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Antagonistic interactions among structured domains
in the multivalent Bicc1-ANKS3-ANKS6 protein
network govern phase transitioning of target mRNAs

Benjamin Rothé,’ Simon Fortier,’? Céline Gagnieux,' Céline Schmuziger,' and Daniel B. Constam’-3*

SUMMARY

The growing number of diseases linked to aberrant phase transitioning of ribonu-
cleoproteins highlights the need to uncover how the interplay between multiva-
lent protein and RNA interactions is regulated. Cytoplasmic granules of the RNA
binding protein Bicaudal-C (Bicc1) are regulated by the ciliopathy proteins an-
kyrin (ANK) and sterile alpha motif (SAM) domain-containing ANKS3 and
ANKS6, but whether and how target mRNAs are affected is unknown. Here,
we show that head-to-tail polymers of Bicc1 nucleated by its SAM domain are in-
terconnected by K homology (KH) domains in a protein meshwork that mediates
liquid-to-gel transitioning of client transcripts. Moreover, while the dispersion of
these granules by ANKS3 concomitantly released bound mRNAs, co-recruitment
of ANKS6 by ANKS3 reinstated Bicc1 condensation and ribonucleoparticle
assembly. RNA-independent Bicc1 polymerization and its dual regulation by
ANKS3 and ANKS6 represent a new mechanism to couple the reversible immobi-
lization of client mRNAs to controlled protein phase transitioning between
distinct metastable states.

INTRODUCTION

Liquid-liquid or liquid-gel phase separations can segregate molecules from their solute into supramolec-
ular polymer condensates such as stress granules (SGs) and P-bodies (PBs) that participate in RNA meta-
bolism and translational control.”” Phase transitioning of SGs and PBs is nucleated by intrinsically disor-
dered regions (IDRs) that cooperate with RNA-binding domains to assemble multivalent protein-protein
and protein-RNA interaction networks. In addition, phase separation can be modulated by intermolecular
RNA-RNA contacts, and by changes in pH, salinity, and temperature to allow rapid integration of environ-
mental cues, and in a reversible manner.** Perturbations which instead favor irreversible aggregation are
implicated in a growing number of diseases.”

PBs and SGs can accrue hundreds of proteins including Bicc1, an RNA-binding protein involved in post-
transcriptional regulation of gene expression.®”'? Protein interactome screening revealed that Bicc1 binds
to elF3A and elF3B, which in stressed cells promote SG formation, and to the carbon catabolite repressor
4-negative on TATA (Ccr4-Not) complex, a component of PBs.'” ' However, rather than entering
PBs, Bicc1 forms distinct granules both in cultured cells and in mouse kidneys, as well as in Drosophila
oocytes.”'% Biccl also does not overlap with SGs, except after global inhibition of mRNA translation
by hippuristanol treatment.®

Bicc1 consists of a tandem repeat of three KH and two KH-like (KHL) domains that are separated from a self-
polymerizing sterile alpha motif (SAM) by a disordered intervening sequence (IVS) (Figure 1A). The SAM
domain is a widespread globular domain composed of two distinct surfaces called mid-loop (ML) and
end-helix (EH), which mediate head-to-tail polymerization in helical arrangements‘w’18 In crystals, the
SAM domain of Biccl forms a flexible polymer scaffold that is predicted to distribute the KH repeat at
its periphery.'®'? Loss of Biccl in vertebrates provokes the development of fluid-filled cysts reminiscent
of polycystic kidney diseases (PKD).”” Cyst formation in PKD kidneys depends on cAMP synthesis by adeny-
late cyclase 6 (Adcyé).”"?? Bicc1 mutant kidneys accumulate cAMP in excess, correlating with de-repression
of adenylate cyclase & (Adcyé) mRNA translation.”” Mechanistically, Adcyé mRNA silencing by Biccl de-
pends on KH domains to bind the 3'UTR, and on the SAM domain to concentrate the resulting Bicc1
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Figure 1. Granule formation by endogenous Bicc1in mouse kidneys is recapitulated by HA-Bicc1 and GFP-Bicc1 in
Hela cells
(A) lllustration of Bicc1 protein domains and of GFP or 4xHA-tag insertion sites. KH and SAM domains are separated by a
serine and glycine (SG)-rich intervening sequence (IVS). The GXXG motifs, where at least one Xis arginine or lysine, orient
four single-stranded nucleotides toward the RNA binding cleft of the KH domains. EH and ML surfaces link the SAM
domain in head-to-tail polymers.
(B) Immunofluorescence staining of Bicc1 (green) in adult mouse kidney. Fluorescent LTL (yellow) marks proximal tubules.
The boxed area is magnified in the panel to the right.
(C) Anti-Bicc1 staining of control IMCD3 cells (top) or CRISPR-edited IMCD3_sgBicc1 cells (bottom) treated with
increasing concentrations of doxycycline to monitor the induction of a tetO::GFP-Bicc1 transgene by reverse Tet
transactivator (rtTA). Scale bars, 5 um. The percentage of cells exhibiting a granular GFP-Bicc1 pattern was counted in
>100 cells from at least 5 areas of 200 um? each using ImageJ software.
(D) Western blot analysis of endogenous Bicc1 and GFP-Bicc1 in cells treated as in (C). The levels of Bicc1 were normalized
to y-tubulin.
(E) Immunofluorescence staining of endogenous Bicc1 in IMCD3-shANKS3 cells treated with or without 0.25 pg/mL
doxycycline to induce Anks3 shRNA. Insets: High magnification of Bicc1 granules. The average number of Bicc1 granules
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Figure 1. Continued

per cell larger than 0.5 um? and with a circularity threshold >0.5 was counted using ImageJ. Blue circles represent the
individual values from 10 fields of view, each covering an area of 200 um?. Data are means +SD. ns: non-significant,
*p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).

ribonucleoparticles (RNPs) in cytoplasmic granules.'%?* In keeping with a role for SAM domain polymeri-
zation in vivo, a splice site mutation in the SAM domain that impairs granule formation in kidneys of
Bicc1PP¥PPk mutant mice, or targeted mutagenesis of the self-polymerization interface of the SAM domain
each abrogate the silencing of Biccl-associated Adcyé mRNA.'? In addition, loss-of-function studies in
mouse and frog embryos revealed a role for Bicc1 in specifying the left-right asymmetry of visceral organs
during embryogenesis.” In this process, an essential function of Bicc1 is to accelerate the decay of Dand5
mRNA in response to flow stimulation of primary cilia.?**> Dand5 mRNA is bound by the KH; and KH, do-
mains of Bicc1 via a bipartite GAC motif in the conserved GACGUGAC sequence of the 3'UTR, leading to
reduced expression on the left side of the node.?” However, whether the assembly of Bicc1 RNPs or their
dynamics are regulated is unknown.

19,26-29 . .
26729 Mutations in

Biccl forms a complex with ANKS3 and ANKSé both in vitro and in mouse kidneys.
ANKS6 associate with chronic kidney disease in nephronophthisis patients and perturb left-right patterning
in animal models.**** Depletion of ANKS3 increases the frequency of heart situs inversions in developing
zebrafish embryos, and a variant of ANKS3 has been identified in a family with severe laterality defects.?”*
Cell-free analysis established that the SAM domains of Bicc1, ANKS3, and ANKS6 can form highly ordered
heterooligomers, with ANKS3 either capping the Biccl SAM domain or being sequestered by the SAM
domain of ANKSé to thereby limit or promote, respectively the polymerization of Bicc1/Anks3 complexes
in an extended meshwork. This model was corroborated by reconstitution experiments in heterologous
cells showing that ANKS3 disperses cytoplasmic Biccl granules, whereas the recruitment of ANKSé by
ANKS3 rescues the condensation of all three proteins in large condensates.'” Importantly, the remodeling
of Bicc1 polymers by the ANKS proteins involves additional structured domains, including an interface of at
least the Bicc1 KH domains with ANKS3, and the C-terminal region of ANKS3 that disperses Bicc1 granules,
presumably through steric hindrance of Biccl polymer extension.'”?®% In addition, ANKS3 and ANKS6
associate through their N-terminal Ank repeats.'” The multivalent network of interaction between these
proteins and overlapping phenotypes of their pathogenic variants suggest a shared function; however,
whether and how these proteins regulate each other is unknown.

RNA granules are commonly nucleated by proteins with IDRs and RNA-binding domains, and are further modu-
lated by protein-RNA and RNA interactions. By contrast, the condensation of Bicc1 and bound mRNAs mainly
relies on well-structured protein domains. Here, we investigate the phase separation properties of Bicc1 RNPs
and their regulation by ANKS3 and ANKS6, and the potential influence of known client mRNAs themselves. We
show that the KH repeat contributes to phase separation, independently of bound RNA, by remodeling SAM
domain-induced Bicc1 fibrils into a meshwork of gel-like granules exhibiting actomyosin-dependent mobility.
Live imaging and high-resolution microscopy reveal the liquid-to-gel transitioning of bound-mRNAs in Bicc1
condensates and its dual regulation by ANKS3 and ANKS6. Our results highlight a new role of the N-terminal
ankyrin repeat of ANKS3 in the emulsification of Bicc1 condensates by modulating the surface tension and the
retention of bound mMRNAs. Conversely, co-recruitment of ANKSé rescues the condensation of Biccl and its
target transcript. Taken together, our data suggest that ANKS3 and ANKS6 modulate the conformation of olig-
omeric Bicc1 to couple phase separation with RNA binding.

RESULTS

Bicc1 condensation in granules is dose-dependent and antagonized by Anks3

Previously, we and others have shown that Bicc1 demixes from surrounding cytoplasm to assemble micro-
meter scale granules both in cells and tissues, ' regardless of the presence or absence of an N-terminal
green fluorescent Ppotein (GFP) tag (GFP-Bicc1) or of a 4xHA epitope (HA-Bicc1) in the IVS between the KH
repeat and the SAM domain (Figures 1A and 1B).%”""1? However, whether the condensation of Bicc1 is
regulated and hence dose-dependent has not been tested. To address this, we introduced a doxycy-
cline-inducible lentiviral GFP-Bicc1 transgene into CRISPR-edited IMCD3_sgBicc1 cells.'” In parental
IMCD3 control cells, endogenous Biccl formed widely distributed cytoplasmic puncta which rarely ex-
ceeded the size resolution threshold of 0.05 um?, and addition of doxycycline did not change this
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distribution. GFP-Bicc1 induced by minimal concentrations of doxycycline (<0.025 pg/mL) mimicked this
localization at expression levels up to 3-fold above those of endogenous Biccl (Figures 1C and 1D). By
contrast, above this threshold, GFP-Bicc1 phase separates in a few large condensates in the majority of
cells (Figures 1C and S1A). This result indicates that the condensation of GFP-Bicc1 is dose-dependent,
consistent with a process of phase separation. In addition, arise in Bicc1 concentration may promote phase
transitioning by titrating inhibitors of Bicc1 polymerization such as ANKS3.'? To address this, we imaged
endogenous Biccl condensates in an IMCD3 cell line expressing a validated doxycycline-inducible
Anks3 shRNA.?® Since no antibodies were available to specifically detect ANKS3 protein, we confirmed
by RT-gPCR that doxycycline administration depleted the Anks3 mRNA by 85%. Concomitantly, the
average frequency of Biccl condensates larger than 0.5 um? increased by 71% from 0.61 to 1.05 per cell
(n =8, p <0.001) (Figure 1E). Doxycycline treatment of control cells without Anks3 shRNA did not alter
the size of Bicc1 condensates. Together, these results suggest that the phase transitioning of endogenous
BiccT in IMCD3 cells is limited both by its own concentration and by ANKS3.

Bicc1 granules can acquire actomyosin-dependent mobility

During live imaging, cytoplasmic GFP-Bicc1 condensates did not always remain stationary. Systematic
tracking in time-lapse movies revealed saltatory movements and sporadic splitting and fusion events
(Figures S1B and S1C). Treatment with the myosin Il inhibitor blebbistatin or with the ROCK inhibitor
Y27632 diminished the total distance traveled by individual GFP-Bicc1 granules by 40-50% (Figure S1D).
The mobility of GFP-Bicc1 granules also decreased on average by 12.5 + 2.2% upon treatment with the
actin polymerization inhibitor cytochalasin D, and by 15.3 + 2.8% after microtubule depolymerization by
nocodazole. By contrast, treatment with the kinesin inhibitor monastrol had no effect. These observations
suggest that Bicc1 condensates are eligible for cytoskeletal transport mediated by actomyosin and to a
lesser extent by microtubules.

ANKS3 and ANKS6 modulate the association of Bicc1 with PBs

Bicc1 granules localize in close vicinity of PBs independently of the RNA-binding KH domains via polymer-
ization of the SAM domain.”'® To test whether the effects of ANKS proteins on Biccl SAM domain
polymerization correlate with an altered association with PBs, we stained HA-Bicc1 and ANKS3-Flag or
V5-ANKS6 in Hela cells expressing the PB marker GFP-DCP1a. In ANKS3-Flag positive cells, the clustering
of Bicc1 around PBs was lost concurrently with its dispersal throughout the cytoplasm, whereas co-expres-
sion of ANKS6 rescued it (Figure S1E). These data corroborate the notion that PBs and Bicc1 condensates
are interconnected by protein-protein interactions.

Bicc1 condensates in cell extracts depend on electrostatic interactions mediated by both the
SAM and KH domains

To characterize Bicc1 RNP dynamics and their regulation by phase transitioning in vitro, we first expressed
Biccl in E. coli. However, as the full-length protein remained insoluble and resisted purification, we
switched to a protocol of differential centrifugation that enriches macromolecular condensates from
mammalian cell extracts® " (Figure 2A). In extracts of Bicc1 wild-type IMCD3 cells, low-speed centrifuga-
tion enriched 27% of endogenous Bicc1 protein in heavy fractions (Figure 2B). A comparison with inducible
GFP-Bicc1 in our engineered cell line revealed that sedimentation is dose-dependent and that the concen-
trations needed to enrich 30% of GFP-Bicc1 in heavy fractions was approximately 8-fold above the level of
endogenous Biccl, suggesting that the GFP-tag does not diminish Bicc1 solubility but rather increases it
(Figure S2A). To test whether this sedimentation requires binding of Bicc1 to RNA, we treated cell extracts
for 20 min with RNase A or pre-incubated them with a 442 nucleotide fragment of the proximal Adcy6 3'UTR
that specifically binds to Bicc1 KH domains.”® Neither treatment with RNase A nor addition of synthetic
target RNA significantly altered GFP-Biccl sedimentation (Figure S2B). By contrast, addition of NaCl
dose-dependently increased GFP-Biccl solubility, with complete solubilization being reached at
>300 mM (Figure S2C). These results show that sedimentation of Bicc1 is reversible and apparently inde-
pendent of mRNA, assuming that Biccl unlikely protects bound RNA against RNase. To validate this
conclusion in an unrelated cell line, and to rule out a potential artifact of GFP, we also analyzed the sedi-
mentation of HA-Bicc1 and of truncation mutants in extracts of transiently transfected HEK293T cells (Fig-
ure S3). Whereas 72% of overexpressed HA-Bicc1 partitioned to heavy fractions after low-speed centrifu-
gation, deletion of either the SAM or the KH domains diminished the sedimented fraction by 12% or 57%,
respectively (Figure 2C). These results suggest that the KH domains diminish Bicc1 solubility through
reversible electrostatic interactions, at least in vitro.
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Figure 2. The KH domains promote Bicc1 sedimentation by low-speed centrifugation

(A) Procedure of cell fractionation by low-speed differential centrifugation.

(B) Western blot of IMCD3 cell extracts after stepwise centrifugation at 2,000, 4,000, and 10,000 g. The relative distribution
of mBicc1 in heavy (2K, 4K, and 10K) versus light fractions is quantified on the right. Equal volumes of the indicated
solubilized pellets and supernatants were analyzed. Data are means +SD from nine independent experiments.

(C) Sedimentation of HA-Bicc1 wild-type (WT), AKH, or ASAM by stepwise centrifugation of cell extracts of transiently
transfected HEK293T cells as in (A). Data are means +SD from seven independent experiments. ns: non-significant,

*p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test).

Self-interactions of both SAM and KH domains contribute to Bicc1 condensation in vivo

KH domains may contribute to Bicc1 condensation by interacting with Bicc1 itself. To evaluate this hypoth-
esis, we first tested if HA-Biccl in HEK293T cell extracts binds to glutathione S-transferase (GST) fusion
proteins of the entire KH repeat or of individual KH domains in pull-down assays (Figure 3A). Western
blot analysis of bound proteins revealed that GST-KH and GST-KH; pulled down full-length and ASAM
mutant HA-Bicc1, but only minimal amounts of HA-Bicc1 AKH. In contrast, the pull-down of HA-Bicc1 by
KH; was close to the background of GST alone, and the KH; and the KHL 1 or 2 domains individually or
combined remained insoluble. HA-Bicc1 and the AKH and ASAM truncation constructs also bound only
weakly to a GST fusion of Biccl IVS. These results show that besides the known SAM:SAM interaction, a
novel interface between KH domains significantly contributes to Bicc1 self-polymerization. To test whether
the KH repeat cooperates with the SAM domain to condensate Bicc1 in vivo, we compared the co-polymer-
ization of KH and/or SAM domain-mutant HA-Bicc1 with wild-type GFP-Bicc1 in Hela and HEK293T cells
where endogenous BICC1 protein levels are below detection by anti-Bicc1 immunostaining (Figure S4A).
In addition, we chose Hela cells because their firm adhesion, large cytoplasm, and high transfection effi-
ciency also facilitate live imaging. As expected, HA-Bicc1 and GFP-Bicc1 perfectly colocalized in the same
granules, confirming that HA and GFP tags do not perturb Bicc1 polymerization (Figure S4B). Importantly,
co-localization with GFP-Bicc1 granules persisted even if HA-Bicc1 lacked the KH domains (AKH) or if its
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Figure 3. KH domains self-interact in vitro and contribute to the condensation of Bicc1 in gel-like granules in vivo
(A) Pull-down of HA-Bicc1 WT, AKH, and ASAM from HEK293T cell extracts by glutathione Sepharose beads coated with
recombinant domains of Bicc1 fused to GST.

(B) Co-immunoprecipitation of GFP-Bicc1 with HA-Bicc1 WT, AKH, mutD, or AKH-mutD from HEK293T cell lysates. The
amount of co-immunoprecipitated GFP-Bicc1 normalized to input is expressed relative to the HA-Bicc1 WT condition.

The means + SD of two experiments shown below the gel represent the ratio of co-immunoprecipitated GFP-Bicc1 to the
input, normalized to the condition with HA-Bicc1 WT.

(C) Representative 3D SIM images of the categories “enlarged condensates” for GFP-Bicc1 WT and “fibrils” for the GFP-
Bicc1 AKH mutant in transiently transfected Hela cells.

(D) Fluorescence Recovery After Photo bleaching (FRAP) of GFP-BiccT WT and AKH granules in HelLa cells. ANKS3 with or
without ANKS6 was co-transfected where indicated. Results are mean values from 34 individual measurements. Error bars
show SEM. ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test).

(E) Schematic representation of the proposed relationship between the heterogeneous intragranular dynamics and the
observed 3D SIM structure of GFP-Bicc1 granules, and their regulation by ANKS3 with or without ANKSé.

SAM:SAM interface was disrupted (mutD), but not if both mutations were combined (HA-Bicc1 AKH-mutD)
(Figures S3 and S4B). Similarly, analysis in HEK293T cell extracts by co-immunoprecipitation revealed that
the average binding of GFP-Bicc1 to HA-Bicc1 was reduced by only 61% with HA-Bicc1 AKH, or by 74% with
HA-Bicc1 mutD, but by more than 92% with the double mutant (Figure 3B). These results unmask a hitherto
unknown function of the KH repeats in promoting Bicc1 condensate formation by complementing the SAM
domain-mediated self-interactions also in vivo.

KH domains modulate the interconnectivity of Bicc1 condensates

The interaction between Bicc1 KH domains implies that the valency of available interfaces is at leastv > 3
(i.e., SAME", SAMME and KH) and therefore each Bicc1 molecule behaves as an interaction node where the
network can potentially grow in three dimensions. To elucidate how the KH domains contribute to the
expansion of Bicc1 condensates, we imaged GFP-Bicc1 and GFP-Bicc1 AKH at saturating expression levels
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in Hela cells that were transfected with a high dose of expression vector. After verifying that saturating
expression levels in whole populations were comparable (Figure S4C), individual cells were imaged by
confocal microscopy and binned into four categories based on the shape of the predominant condensates,
including enlarged condensates (>3 um?), or regular granules (<3 um?), granules with fibrillar connections,
or fibrils (Figure S4D). Interestingly, wild-type GFP-Bicc1 (WT) always formed granules, and in 70% of the
cells examined (n = 87/125), the saturating overexpression increased the granule sizes beyond 3 um?
In 30% of cells marked by at least 3-fold lower mean fluorescence intensity (n = 38/125), the sizes of
GFP-Bicc1 granules remained below this threshold. In sharp contrast, GFP-Bicc1 AKH mainly formed
only regular granules (n = 52/125 cells, 41.6%) or fibrillar structures (n = 28/125, 22.4%), or a combination
of both (n = 42/125, 33.6%). Together, these results suggest that reqular GFP-Bicc1 granules are intercon-
nected in large condensates by KH domains, and not by the GFP tag. To validate this conclusion by
higher resolution imaging, we used structured illumination microscopy (SIM). 3D reconstruction of
enlarged GFP-Bicc1 WT condensates revealed that they all consisted of space-filling interconnected mesh-
work, whereas GFP-Bicc1 AKH polymers always extended longitudinally as fibrils (n > 70 condensates per
genotype from 12 cells each, Figure 3C). Besides confirming that Biccl polymers condensate indepen-
dently of the RNA-binding KH domains, these data establish that KH domains favor the formation of gran-
ules and their interconnectivity at the expense of fibrils.

The interior of Bicc1 granules is inhomogeneous and contains a gel-like core

Multivalent interconnectivity within protein condensates tends to limit their exchange of molecules with the
surrounding.”®*! To evaluate the influence of KH domains on polymer dynamics, we compared GFP-Bicc1
WT and AKH condensates by fluorescence recovery after photobleaching (FRAP) analysis. We focused on
the category "regular granules”, where the sizes of GFP-Bicc1 WT and AKH condensates are comparable to
endogenous Biccl in mouse kidneys and to each other (Figures 1B and S4E). Only 24% of GFP-Bicc1 fluo-
rescence recovered after 4 min, highlighting the low molecular dynamics. By comparison, this mobile frac-
tion was increased to 36% in the absence of the KH repeats, indicating that Bicc1 dynamics are limited at
least in part by KH domains (Figure 3D, n = 34 granules per condition). However, the half-maximal fluores-
cence recovery was reached only after about 20 s for both constructs, indicating that KH domains reduce
the mobile fraction of GFP without altering its diffusion rate. To test whether Bicc1 granule dynamics in
addition are limited by the availability of ANKS3, we photobleached GFP-Bicc1 in cells that were co-trans-
fected with ANKS3. Alternatively, and as an additional control to manipulate Biccl granule formation
without changing other parameters, we co-transfected ANKS3 together with its specific antagonist
ANKS6.'” Whereas co-expression with ANKS3-Flag together with V5-ANKSé did not significantly alter
the gel-like GFP-Bicc1 dynamics, co-expression with ANKS3-Flag alone drastically increased the mobile
fraction of GFP-Bicc1 and shortened the half-time of its fluorescence recovery to only 4 s, indicating that
ANKS3 efficiently emulsified Bicc1 in the absence of ANKS6 but not in its presence (Figure 3D). Moreover,
a comparison with GFP-Bicc1 AKH revealed that the gelation of GFP-Bicc1/ANKS3-Flag complexes by V5-
ANKSé6 was largely independent of RNA binding. Nevertheless, the half-time of fluorescence recovery of
GFP-Biccl AKH in the joint presence of ANKS3-Flag and V5-ANKSé decreased from 21 to 9 s. Thus, the
KH domains are likely a hub of protein interactions also in the context of the heteromeric meshwork with
ANKS3 and ANKS6. Taken together with the high-resolution imaging described above, our results suggest
that GFP-Bicc1 granules consist of a mobile shell and an immobile “core”. The core is reinforced by KH do-
mains and needs protection from ANKS6 to resist emulsification and dissolution by ANKS3 (Figure 3E).

Live imaging reveals the dynamics of mRNA condensation by the Bicc1 protein scaffold in
cytoplasmic granules

To distinguish whether Bicc1 induces phase transitioning of client transcripts or vice versa, we tagged their
3'UTRs with twelve MS2 hairpins and imaged their localization in real-time by labeling associated 2xMCP-
Halo-NLS protein with the fluorescent Halo-tag ligand TMR.*? In this system, a Halo-tagged tandem repeat
of MS2 coat protein (MCP) is directed to the nucleus by a nuclear localization signal (NLS) but retained in
the cytoplasm when tethered to MS2-tagged reporter mRNAs (Figure 4A). However, the original MS2
hairpin comprises a CGACGACG sequence.”? Since this motif resembles the Biccl binding site
GACGUGAC that we subsequently identified in the Dand5 3'UTR,”” we decided to remove all bipartite
GAC motifs to ensure that they cannot artificially bias competition among alternative targets or against po-
tential inhibitors of RNA binding in favor of the reporter. As expected, luciferase control mRNA (Luc-
12xMS2) localized diffusely throughout the cytoplasm in all cells examined, regardless of whether it was
co-expressed with GFP-Bicc1 or with control GFP (Figure 4B). By contrast, GFP-Bicc1-12xMS2 mRNA
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Figure 4. Bicc1 promotes the liquid-to-gel phase transition of target mRNAs

(A) Methodology to image the distribution of 12xMS2-tagged reporter mRNAs and its regulation by GFP-Bicc1. Halo-
tagged MS2-coat protein (MCP) fused to a nuclear localization signal (NLS) normally accumulates in the nucleus, but when
bound to a tandem repeat of 12 MS2 hairpins in reporter mRNAs of genes of interest (GOI), MCP fusion protein is also
retained in the cytoplasm. HaloTag is labeled using the fluorescent ligand TMR.

(B and C) Live imaging of GFP or GFP-Bicc1 fluorescence (green), together with HaloTag/TMR-labeled (red) Luc-12xMS2
control (B) or GFP-Bicc1-12xMS2 (C) reporter mRNAs. Note that while TMR fluorescence was comparable in all nuclei,
exposure times were adjusted to avoid saturation in cells where it is concentrated in Bicc1 granules. n > 6 cells/condition.
Scale bars, 5 um.

(D) Time-lapse imaging of mRNA foci and GFP-Bicc1 granules undergoing fusion (top and mid lanes) or scission (bottom
lane).

(E) Live imaging of GFP or GFP-Bicc1 WT or AKH fluorescence (green), together with HaloTag/TMR-labeled Luc-Dand5
3'UTR-12xMS2 reporter mRNA (red). n = 12 cells/condition. Scale bars, 5 um.

(F) Fluorescence Recovery After Photo bleaching (FRAP) of the Luc-Dand5 3 UTR-12xMS2 and GFP-Bicc1-12xMS2
transcripts enriched in the GFP-Bicc1 granules and marked by TMR bound to 2xMCP-Halo protein in Hela cells. Luc-
12xMS2 was a negative control. Results are mean values from 48 individual measurements. Error bars show SEM. ns: non-
significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test).
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accumulated in GFP-Bicc1 granules (Figure 4C). Moreover, treatment with puromycin which releases
nascent polypeptides from their ribosome-bound transcripts neither dispersed GFP-Bicc1 protein nor its
mRNA (Figure S5A). Besides confirming that Bicc? binds to its own transcripts, >
that the Bicc1 protein scaffold induces mRNA phase separation and that it does so independently of
ongoing translation.

these data indicate

Interestingly, time-lapse movies revealed directional movements of GFP-Bicc1 condensates reminiscent of
those in IMCD3 cells, and that GFP-Bicc1 particles undergoing fusion and fission also contained mRNA
(Figures 4D, S5B, Videos S1, and S2). Alternatively, small GFP-Bicc1 RNP condensates in rare instances
were seen dissociating from co-labeled mRNA. By contrast, enlarged Bicc1 RNP condensates were station-
ary, but continued to fuse with mobile Bicc1-free mRNA particles passing in their vicinity (Figure 4D, Videos
S3, S4, and S5). These results suggest that Bicc1 can guide its own transcripts to cytoplasmic RNP granules
in a process that becomes irreversible after small condensates are immobilized in stationary meshworks.

Bicc1 granules confer gel-like behavior to client mRNA bound to KH domains

To validate if Bicc1 imparts similar gel-like behavior to specific client mMRNAs other than its own transcripts,
we compared the influence of full-length GFP-Bicc1 and RNA binding-deficient Bicc AKH on the localiza-
tion of Luc-Dand5 JUTR-12xMS2. TMR labeling revealed that all cells expressing GFP-Bicc1 invariably
concentrate Luc-Dand5 3 UTR-12xMS2 in cytoplasmic GFP-Bicc1 foci. By contrast, control cells expressing
either GFP-Bicc1 AKH or GFP alone accumulated the reporter mRNA diffusely throughout the cytoplasm
(Figure 4E). To assess the potential of Bicc1 granules to exchange mRNAs with their surrounding, we per-
formed a FRAP analysis of the TMR signal. In cells expressing Luc-12xMS2 control mRNA, 64% of the cyto-
plasmic TMR fluorescence rapidly recovered, with a half-time of 9.1 s. By contrast, Dand5-3'UTR or GFP-
Bicc mRNAs reduced the mobile fraction of associated TMR in GFP-Bicc1 granules to only 18% and
13%, respectively, and it slowed the half-time of TMR fluorescence recovery to 53 s (Figure 4F, n = 48 gran-
ules per condition). These data indicate that Bicc1 condensation immobilizes associated transcripts in gel-
like granules where cargo only minimally diffuses in and out.*

ANKS3 and ANKS6 spatiotemporally couple RNA binding to Bicc1 phase transitioning

To assess whether the gel-like behavior of Bicc1 client mRNAs is regulated by protein-protein interactions
with ANKS3, we imaged GFP-Bicc1-12xMS2 mRNA and GFP-Bicc1 protein in Hela cells expressing ANKS3-
Flag alone or together with V5-ANKSé. Control stainings after fixation validated that large GFP-Bicc1 con-
densates were dispersed specifically in cells that express ANKS3-Flag alone, but not in cells that co-express
ANKS3-Flag together with V5-ANKSé (Figure S6A), as described previously.'” In good agreement, live im-
agingin cells without ANKS3-Flag revealed that GFP-Bicc1 and its TMR-labeled mRNA stably co-localize in
large granules during at least 9 min (Figure 5A and Video Sé). By contrast, co-transfection of ANKS3-Flag
dispersed large GFP-Bicc1 granules and separated the residual small foci from the mRNA, as demon-
strated by a strong anti-correlation of the peaks of GFP and TMR fluorescence (Figures 5B, S6B, and Video
S7). Conversely, co-transfected ANKS6 restored the stable co-localization of GFP-Bicc1 mRNA with large
GFP-Biccl condensates (Figures 5C, S6B, and Video S8). Importantly, co-recruitment of V5-ANKSé6 also
rescued large condensates of ANKS3-Flag with HA-Bicc1 AKH that cannot bind RNA (Figure S6A). Of
note, ANKS3-Flag and V5-ANKSé regulated the dispersal of GFP-Biccl granules even if transfected
sequentially, demonstrating that nascent and pre-existing Bicc1 condensates respond similarly to these in-
teracting factors (Figures S6C and S6D). These results show that the condensation of Bicc1 RNPs is a revers-
ible process that can either be inhibited or stimulated by ANKS3 depending on ANKS6 and independently
of KH domain binding to client mRNAs.

Truncated ANKS3 lacking the ankyrin repeat converts Bicc1 granules into spheroids devoid
of reporter mRNA

Since changes in the valency or in binding affinities of client proteins can dramatically alter the architecture
and dynamics of multivalent scaffolds, *® we wondered how specific interfaces with ANKS3 other than SAM-
SAM interactions may influence Bicc1 condensation. To address this, we imaged HA-Bicc1 granules in Hela
cells expressing truncated ANKS3-Flag lacking the ankyrin repeat (ANKS3 ANter) or the C-terminal coiled
coil (ANKS3 ACter) (Figure S3). As shown previously, Biccl and ANKS3 ACter co-localize in cytoplasmic
granules similar to those observed in the absence of ANKS3'” (Figure S7). By contrast, ANKS3 ANter re-
modeled both GFP-Bicc1 and HA-Biccl granules into spherical condensates, as shown by an increase of
the circularity coefficient from 0.294 + 0.097 to 0.824 + 0.111 (Figures 5D and S7, n = 30 granules per
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Figure 5. ANKS3 and ANKSé6 synchronize Bicc1 phase separation and RNA binding

(A-C) Live imaging of GFP-Bicc1 (green) and its 12xMS2-tagged mRNA (red) in Hela cells. GFP-Bicc1-12xMS2 was
expressed alone (A), or in combination with ANKS3-Flag (B), or ANKS3-Flag and V5-ANKS6 (C). The fluorescent signal
plots were generated using the multichannel plot profile analysis in ImageJ. Scale bars, 5 pm.

(D) 3D SIM images of GFP-Bicc1 and ANKS3 ANter-Flag co-transfected in Hela cells. High magnifications of individual
granules are shown at the bottom. Circularity coefficients + SD were calculated using the ImageJ software from 30
individual granules per condition (a value of 1.0 indicates a perfect circle).

(E) Fluorescence Recovery After Photo bleaching (FRAP) of GFP-Bicc1 granules in Hela cells with or without ANKS3
ANter-Flag co-transfection. Results are mean values from 22 individual measurements. Error bars show SEM. ns: non-
significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test).

(F) Live imaging of GFP-Bicc1 (green) and its 12xMS2-tagged mRNA (red) in Hela cells expressing or not ANKS3 ANter-
Flag or ANKS3 ACter-Flag. The graph represents the percentage of TMR signal in GFP-Bicc1 granules calculated using
the JACOP plugin in ImageJ. Data are means +SD from 12 individual cells. ns: non-significant, *p < 0.05, **p < 0.01,
***p < 0.001 (Student's t test).
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condition). Correlating with this altered shape, physical contact among such condensates invariably led to
their fusion into new spheroids, suggesting increased fluidity (Videos S? and 10). In good agreement, FRAP
analysis revealed that under these conditions, the mobile fraction of GFP-Bicc1 sharply increased from 24%
to 45% (Figure 5E, n = 22 granules per condition), indicating liquid instead of gel-like behavior. We, there-
fore, wondered whether tuning the phase separation of Bicc1 by using modified versions of ANKS3 may
also affect the condensation of target transcripts. To address this question, we imaged the effects of
ANKS3 ANter and ACter on GFP-Bicc1 in real-time together with its 12xMS2-tagged mRNA. GFP-Bicc1
concentrated most of its MRNA in cytoplasmic granules even in the presence of ANKS3 ACter. By contrast,
the GFP-Bicc1 spheroids induced by ANKS3 ANter were devoid of detectable TMR staining (Figure 5F and
Video S11). These data show that the inhibitory effects of ANKS3 on RNA binding and on Bicc1 condensa-
tion can be uncoupled from each other: Whereas ANKS3 depends on both its Nter and Cter domains to
disperse Biccl granules, only the C-terminal coiled coil directly participates in the inhibition of RNA
binding.

DISCUSSION

Aberrant phase transitioning of proteins or mRNAs in a growing number of diseases highlights the urgent
need to uncover the diversity of the biological mechanisms regulating this fundamental process in vivo.
Here, high-resolution microscopy, live imaging, and biochemical analysis revealed that multiple self-inter-
action interfaces among protein domains rather than mRNA binding reversibly drive Bicc1 phase transition-
ing in vitro and in vivo. The resulting protein scaffolds showed actomyosin-dependent mobility, grew in size
with increasing Bicc1 concentration, and controlled the localization and dynamics of target mRNAs in gel-
like cytoplasmic granules. Furthermore, under the conditions examined, both Bicc1 granule formation and
the immobilization of its client mRNAs were potently inhibited by ANKS3. Re-arrangement of the multiva-
lent Bicc1/ANKS3 interactions in heterooligomers with co-recruited ANKS6 restored Bicc1 RNP condensa-
tion in gel-like granules. By contrast, deletion of the structured N-terminal domain of ANKS3 only rescued
Bicc1 condensates but not their gel-like hardening or the co-condensation of mRNA, demonstrating that
phase transitioning of Bicc1 can be uncoupled from mRNA binding to this protein scaffold. To our knowl-
edge, such a dual control of RNP condensation by regulatory proteins represents a new mode of biological
regulation of phase separation.

The KH domains as a new hub for Bicc1 self-interaction

The assembly of biomolecular condensates relies on IDRs containing multiple weak interaction motifs and/
or on structured domains, which often exhibit RNA binding properties. RNA itself can also contribute to the
phase separation by expanding the interaction network via protein:RNA and RNA:RNA interactions.’ By
contrast, the Biccl granules are primarily scaffolded by the orderly polymerization of its SAM domain.
Consequently, deletion of the SAM domain, its aberrant elongation by a frame-shifting splice mutation
in Bicc1PPXBPk mice, or mutagenesis of its self-polymerization interface each prevent the condensation
of BiccT in vivo.” ' The present work revealed that the KH repeat contributed nonetheless to Bicc1 conden-
sation, both during in vitro sedimentation and when recruiting Bicc1 ASAM into cytoplasmic GFP-Bicc1 co-
polymers. Binding to RNA was not responsible, as shown by the sedimentation of Bicc1 regardless of the
presence of a synthetic target RNA or treatment with RNase A. Instead, we discovered that the KH domains
self-interact, at least through their KH1, consistent with the dimeric structure of human BICC1 KH1 deter-
mined by X-ray crystallography (PDB: 6GY4). Elevating the salt concentration sufficed to dissolve Bicc1 sed-
iments. This salt-in effect strongly suggests a role for stereospecific electrostatic contacts such as
the hydrogen bonds between two Bicc1 KH1 domains. By contrast, in protein condensates induced by
non-ionic interactions of disordered regions, high salt typically favors re-entrant phase transitions or aggre-
gation.”> Moreover, as little as 150 mM NaCl led to a 3-fold decrease in KH domain-mediated Bicc1 sedi-
mentation. The inhibition by a physiological salt concentration may explain why the nucleation of Bicc1
condensates in vivo depends on the SAM domain. To our knowledge, the finding that KH domains
contribute to condensation through protein-protein interactions and thereby regulate the de-mixing of
associated transcripts has not been reported previously.

Bicc1 KH and SAM domains cooperate to assemble a 3D meshwork with gel-like properties

The identification of an additional self-interaction interface has several implications for the function of
Biccl. Foremost, while ML and EH surfaces link the SAM domains to each other,’” the KH domains increase
the valency of known self-interactions by providing at least one additional docking site for yet another Bicc
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monomer, or to crosslink oligomers to each other. The measurement of protein dynamics by FRAP revealed
that the majority of GFP-Bicc1 protein inside granules forms an immobile core that is gel-like, as defined by
the lack of exchange of molecules with the surrounding liquid. Only a minority fraction of 24% was mobile.
Its exchange rate (t12 = 20 s) is reminiscent of SGs and PBs that form by liquid-liquid phase transition-
ing."""® Deletion of the KH repeat increased this mobile fraction 1.5-fold. As the stability of condensates
generally correlates with the connectivity of their components,*®*" this result further supports a role for KH
domains in cross-linking Bicc1 polymers nucleated by the SAM domain. In line with this interpretation, we
found that the novel self-interaction mediated by KH domains modulates Bicc1 granule shapes. Thus, un-
like the space-filling interconnected meshwork formed by full-length GFP-Bicc1, GFP-Bicc1 AKH polymers
instead formed fibrillar structures. Previous analysis by cryoelectron microscopy established that rod-like
fibrils can also be assembled in vitro by head-to-tail polymerization of isolated Bicc1 SAM domain alone.*”
Together, these observations suggest that the Bicc1 SAM domain nucleates longitudinally growing fibrils
that are remodeled by KH domains into a meshwork of interconnected granules.

Co-condensation of client mRNAs with specific scaffold proteins is typically driven by IDRs. In sharp
contrast, evidence for a similar role of the disordered IVS of Bicc1 is lacking. However, at least a passive
role of the IVS in Bicc1 condensation should be considered since flexible linkers are known to influence pro-
tein gelation.”® Comprising a relatively long sequence of 431 amino acids, the IVS may increase the confor-
mational freedom of structured domains to expand the Biccl network and allow ANKS3 and ANKSé to
regulate access to client mRNAs. Additional layers of regulation of many protein condensates frequently
include post-translational modifications (PTMs).”" Tools introduced here to determine what governs
Biccl RNP dynamics pave the way to investigate whether the Biccl IVS and its numerous annotated
PTMs further modulate phase transitioning, e.g. through repulsion, rigidification, and/or by regulating
the binding of specific interacting factors.

Bicc1 promotes the liquid-to-gel transitioning of client mRNAs

Our FRAP analysis of target mRNAs revealed that Biccl promotes liquid-to-gel transitions of its target
mRNAs. Interestingly, the molecular diffusion of bound mRNAs decreased below that of GFP-Bicc1 protein
itself, possibly reflecting the marked difference in size and gyration radius of mRNAs compared to pro-
teins.”” In addition, intermolecular RNA-RNA interactions or re-association with RNA-free KH domains
may further restrain mRNA mobility inside the Bicc1 meshwork. In return, feedback from the client tran-
scripts on granule dynamics is not excluded. Indeed, a 27xMS2-tagged Adcyé 3'UTR reporter mRNA has
previously been shown to bind to Bicc1/ANKS3 complexes independently of ANKS6.'” This 27xMS2 tag
comprises 12 copies of the CGACGACG sequence that includes two GAC motifs akin to the Bicc1 binding
site GACGUGAC in the Dand5 3'UTR.?” By contrast, reporter mRNAs that we tagged with only 12 repeats of
a different MS2 sequence devoid of artificial bipartite GAC motifs were effectively barred from entering
Bicc1 granules by ANKS3 (Figure 4). This interesting example strongly suggests that ANKS3 hinders access
of Bicc1 to mRNA by direct competitive inhibition, rather than indirectly through its inhibitory effect on
Biccl phase transitioning. In line with this interpretation, deletion of the structured N-terminal domain
of ANKS3 rescued Biccl condensates, but not their gel-like hardening or the co-condensation of mRNA.
These observations confirm that phase transitioning of Bicc1 and mRNA binding can be uncoupled and
hence are not causally linked, even though both of these processes happen to be co-regulated by
ANKS3 and ANKS6.

ANKS3 and ANKS6 alter the properties of the Bicc1 meshwork and modulate the retention of
client mRNAs

Previously, we have shown that ANKS3 acts as a negative regulator of Bicc1 granule formation by hindering
SAM polymerization through its Cter domain (Rothé et al., 2018). Here, we observed that removing the Nter
domain of ANKS3 prevents Biccl granule dissolution and reshapes the complexes into spherical conden-
sates. The shape of a condensate is governed by the surface tension, a mechanical force at the boundary
between the dense phase and surrounding liquid.>® Liquid condensates naturally tend to adopt a spherical
shape to minimize their interface with the solvent. Our observation that ANKS3 ANter colocalizes with Bicc'
in spheres suggests that the Nter domain of ANKS3 contributes to the emulsification of the Bicc1 granules
by altering the surface tension. Hence, the dispersal of Biccl by ANKS3 seems to rely on the steric hin-
drance of SAM polymerization by its Cter domain'? and on the modulation of the surface tension by its
Nter domain, the combination of both forces being required to dissolve Biccl granules. By contrast, the
co-recruitment of ANKS6 to Bicc1-ANKS3 complexes rescues both the assembly and the phase separation
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of Bicc1 RNPs. Together, these findings suggest that ANKS3 and ANKSé synchronize and spatially couple
specific RNA binding of Bicc1 with its phase separation.

Actomyosin-dependent mobility of the Bicc1 granules suggests a role in RNA transport

Our live imaging experiments revealed that GFP-Bicc1 granules are mobile, with a subset showing direc-
tional movements driven by actomyosin and to a lesser extent by microtubules. In line with this observation,
previous analysis of the Biccl protein interactome identified components of the actomyosin network,
including filamin, alpha-actinin-4, actin-like protein 6A, and several ARHGEF and ARHGAP proteins.’” By
contrast, PBs use microtubules for long-range movements and remain stationary when associated with
actin.” Spikes of directional motion of small GFP-Bicc1 granules and associated RNA coincided with fusion
and fission, or with their incorporation into larger stationary Bicc1 RNPs. In neurons, localization of RNA in
granules allows to coordinate their translation in space and time.”> These observations warrant further
study to assess whether Bicc1 granules organize the transport of a subset of transcripts along the cytoskel-
eton to control their translation at specific subcellular locations, such as the centrosome.'®

Given the large number of Biccl-interacting factors, ANKS3 and ANKSé are unlikely the only factors that
influence the solubility of Bicc1 and its RNP dynamics. However, our present findings are consistent with
known Anksé and Anks3 functions in vivo. Cystic kidneys of Anksé6/* rats accumulate calcium oxalate crys-
tals, possibly due to impaired urine flow sensing, suggesting the implication of Anksé in a program of
reversible renal tubule dilation that allows urine flow to flush out crystals during adult tissue homeosta-
sis.”>>’ An attractive hypothesis is that ANKSé may relieve Bicc1 from its inhibition by ANKS3 in metro-
nomic quantities determined by flow stimulation of primary cilia in order to regulate tubule dilatation via
the reversible repression of specific transcripts such as ACé. Therefore, future studies should address
whether such a program relies on Bicc1 condensates and whether disruption of their dynamics is respon-
sible for cyst formation and other ciliopathy defects.

Limitations of the study

Studying protein dynamics requires fluorescent fusion proteins. As fusion of GFP to the Bicc1 C-terminus
inhibits Bicc1 function and interferes with head-to-tail polymerization of the SAM domain, we had to fuse
GFP to the N-terminus. Importantly, GFP slightly increased Bicc1 solubility in cell extracts rather than
reducing it, and it did not alter Bicc1 function in any of the cell-based assays examined. Nevertheless,
we cannot formally rule out the possibility that GFP could potentially skew some protein interactions of
the adjacent KH domains. A related limitation is that the behavior of the Bicc1 protein network and the in-
flunce of specific protein domain deletions employed here should be expected to be malleable by endog-
enous Biccl or its partner proteins. Therefore, we validated all of our conclusions by comparing Bicc1 with
and without GFP in human Hela and HEK293T cells that express only trace amounts of BICC1 mRNA, and in
CRISPR-edited IMCD3 cells, where exon 1 of endogenous BiccT was disrupted by a frame-shifting indel mu-
tation. Finally, among the commercially available antibodies, none were specific for ANKS3, and specific
anti-ANKSé antibodies are all from rabbits, precluding to conduct co-immunostaining of endogenous
ANKS3 or ANKS6 together with rabbit anti-Bicc1 antibodies, and hence to determine when and where
exactly the observed interactions with Bicc1 RNPs occur during embryonic development or in kidneys.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-HA (produced in rabbit) Sigma Cat#H6908; RRID: AB_260070
Monoclonal anti-FLAG® M2 (produced in mouse) Sigma Cat#F3165; RRID: AB_259529
Monoclonal mouse anti-yTubulin Sigma Cat#T6557; RRID: AB_477584
Polyclonal anti-ANKS6 (produced in rabbit) Sigma Cat#HPAO008355; RRID: AB_2058277
Polyclonal rabbit anti-GAPDH Abcam Cat#ab70699; RRID: AB_1209569
Monoclonal anti-HA—Agarose antibody (produced in mouse) Sigma Cat#A2095; AB_257974

IRDye® 680RD Donkey anti-Mouse IgG Secondary Antibody
IRDye® 800CW Donkey anti-Rabbit IgG Secondary Antibody

LI-COR Biosciences
LI-COR Biosciences

Cat# 926-68072; RRID: AB_2814912
Cat# 926-32213; RRID: AB_2715510

Bacterial and Virus Strains

BL21(DE3) Chemically Competent E. coli Invitrogen Cat#C600003

Chemicals, Peptides, and Recombinant Proteins

Blebbistatin SelleckChem Cat#S7099

Cytochalasin D Sigma Cat#C2618

Doxycyclin Sigma Cat# D9891

Monastrol SelleckChem Cat#58439

Nocodazole Sigma Cat#M1404

Y27632 SelleckChem Cat# S1049

QC Colloidal Coomassie Stain Bio-Rad Cat#1610803

Experimental Models: Mammalian Cell Lines

HEK293T ATCC Cat#CRL-11268; RRID: CVCL_1926
Hela ATCC Cat# CCL-2; RRID: CVCL_0030
IMCD3 ATCC Cat#CRL-2123; RRID: CVCL_0429
IMCD3 sgBicc1; tetO::GFP-Bicc1; rtTA this paper N/A

Experimental Models: Organisms/Strains

Mouse strain C57BL/6

Rothé et al., 2015'°

RRID:MGI:2159769

Recombinant DNA

pCMV-SPORT6::HA-Bicc1
pCMV-SPORTé6::HA-Bicc1 AKH
pCMV-SPORT6::HA-Bicc1 ASAM
pCMV-SPORTé6::HA-Bicc1 mutD
pCMV-SPORTé::HA-Bicc1 AKH-mutD
pCMV6-Entry::ANKS3-Flag
pcDNA6::V5-ANKS6
pCMV-GFP::Bicc
pCMV-GFP::HA-Bicc1
pCMV-GFP::HA-Bicc1 AKH
TRE3G-eGFP-Bicc1-puro
hPGK-rtTA3G-IRES-bsd
pCS-Luc::12xMS2
pCS-Luc::Dand5-3'UTR-12xMS2

Maisoneuve et al., 2009
Maisoneuve et al., 2009
Maisoneuve et al., 2009
Rothé et al., 20157

this paper

Origene

Pr. S. Lienkamp, Hoff et al., 2013

this paper
this paper
this paper
this paper
Pr. David Suter, EPFL
this paper
this paper

N/A
N/A
N/A
N/A
N/A
Cat#RC223862
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pCMV-GFP::Bicc1-12xMS2 this paper N/A
UbiC::NLS-HA-2xMCP-HALO Addgene, Halstead et al., 2015 Cat#64540
PGEX-1AT::Bicc1 this paper N/A
PGEX-12T::Bicc1-KH Piazzon et al., 20127 N/A
PGEX-1AT::Bicc1-KH,4 this paper N/A
PGEX-1AT::Bicc1-KH, this paper N/A
PGEX-1AT::Bicc1-IVS this paper N/A

Critical Commercial Assays

PrimeSTAR® Max DNA Polymerase Takara Cat# RO45A

NucleoSpin® Gel and PCR Clean-up
Glutathione-Sepharose 4B

Macherey-Nagel
GE Healthcare

Cat# 740609.50
Cat# GE17-0756-01

HaloTag® TMR G8252 ligand Promega Cat#G8252

RNasin Promega Cat#PRN2615

Protease inhibitors Roche Cat# 11697498001
Phosphatase inhibitors Sigma Cat#P0044

jetPEl Polyplus Cat#101-40N

Software and Algorithms

FlJI Fiji/lmageJ RRID: SCR_002285; http://fiji.sc
ZEN 2009 Zeiss, EPFL BIOP RRID: SCR_013672

NIS-Elements software

Nikon

RRID: SCR_014329

Leica Application Suite X Leica RRID: SCR_013673
Other

Odyssey CLx scanner LI-COR Biosciences N/A

Inverted Zeiss LSM700 confocal microscope Zeiss, EPFL BIOP N/A

Inverted Zeiss LSM710 confocal microscope Zeiss, EPFL BIOP N/A

3D NSIM Nikon microscope Nikon, EPFL BIOP N/A

Leica SP8 confocal microscope Leica, EPFL BIOP N/A

Leica SP8 STED 3X Leica, EPFL BIOP N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Daniel B. Constam (Daniel.Constam@epfl.ch).

Materials availability

All reagents generated in this study are available from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability

o All the data reported in this article are available in the supplementary file Data S1.

® This article does not report original code.

® Any additional information required to reanalyze the data reported in this article is available from the

lead contact upon request.
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EXPERIMENTAL MODEL

IMCD3 (CRL-2123), HEK293T (CRL-11268) and Hela cell lines (CCL-2) were purchased from ATCC and
cultured in DMEM (Sigma) supplemented with 10% FBS (Sigma), 1% GlutaMAX (Thermo Fisher Scientific),
and 1% gentamicin (Thermo Fisher Scientific). IMCD3 sgBicc1; tetO::GFP-Bicc1; rtTA cells were derived
from the CRISPR/Cas9-edited IMCD3 sgBiccl clone #14'° by stable transduction with hPGK-rtTA3G-
IRES-bsd and, after selection in blasticidin, transduced with TRE3G-eGFP-Bicc1-puro lentivirus at low
MOI and plated at limiting dilution to derive clonal cell lines.

METHOD DETAILS
Antibodies

Monoclonal rabbit anti-HA (Sigma H6908) and mouse anti-FLAG® M2 (Sigma F3165), anti-y-tubulin (Sigma
T6557), and polyclonal rabbit anti-ANKS6 (Sigma HPA008355), and rabbit anti-GAPDH (Abcam ab70699)
antibodies were used for Western-blot and/or immunofluorescent staining. Detection of endogenous
Bicc1 by Western-blot was performed using custom-made affinity-purified polyclonal rabbit anti-Bicc1 anti-
body.'? Detection of endogenous Bicc1 by immunofluorescent staining was performed using a polyclonal
rabbit anti-Bicc1 antibody (Sigma HPA045212).

Plasmids

The pCMV-SPORTé6::HA-Bicc1, AKH, ASAM” and mutD,” pcDNA6::V5-ANKS6,%” pCMV6-Entry:: ANKS3-Flag,
pCMV6-Entry:ANKS3ACter-Flag'? and pGEX-1AT::Bicc1-KH?® have been described previously. PCR frag-
ments of individual KH domains have been amplified from appropriate pPCMV-SPORTé constructs and cloned
between BamHI and Xhol sites of pGEX-1AT. To derive pCMV-SPORT6::HA-BiccT AKH-mutD, a BstBI-Xbal
fragment of pCMV-SPORT6::HA-Bicc1 mutD'® was used to replace the corresponding fragment in pCMV-
SPORT6::HA-Bicc1 AKH. Plasmid pCMV-GFP::Bicc1 was constructed by cloning the Agel-Xbal insert of
pCMV-SPORTé::HA-Bicc1 including its 3'UTR into Xmal-Xbal sites of pCMV-EGFP-C1(Neo). The AKH deriva-
tive has been obtained by replacing the internal BsrGl/Xmal fragment encoding Pross-Glyss: by a synthetic
linker. Alternatively, to express GFP-Bicc1 without HA tags, Bicc1 cDNA including a 5’UTR of 19 bp was fused
to GFP in pCMV-GFP-C1 as an Agel-Xbal fragment derived from the Bicc1 IMAGE clone 2655954 (Genbank
AF319464). To obtain the plasmid pCMVé-Entry::ANKS3Anter-Flag, a PCR fragment lacking the sequence en-
coding amino acids 2-220 has been cloned between the Kpnl and Hindlll sites. To generate doxycycline-induc-
ible TRE3G-eGFP-Bicc1-puro, HA-tagged GFP-Bicc1 from pCMV-GFP::Bicc1 was cloned as an Agel-Xbal frag-
ment into Xmal-Xbal of a derivative of pLenti CMVTRE3G Puro DEST (w811-1) lacking the Gateway cloning site
(provided by David Suter, EPFL, together with lentiviral plasmid hPGK-rtTA3G-IRES-bsd. The plasmid pCS+::
AC6-3'UTRprox”® was used as template for in vitro transcription of the ACé 3'UTR, as described in.?” To
generate pCS-Luc::Dand5-3'UTR, a fragment encompassing the 3’end of the CDS (from nucleotide 539) and
the 3'UTR of Dand5 was amplified by PCR and inserted into Xhol and Bglll sites of plasmid pCS-Luc-link-
MS2 between its firefly luciferase cassette and 3 repeats of the sequence AAAACATGAGGATCACCCATGTCT
(MS2 hairpin is underlined). To increase the number of MS2 repeats, the 3 MS2 hairpins in pCS-Luc-
link-MS2 were excised by Xhol/Hpal-digestion and replaced by 6 copies of the synthetic sequence ACATGAG
GATCACCCATGTCTCTGCAGTCGATAAAGAAAACATGAGGATCACCCATGTCTCTGCAGTCGACTAAAA
(GeneArt Gene Synthesis, ThermoFisher) to derive pCS-Luc::12xMS2 control plasmid. Insertion of this synthetic
12xMS2 into Bglll-SnaBl of pLuc::Dand5-3'UTR or into the Xbal site of pCMV-GFP::Bicc1, respectively, gave rise
to pCS-Luc::Dand5-3'UTR-12xMS2 and pCMV-GFP::Bicc1-12xMS2. UbiC::NLS-HA-2xMCP-HALO was from
Addgene.*?

Plasmid transfection and cell treatment

To induce GFP-Biccl and analyze its condensation in the cytoplasm or in cell extracts, IMCD3 sgBicc1;
tetO::BiccT; rtTA cells were treated with 0.5 pg/mL doxycycline for 24 hrs, or as indicated. To assess effects
on GFP-Bicc1 mobility, cells were treated with blebbistatin (SelleckChem, 50uM for 30min), cytochalasin D
(Sigma, 0.5 M for 1h), monastrol (SelleckChem, 100 uM for 12h), Y27632 (SelleckChem, 10 uM for 2h) or no-
codazole (Sigma, 100 ng/ml for 12h). To deplete ANKS3, IMCD3-sh::ANKS3 cells®® were treated with
0.25 pg/mL doxycycline in fresh complete medium that was renewed every 48 hrs for 8 days.

Purification of GST fusion proteins

Fusions of glutathione S-transferase (GST) with Biccl fragments in plasmid pGEX-1AT were expressed in
E. coli BL21 (Novagen) as described.”” Purification was performed using glutathione-Sepharose 4B
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(GE Healthcare) according to manufacturer instructions. The beads were resuspended in a buffer consist-
ing of 50 mM Tris-HCI, pH 8, 200 mM NaCl, 1 mM dithiothreitol (DTT).

Sedimentation of membraneless compartments by stepwise differential centrifugation

HEK293T were transfected with 2 pg HA-Bicc or HA-Bicc1 AKH, or 4 pg HA-BiccT ASAM per 10 cm dish
using jetPEl (Polyplus Transfection) 1 d before the experiment. Transfected HEK293T cells, or stable
IMCD3 sgBicc1; tetO::GFP-Bicc1; rtTA cells (one 10 cm dish per condition) were washed with ice-cold
PBS and passed eight times through a syringe needle (no. 30) in extraction buffer containing 50 mM
Tris-HCI (pH 7.6), 5 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol (DTT), 0.1% Nonidet P-40 (NP-40), Rnasin
(Promega), phosphatase inhibitors (Sigma), and protease inhibitors (Roche). After a first centrifugation at
2,000 g for 2 min at 4°C, the extracts were centrifuged by steps of increasing speed from 4,000 g to
10,000 g for 5 min at 4°C each. After gentle collection of the supernatants, the pellets were resuspended
after each step in the same volume of extraction buffer as the initial cell pellet. To assess whether GFP-Bicc1
sedimentation is salt-sensitive, aliquots of the supernatant of a 4,000 g centrifugation were supplemented
with increasing concentrations of NaCl and incubated for 20 min at 4°C before sequential centrifugation at
4,000 g and 10,000 g. Alternatively, to assess whether the sedimentation in heavy fractions depends on
RNA, supernatants from a 4,000g centrifugation were incubated for 20 min at RT with 0.4 pg/plL of Rnase
A or with 15 pmol of in vitro transcribed RNA prior to centrifugation at 10,000 g. For Western blot analysis
of heavy and light fractions, 15 pl aliquots of each were dissolved in Laemmli buffer, size-separated on
reducing SDS PAGE gels, transferred to nitrocellulose membranes, blocked with skim milk and incubated
over night with the indicated antibodies, and with fluorescently labelled secondary antibodies for analysis
on an Odyssey CLx scanner (LI-COR Biosciences).

Protein co-immunoprecipitation assay in HEK293T cells

HEK293T cells were transfected with 2 pg GFP-Bicc1, HA-Bicc1 or HA-Bicc AKH per 10 cm dish, or with
4 ng HA-Bicc1 mutD or HA-Bicc1 AKH-mutD. 24 hrs later, cells from two dishes per condition were washed
with ice-cold PBS and pooled in extraction buffer containing 20 mM Tris-HCI (pH 7.4), 2.5 mM MgCl,,
100 mM NaCl, 5% glycerol, 1 mM dithiothreitol (DTT), 0.05% Nonidet P-40 (NP-40), Rnasin (Promega), phos-
phatase inhibitors (Sigma), and protease inhibitors (Roche). Total cell extracts were prepared by ultrasoni-
cation followed by two rounds of centrifugation at 10,000 X g for 5 min at 4°C to remove debris. Superna-
tants were incubated with anti-HA beads (Sigma) for 2 hrs at 4°C on a rotating wheel. After washing four
times for 10 min in 20 mM Tris-HCl pH 7.4, 2 mM MgCl,, 200 mM NaCl, 1 mM DTT, and 0.1% NP-40, beads
were suspended in Laemmli buffer and loaded on reducing SDS PAGE gels to size-separate eluted pro-
teins. For immunoblot analysis, proteins were transferred to nitrocellulose membranes, blocked with
skim milk and incubated over night with the indicated antibodies, and with fluorescently labelled secondary
antibodies for quantitative analysis on an Odyssey CLx scanner (LI-COR Biosciences) that has a high dy-
namic range and automatically flags and excludes saturated bands.

Reconstitution of multiprotein complexes and RNP by GST pull-down

To assess binding of GST-Bicc1 fusion proteins to HA-Bicc1 WT, AKH or ASAM, HEK293T cells were trans-
fected and extracted as described above. Cleared extracts were incubated for 2 hrs at 4°C with glutathione-
Sepharose 4B beads that were coated with GST alone (control), or with GST-Bicc1 fusions. Proteins that
were bound to the beads were washed and analyzed by Western blotting as described above. Retention
of the GST fusions was validated by Coomassie staining of eluted proteins.

Tracking of GFP Bicc1 granules

After treatment with 1 ng/mL doxycycline for 24 hrs on 35 mm glass bottom plates (Ibidi), IMCD3 sgBicc1;
tetO::GFP-Bicc1; rtTA cells were placed in PBS and imaged at 37°C using a TCS SP8 STED 3x microscope
(Leica Microsystems) equipped with white-light laser. Images were acquired using a 63x objective with a
7.5x optical zoom and pinhole size of 5 Airy Units (AU). Image format and laser speed were set at 512 x
512 pixels and 1400, respectively. Images were taken every 15 seconds intervals for 15 min along the
Z-axis. Time-lapse videos were generated after Z-projection (maximum intensities) of all images. Dynamic
parameters were obtained using ImageJ TrackMate plugin and R statistical software. The parameters to
extract Links, Spots and Tracks statistics from Trackmate were as follows: Estimated blob diameter,
0.6 um; Filter spots, “Mean intensity”; Linking Max Distance, 2 um; Gap-closing max distance, 1 um;
Gap-closing max frame gap, O um. For a given recording, individual spot displacement values were
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normalized based on the track length, which corresponds to the number of consecutive images where a
spot was successfully tracked.

Classification of GFP-Bicc1 condensates by their shapes, and quantification of mRNA
co-localization

The size and circularity of protein condensates were measured using the Analyze Particles tool of Image J.
The Watershed algorithm was used to separate particles in close contact. Condensates were binned into
four distinct categories. The category “"Regular granules” corresponds to non-fibrillar condensates in the
range of size of 0.05 to 3 pm?, as observed for endogenous Bicc1 in mouse kidney (Fig. S3E). The category
“Enlarged condensates” corresponds to non-fibrillar condensates larger than 3 um?. The categories “Fi-
brils” and “Granules with fibrillar connections” comprise the cells harboring fibrillar condensates alone
or together with regular granules smaller than 3 pm?, respectively. The Mander's coefficient as an estimate
of the co-localization of GFP-Bicc1 and mRNA condensates was calculated using the JACoP BIOP plugin
(available on Fiji upon installation of PTBIOP and IBMP-CNRS update sites).

FRAP analysis

FRAP analysis in Hela cells was performed using a Zeiss LSM710 confocal microscope with a 63x/0.9NA
lens. ROl were photobleached with maximum laser power at 488 nm or 561 nm wavelengths. Images
were taken during 4 min at 2.5 sec (GFP-Bicc1) or 0.2 sec (TMR) intervals with a fully open pinhole. The laser
power was set in a range of 0.15-8%, the gain was optimized for each z-stack in a range of 400-800 to avoid
saturation, and the pixel dwell time was set at 1.27 psec. Results were expressed as the percentage of re-
covery relative to the baseline of residual fluorescence intensity after photobleaching at t = 0 sec, and
normalized to the fluorescence of an unbleached area. The half-time of recovery was estimated by linear
regression.

Structured illumination microscopy

Hela cells on cover slips with a thickness of 170 um were transfected with 1 ug of plasmid per well in a 6-well
plate. After 24 hrs, cells were fixed in methanol for 10 min at -20°C and imaged on a 3D NSIM Nikon micro-
scope using an objective APO TIRF100x/1.49 oil combined with an additional lens 2.5x. GFP-Bicc1 was de-
tected using a Coherent Sapphire 488 nm laser (200 mW) and imaged using an Andor iXon3 897 camera.
The acquisition time was 100 ms at a readout of 3 MHz. 3D images were reconstructed from stacks of 15
images (5 phase shifts and 3 rotations) with a z-step of 120 nm. Pictures of the final 3D volume rendering
were generated using Imaris software.

Immunofluorescence staining

Hela cells transfected with 1 pg of plasmid per well in 6-well plates were incubated and one day later
passed to sterile coverslips in 24-well plates. After incubation for another day, cells were fixed in methanol
for 10 min at -20°C. After washing in PBS, coverslips were incubated 1 hr at RT in blocking buffer containing
PBS and 1% BSA, and 2 hrs at RT in blocking buffer containing appropriate combinations of the following
antibodies, as indicated in the figures: anti-Bicc1 (1/200, Rabbit, Sigma), anti-HA (1/500, Rabbit, Sigma),
anti-Flag (1/500, mouse, monoclonal clone M2, Sigma) and/or anti-ANKSé antibodies (1/500, Rabbit,
Sigma). After rinsing with PBS, cells were incubated with anti-mouse Alexa 568 and/or anti-rabbit Alexa
647 in blocking buffer for 1 hr at RT in presence of DAPI (1/10000). For cryosectioning, kidneys were
collected and prepared from C57BL/6 mice as described in.'® Pictures were acquired on a Leica SP8
confocal microscope with a 63x/1.4NA lens. The laser power was set in a range of 1-2%, the gain was opti-
mized for each image in a range of 400-800 to avoid saturation, the pinhole size was set at 1 Airy Unit, and
the pixel dwell time was set in a range of 0.8 to 3.2 psec.

Protein-RNA colocalization by time-lapse imaging

3 x 10° Hela cells in 35 mm glass bottom dishes (Ibidi) were transfected with 2xMCP-NLS-HaloTag
together with GFP-Bicc1-12xMS2 (1 pg each) or, where indicated, with GFP-Bicc1 and either Luc-12xMS2
or Luc-Dand5 3UTR-12xMS2 reporters. After 36 hrs, cells were incubated for 15 min with the HaloTag®
TMR G8252 ligand (Promega) in fresh medium. Thereafter, unbound TMR was removed by washing 3 times
with culture medium (including a final incubated incubation in fresh medium for 30 min) and 3 times in PBS.
Imaging was performed in PBS supplemented with 2% BSA on an inverted Zeiss LSM700 confocal micro-
scope with a 63x/1.4NA lens. The laser power was set in a range of 2-10%, the gain was optimized for
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each z-stack in a range of 400-800 to avoid saturation, the pinhole size was set at 1 Airy Unit, and the pixel
dwell time was set in a range of 0.4 to 0.8 psec. Four stacks were acquired every 1.5 min during at least
15 min. Videos were mounted with a speed of 5 pictures/sec.

QUANTIFICATION AND STATISTICAL ANALYSIS

Images were analysed using ImageJ software in Fiji. Western blot signals were quantified using the Odys-
sey CLx scanner software ensuring that all bands were below saturation. Statistics were calculated with the
Microsoft Excel software. Error bars represent standard deviations (SD). Student’s t test was used to calcu-
late p values, with p < 0.05, p < 0.01 orp < 0.001 represented by one, two or three asterisks, respectively.
Statistical details of individual experiments can be found in the figure legends and in the Data S1 file.
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