN

carry essential differences regarding spindle orientation, we sought

to investigate whether the highly conserved N-terminal TPR

domains also contribute to their functional specificity. Although the

conservation of TPR interaction with NuMA has been postulated, it

has not been formally shown. Using recombinant proteins, we

found that TPR domains of AGS3 indeed interact with NuMA

in vitro (Fig EV5). We then replaced the TPR domain of LGN with

that of AGS3, and investigated the subcellular distribution of a

GFP-tagged version of the chimera (LGNAGS3-TPR). Remarkably,

unlike all other chimeric constructs tested in this study,

LGNAGS3-TPR displayed a cortical distribution in mitotic cells similar

to the localization of wt LGN, confirming that both linker and GPR

domains of LGN are necessary for its correct cortical localization

(Fig 4A). However, unlike wt LGN, LGNAGS3-TPR rescued only

partially the spindle orientation phenotypes in an LGN RNAi back-

ground (aZmean = 28.7° compared to 39.8° observed in LGN loss

of function, Fig 4B). Besides, overexpression of LGNAGS3-TPR in a

wild-type background caused a mild dominant effect (aZmean = 21.5°)

and delocalized a GFP-LGN fusion construct from cell cortex to cyto-

plasm (Fig 4C and D). This suggests that despite its correct cortical

localization, the LGNAGS3-TPR chimera differs in the ability of its TPR

domains to interact with specific partners. This prevents the genera-

tion of the adequate level of force to properly orient the spindle, and

the chimera competes with endogenous LGN in this task.

To gain insight into TPR functional differences, we compared the

localization of TPR from LGN and AGS3 in chick neuroepithelial

cells. While GFP-TPRAGS3 accumulated at the spindle poles, presum-

ably via NuMA interaction, GFP-TPRLGN presented a cytoplasmic

distribution. This suggests a difference between the two TPR

domains in their ability to interact with the pool of NuMA that

locates at the spindle in vivo (Fig 4E). In addition to the interaction

with NuMA and the intramolecular interaction with the GPR

domains, the TPR domains of LGN and AGS3 have been shown to

interact with Inscuteable [37–39] and Frmpd1 [38,40]. It was also

shown recently that Afadin-6 binds LGN-TPR domains in a manner

competitive to NuMA [41]. Hence, the TPR domain emerges as an

interaction platform whose specific organization may recruit addi-

tional partners that remain to be identified. Both Afadin-6 and Insc

interactions are involved in the cortical localization of LGN. Despite

the high sequence conservation between AGS3 and LGN, discrete

changes in the amino acid sequence of the TPR region may modu-

late their relative affinity for these partners, which may account for

the different localization of the TPR domains in dividing cells, and

ultimately in the reduced ability of the LGNAGS3-TPR chimera to

control planar spindle orientation.

Drosophila Pins expression in the neuroepithelium cannot
substitute for LGN and has a dominant negative effect

Our data so far show important functional differences in all three

main domains (TPR, linker, and GPR) of AGS3 and LGN regarding

the spindle orientation function. AGS3 and LGN probably derive

from the duplication of a common ancestor. In Drosophila, a

unique pins gene shares the spindle orientation function with

LGN. Mouse LGN can substitute for Pins in asymmetric division

of embryonic neuroblasts in a Drosophila pins mutant background:

LGN recapitulated the apical distribution of Pins, and rescued the

spindle orientation defects [13], indicating that LGN can interact

in Drosophila with the essential Pins partners Mud (NuMA),

Inscuteable, and Gai. To complete our analysis, we investigated

the localization and activity of fly Pins in the chick neuroepithe-

lium. Surprisingly, YFP-tagged Pins only localized weakly at the

cell cortex compared to LGN (Fig 5A). Moreover, Pins did not

reciprocate the ability of LGN to rescue pins phenotypes, as it was

unable to rescue the LGN knockdown phenotype (Fig 5B).

Besides, overexpression of Pins had a strong dominant effect

resulting in random spindle orientation in the chick neuroepithe-

lium (Fig 5C).

While LGN and AGS3 GPR domains consist of four GoLoco

domains, Pins only has three GoLoco domains [13]. The dominant

effect might therefore result from the weaker cortical attachment of

fly Pins in chick neuroepithelial cells: in this scenario, Pins would

be inefficient at generating forces in the neuroepithelium, but may

nonetheless compete with endogenous LGN for complex formation.

To test this hypothesis, we generated a version of LGN with only
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three functional GoLoco domains, by replacing a key arginine

residue with a phenylalanine (R-F) in GoLoco 3 (LGNGoLoco3m).

Indeed, we found that this construct also had a dominant negative

effect when expressed in the neuroepithelium, although weaker

than Pins (Fig 5C). Conversely, we constructed a chimera composed

of Drosophila Pins TPR and linker domains fused to mouse LGN

GPR domains (dPinsLGN-GPR) and tested whether this addition of a

fourth GoLoco domain in Pins would provide it with the ability to

substitute for LGN. Despite its four GoLoco domains, dPinsLGN-GPR

was poorly recruited to the cortex compared to mLGN, and was

completely unable to rescue the LGN loss-of-function phenotype in

an RNAi background (Fig 5D).

Altogether, these data indicate that four functional GoLoco

domains are necessary for LGN spindle orientation function in the

vertebrate neuroepithelium. However, the inability of Pins to substi-

tute for LGN does not only reside in its lower number of GoLoco

motifs, and differences in the TPR and linker regions may also

contribute to the functional differences.

A large body of work has shown that LGN and Pins both function

as adaptor molecules that link force generators to the cell cortex.

Their direct interaction with membrane-anchored Gai subunits and

NuMA/Mud is essential in this transmission chain. Previous

biochemical and structural studies have shown that the two direct

interactions (LGN/NuMA and LGN/Gai) are highly conserved
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between species, as well as between LGN and the paralogous gene

AGS3 in vertebrates. Here, we have compared the ability of homo-

logous protein modules from LGN and AGS3 to promote LGN

recruitment and stability at the cell cortex. Our work reveals that

these interactions must be fine-tuned to regulate force generation

and spindle orientation. It also suggests that specific regulators still

remain to be identified, in particular those facilitating interaction

between membrane-anchored Gai subunits and GoLoco motifs

in vivo. Finally, our work illustrates that strong interactions charac-

terized in vitro may not reflect the ability of endogenous proteins to

interact in vivo, as shown by the surprising observation that GPR

domains of AGS3 are not recruited to the cell cortex of dividing

neuroepithelial cells at physiological levels of Gai expression. Dupli-
cation of pins gave rise to LGN and AGS3; LGN has remained under

selection pressure to maintain the canonical spindle orientation

function, while AGS3 has evolved new cellular functions through a

number of sequence changes. Remarkably, while those changes do

not seem to affect in a major way its ability to interact in vitro with

the two main players Gai and NuMA, our analysis with chimeric

constructs shows that subtle changes in distinct interaction domains
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contribute independently to the loss of the ancestral function by

AGS3.

Materials and Methods

Animals

Fertilized chicken eggs (JA57 strain) were obtained from EARL

Morizeau and incubated at 38.5°C in a Sanyo MIR-253 incubator for

appropriate durations.

Generation of the GPR-depleted AGS3 mice (AGS3DC) was

performed as described in [8]. The targeting construct and homolo-

gous recombination strategy are described in Fig EV1. The genome

after deletion of the C-terminus GPR region was confirmed by PCR

and sequencing. Mouse in utero electroporation experiments were

performed on wild-type pregnant RjOrl:SWISS females (45–50 g,

Janvier LABS, Le Genest-St-Isle, France) carrying E13.5 embryos.

Animals were housed under standard conditions with access to

water and food ad libitum on a normal 12 h light/dark. Animals of

both sexes were used. All animal procedures were carried out in

accordance with institutional guidelines.

Electroporation and plasmids

Electroporation in the chick neural tube was performed at embry-

onic day 2 (E2) as previously described [9], by applying five pulses

of 50 ms at 25 V with 100 ms in between, using a square-wave elec-

troporator (Nepa Gene, CUY21SC) and a pair of 5-mm gold-plated

electrodes (BTX Genetrode model 512) separated by a 4-mm inter-

val. For loss- and gain-of-function experiments, plasmids were used,

respectively, at 2 and 1 lg/ll. For rescue experiments, 6-Myc-tagged

LGN, AGS3, Pins, and chimeric expression constructs under the

CAGGS promoter were added at 1 lg/ll. GFP-tagged expression

constructs under the CMV promoter were used at 0.5 lg/ll.
In utero electroporation was performed as described previously

[42]. Timed pregnant females (E13.5) were anesthetized with keta-

mine/xylazine and a midline laparotomy was performed, exposing

uterine horns and allowing for visualizing embryos under oblique

illumination; 1 ll of DNA combined with sterile Fast Green dye (1/

100, Sigma) was injected with a glass capillary pipette (75–125 lm
outer diameter with beveled tip) driven by an INJECT+MATIC

microinjector into the lateral ventricle of each embryo. The anode of

3- or 5-mm-diameter Tweezertrodes (Sonidel Limited) was placed

above the dorsal telencephalon, and four 35-V pulses of 50-ms dura-

tion were conducted across the uterine sac using a square-wave

electroporator (Nepa21, Sonidel Limited). Following intrauterine

surgery, the incision site was closed with sutures (4-0, Ethicon) and

the mouse was allowed to recover in a clean cage. GFP-tagged

expression constructs under the CMV promoter were used at 1 lg/ll,
and control H2BmRFP reporter construct under the CAGGS

promoter was used at 0.5 lg/ll.
Expression vectors used in this study are listed in Fig EV2.

Immunohistochemistry

For antibody staining, chick embryos were fixed for 1 h in ice-cold

4% formaldehyde/PBS. After fixation, embryos were cut along their

midline, permeabilized for 15 min in PBS/0.3% Triton X-100 (PBT

0.3%) before a 1-h blocking step in PBT 0.3%/10%FCS. Pregnant

mice were euthanized 24 h after electroporation to harvest the

embryonic cortex. Embryonic brains were dissected out, immersed

for 2–4 h in cold 4% AntigenFix (Diapath), and rinsed in PBS. For

the analysis of LGN and AGS3 subcellular localization, the neocor-

tex on the electroporated side was dissected out and treated as

whole mount. For angle measurements in the AGS3DC mice, whole

brains were cryoprotected in 20–25% sucrose and embedded in

OCT compound before cryosectioning, and treated as described in

[8].

Primary antibodies used are as follows: mouse anti-Centrin

(clone 20H5, Millipore #04-1624), rabbit anti-GFP (Torrey Pines

Biolabs #TP401), mouse anti-c-tubulin (clone GTU-88, Sigma

#T6557), mouse anti-c-Myc (clone 9E10, Sigma #M5546), rabbit

anti-c-Myc (Sigma #C3956), and rabbit anti-mouse LGN [43]. For

the c-tubulin antibody, embryos were incubated for 15-20 min in

100% acetone pre-equilibrated at �20°C, and rinsed twice in PBT

0.3% at room temperature before the blocking step. Secondary anti-

bodies coupled to Alexa Fluor 488, Cy3, Cy5, or Alexa Fluor 647

were obtained from Jackson laboratories, and typically used at

1/500 (488 and Cy3) or 1/250 (Cy5 and 647) dilutions. DAPI (1/

1,000) or Hoechst 33342 (1/1,000) was added to the secondary anti-

body mix. Vectashield with DAPI (Vector Laboratories) was used as

a mounting medium.

Image acquisition

Optical sections of fixed samples were obtained either on laser scan-

ning confocal microscopes: Leica SP5 using a 40× oil immersion

objective Plan Neofluar NA 1.3 and Leica LAS software, and Olym-

pus FV1000 using a 60× water immersion objective (UPlanSApo NA

1.20), or on a spinning disk confocal microscope (Nikon Ti Eclipse

inverted microscope, Yokogawa CSU-W1 confocal head, and Hama-

matsu Orca Flash4LT sCMOS Camera) using a 100× oil immersion

objective (APO VC, NA 1.4, Nikon). Fiji software [44] was used for

image processing (Gaussian Blur) and data analysis (spindle orienta-

tion measurement, see below). When necessary, images were

subjected to brightness and contrast adjustment to equilibrate chan-

nel intensities and background using Adobe Photoshop CS4 soft-

ware.

Measurement of spindle orientation in fixed samples

For chick embryos, 3D measurements of spindle orientation were

obtained from the en-face mounted neuroepithelium of E3 embryos

labelled with an anti-gamma-tubulin antibody to reveal spindle

poles and with DAPI dye to label chromosomes, as described in

[27]. Electroporated cells were identified by their expression of a

Histone2B-GFP reporter protein (carried by the miRNA plasmid),

also revealing the chromosomal plate of dividing cells. In addition,

for rescue and dominant negative experiments, expression of Myc-

tagged expression constructs was revealed by an anti-Myc antibody.

En-face image stacks (0.5 lm z interval) were acquired at 40× or

100× magnification. z-views and spindle orientation quantification

were done in Fiji software [44] using custom-designed macros [27].

For each experiment, mean � SEM is provided and came from at

least three embryos per condition.
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For mouse embryos, orientation of the mitotic spindle in

anaphase was measured in cryosections from the E14.5 cortex, as

described in [8].

Quantification of cortical signals in mitotic cells

To quantify the amount of GFP fusion proteins localized at the cell

cortex of dividing chick neuroepithelial cells, we generated en-face

images of cells of interest and selected the plane of the cell largest

width, corresponding to the “equator”. We analyzed 15 intensity

profiles spanning the cell length, starting from the cell center and

equally distributed along 360°. To quantify the extent of the corti-

cal signal, we thus fitted a Gaussian profile centered on the maxi-

mum value of the profile. The fit was performed on the four

adjacent pixel values around the membrane location on each pro-

file. The integrated intensity of the fitted Gaussian was finally

calculated and interpreted as the amount of protein p cortical

recruitment at the membrane location on the profile. The cytoplas-

mic signal on a same profile was measured on Pcytoplasm as the

integrated intensity along the same line, from the cell center to the

membrane location. In the end, the ratio of cortical signal over

cytoplasmic signal for each of the 15 profiles was averaged to get

a final relative level of protein p recruitment at the membrane in

the cell of interest.

Protein purification and in vitro binding assays

Full-length human AGS3, AGS3-TPR (residues 1–341), AGS3-

GoLoco (residues 340–652), human LGN-TPR (residues 1–373), and

human Gai-DN (residues 26–354) were cloned into the bacterial

pGEX-6PI vector (GE Healthcare), and purified by affinity on

glutathione beads (GSH beads). AGS3-GoLoco and Gai-DN were

cleaved from beads with PreScission protease (GE Healthcare), and

further purified by anion exchange. Human His-tagged NuMA-1821–

2001 was cloned into pET43 vector, and purified by nickel affinity

and cation exchange.

For pull-down assays, 3 lM of GST fusion proteins was immobi-

lized on GSH beads, and incubated for 2 h at 4°C with 10 lM of

prey proteins in 10 mM Hepes pH 7.6, 0.1 M NaCl, 0.1% Triton

X-100, 1 mM DTT, and 0.5 mM EDTA. After washes, proteins

bound to beads were separated by SDS–PAGE and detected by

Coomassie staining.

Statistical analysis

Statistical analyses were done using a Mann–Whitney test

performed with GraphPad Prism (GraphPad software), except for

chimeric GPR domains cortical intensity ratio (Fig 3G) and GFP-

Dlg1 cortical intensity ratio (Fig EV3), where a one-way ANOVA test

was performed. In all figures, P-value significances of 0.05, 0.01,

0.001, and 0.0001 are represented, respectively, by *, **, ***,

and ****.

Expanded View for this article is available online.
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