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CK1-mediated phosphorylation of FAM110A
promotes its interaction with mitotic spindle and
controls chromosomal alignment
Cecilia Aquino Perez , Monika Burocziova , Gabriela Jenikova & Libor Macurek*

Abstract

Progression through the cell cycle is driven by cyclin-dependent
kinases that control gene expression, orchestration of mitotic
spindle, and cell division. To identify new regulators of the cell
cycle, we performed transcriptomic analysis of human non-
transformed cells expressing a fluorescent ubiquitination-based
cell cycle indicator and identified 701 transcripts differentially
expressed in G1 and G2 cells. Family with sequence similarity 110
member A (FAM110A) protein is highly expressed in G2 cells and
localized at mitotic spindle and spindle poles during mitosis.
Depletion of FAM110A impairs chromosomal alignment, delays
metaphase-to-anaphase transition, and affects spindle positioning.
Using mass spectrometry and immunoprecipitation, we identified
casein kinase I (CK1) in complex with FAM110A during mitosis. CK1
phosphorylates the C-terminal domain of FAM110A in vitro, and
inhibition of CK1 reduces phosphorylation of mitotic FAM110A.
Wild-type FAM110A, but not the FAM110A-S252-S255A mutant
deficient in CK1 phosphorylation, rescues the chromosomal align-
ment, duration of mitosis, and orientation of the mitotic spindle
after depletion of endogenous FAM110A. We propose that CK1
regulates chromosomal alignment by phosphorylating FAM110A
and promoting its interaction with mitotic spindle.
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Introduction

Progression through the cell cycle is driven by cyclin-dependent

kinases (CDK) that act in complex with various cyclins, including

cyclin D and E in G1, cyclin A in S/G2, and cyclin B in G2/M phases

of the cell cycle (Malumbres & Barbacid, 2009). CDK activity triggers

periodical changes in transcription during progression through the

cell cycle. Phosphorylation of the retinoblastoma-associated protein

RB1 by cyclin D-CDK4/6 in G1 phase allows activation of the E2F

family transcription factors leading to production of cyclin E-CDK2

and promoting G1/S transition (van den Heuvel & Dyson, 2008;

Bertoli et al, 2013). Premature expression of mitosis-promoting

genes is suppressed by a DREAM complex binding to CHR elements

in the promoters (M€uller et al, 2014). Transcription factors B-MYB

and FOXM1 are sequentially recruited to the DREAM complex in G2

and promote expression of the G2/M genes (Laoukili et al, 2005;

Sadasivam et al, 2012). Phosphorylation of B-MYB and FOXM1 by

CDKs is needed for activation of their transactivation domains and

full expression of the G2/M genes (Saville & Watson, 1998; Laoukili

et al, 2008). FOXM1 promotes expression of multiple proteins

including cyclin B (CCNB1), polo-like kinase 1 (PLK1), dual speci-

ficity phosphatases (CDC25B and CDC25C), and Aurora kinase B

(AURKB) that play essential roles in mitotic entry, organization of

the bipolar mitotic spindle, sister chromatid segregation, and cytoki-

nesis (Laoukili et al, 2005).

Periodical expression of genes in individual phases of the cell

cycle has been widely studied in several models including yeast and

human transformed cell lines (Cho et al, 1998; Chaudhry et al,

2002; Whitfield et al, 2002; Rustici et al, 2004; Grant et al, 2013).

Such transcriptomic analysis typically requires cell synchronization

by various techniques including inhibition of DNA replication by

thymidine or blocking mitotic progression by a microtubule-

depolymerizing drug nocodazole (Ma & Poon, 2011). Although

these techniques efficiently enrich cells in certain cell cycle phase,

they also generate substantial level of cellular stress that may affect

gene expression and generate artifacts in evaluation of differences

between individual phases of the cell cycle (Shedden & Cooper,

2002; Cooper & Shedden, 2003; Grant et al, 2013). For instance,

treatment with thymidine arrests cells at the beginning of S phase

but also invariably leads to activation of ATM and ATR kinases

(Bolderson et al, 2004; Halicka et al, 2017). Activation of the p53

pathway leads to expression of the CDK inhibitor p21/CDKN1A that

affects expression of multiple cell cycle genes (de Toledo et al, 1998;

Löhr et al, 2003; Fischer et al, 2016). Similarly, prolonged prometa-

phase block caused by nocodazole activates mitogen-activated

protein kinase p38 and this may affect progression through the

subsequent interphase (Takenaka et al, 1998; Uetake & Sluder,

2010).
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Casein kinase I (CK1) is a family of seven monomeric serine/

threonine protein kinases implicated in various cellular functions

including WNT signaling, nucleo-cytoplasmic transport, circadian

rhythms, DNA repair, and mitosis (Knippschild et al, 2005;

Johnson Alyssa et al, 2013; Cruciat, 2014). In mitosis, various

CK1 isoforms were reported to localize at spindle poles and CK1

was also identified as a component of mitotic spindles by

proteomic screens (Milne et al, 2001; Sauer et al, 2005; Peng

et al, 2015). A coiled-coil anchoring protein AKAP450 has been

reported to recruit CSNK1D to the spindle poles, whereas local-

ization of CSNK1A is mediated by its interaction with FAM83D

(also known as spindle protein CHICA; Sillibourne et al, 2002;

Santamaria et al, 2008; Fulcher et al, 2018; Fulcher et al, 2019).

Inhibition of CK1 using small-molecule inhibitors caused mitotic

defects (Behrend et al, 2000; Cheong et al, 2011). CK1 was impli-

cated in positioning of the mitotic spindle in yeast, worms, and

human cells (Panbianco et al, 2008; Peng et al, 2015; Portegijs

et al, 2016; Fulcher et al, 2019). In C. elegans embryos, CK1

activity controls asymmetric distribution of the Ga, GPR-1/2, and

LIN-5 complex (Ga-LGN-NuMA in mammals) that mediates bind-

ing of the astral microtubules to actin-rich cell cortex and thus

regulates positioning of the mitotic spindle (Panbianco et al,

2008). In addition, phosphorylation of LIN-5 by CK1 promotes its

interaction with GPR-1/2 and contributes to the cortical pulling

forces on mitotic spindle (Portegijs et al, 2016). In human cells,

recruitment of dynein to the LGN-NuMA is restricted by polo-like

kinase 1 (PLK1) localized at the spindle poles (Kiyomitsu &

Cheeseman, 2012). In addition, cortical enrichment of the LGN-

NuMA is suppressed by Ran-GTP and PLK1 activities resulting

from a close proximity of misaligned chromosomes in the cell

cortex (Kiyomitsu & Cheeseman, 2012; Tame et al, 2016). Cortical

localization of NuMA is negatively regulated during metaphase

through its phosphorylation by CDK1, PLK1, and Aurora-A (Kotak

et al, 2013; Seldin et al, 2013; Gallini et al, 2016; Kotak et al,

2016; Sana et al, 2018). Finally, CK1 was also implicated in

spindle positioning in human cells, yet its substrates still remain

to be determined (Fulcher et al, 2019).

Here, we compared gene expression in G1 and G2 cells sorted

from asynchronously growing human non-transformed cells based

on expression of a fluorescent ubiquitination-based cell cycle indi-

cator and identified 701 differentially expressed transcripts

(Sakaue-Sawano et al, 2008; Sakaue-Sawano et al, 2017). Further,

we characterized the family with sequence similarity 110 member

A (FAM110A, also reported as C20orf55) that showed high expres-

sion in G2 cells. We have observed that FAM110A localizes at the

spindle poles during mitosis and that depletion of FAM110A by

RNAi causes mitotic defects. Impaired chromosomal alignment in

FAM110A-depleted cells delayed entry to anaphase, extended dura-

tion of mitosis, and impaired orientation of the mitotic spindle.

Mass spectrometry and immunoprecipitation revealed interaction

of the mitotic FAM110A with actin, tubulin, and CK1 family

protein kinases CSNK1D/E. In addition, we found that CK1 kinase

phosphorylated the C-terminal domain of FAM110A in mitosis.

EGFP-FAM110A mutants deficient in CK1 binding or CK1-mediated

phosphorylation failed to rescue the loss of endogenous FAM110A.

We propose that phosphorylation of FAM110A by CK1 regulates

its localization to mitotic spindle and is required for correct

chromosomal alignment.

Results

Screen for G2/M-expressed genes in human
non-transformed cells

We aimed here to identify potential new regulators of the cell cycle

and mitosis by comparing gene expression in human non-

transformed cells in various phases of the cell cycle. To avoid the

impact of cell synchronization on the gene expression, we estab-

lished RPE-FUCCI cell line that allows efficient isolation of G1, S, and

G2/M cells from asynchronously growing cell cultures (Sakaue-

Sawano et al, 2008; Sakaue-Sawano et al, 2017). In agreement with

previous reports, we found that cells positive for RFP and negative

for GFP signal are dominantly in G1 phase, cells positive for GFP and

negative for RFP in G2 phase, and double positive cells in S phase

(Fig 1A). Next, we performed expression profiling of the parental

cell population and isolated G1 and G2 cells. As expected, we found

significant enrichment of CCNE1 mRNA in G1 cells as well as enrich-

ment of CCNA2 and CCNB1 in G2 cells (Pines & Hunter, 1989;

Pagano et al, 1992; Baldin et al, 1993; Ohtsubo et al, 1995). In G2

cells, we observed high enrichment of mitotic kinases MPS1/TTK,

PLK1, AURKA, and its cofactor BORA; centromeric histones CENPA,

CENPF, CENPE, and INCENP; kinetochore proteins NDC80 and NUF2;

microtubule motor proteins KIF2C, KIF14, and KIF18A; and compo-

nent of APC/C ubiquitin ligase complex UBE2C, that are jointly

involved in mitotic entry, organization of the mitotic spindle, and

segregation of sister chromatids during mitosis (Lindqvist et al,

2009; Hara & Fukagawa, 2018; Srivastava et al, 2018; Vigneron et al,

2018). G2 cells also expressed high level of topoisomerase TOP2A

and DNA helicase PIF1 required for DNA decatenation and for releas-

ing G-quadruplex DNA structures, respectively (Isaacs et al, 1998;

Dewar & Lydall, 2010; Dahan et al, 2018). In summary, we identified

701 transcripts that were significantly differentially expressed

between G2 and G1 cells (q < 0.05, fold change > 2) (Fig 1B, Dataset

EV1). We followed by confirming the differential expression of

selected transcripts in GFP+, RFP+, and doubly positive RPE-FUCCI

cells using quantitative real-time PCR analysis (Fig 1C). As expected,

we observed intermediate level of CCNA2 expression in S phase

cells, followed by further increase in G2 cells. Similarly, several of

the tested transcripts including FAM110A, FAM72D, G2E3, and

CDCA2 showed gradual increase in expression toward the G2. In

contrast, other transcripts including PIF1 and NEURL1b showed an

increased expression exclusively in G2 cells. We conclude that RPE-

FUCCI cells represent a powerful tool for monitoring gene expression

in various cell cycle phases in human non-transformed cells.

FAM110A is highly expressed in G2 and localizes at mitotic
spindle during mitosis

Aiming to identify potential new regulators of the cell cycle and

mitosis, we selected a previously unexplored FAM110A for further

analysis. First, we used siRNA-mediated depletion of FAM110A to

test three commercial antibodies and found that all of them specifi-

cally recognized FAM110A in immunoblotting (Fig 2A). To comple-

ment the analysis of the asynchronously growing FUCCI cells, we

synchronized the parental RPE cells at G1/S transition using thymi-

dine, released them to fresh media containing nocodazole, and

collected at 2-h intervals. We found that FAM110A was present at
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basal levels in G1/S-arrested cells and its expression increased

toward mitosis (Fig 2B). We also noted slower migration of

FAM110A at SDS–PAGE that was most prominent in cells collected

by the mitotic shake-off (Fig 2B). This mobility shift did not occur

when entry to mitosis was prevented by RO3306 treatment and

conversely it disappeared when cells exited from mitosis after

release of the nocodazole block suggesting that FAM110A might be

phosphorylated during mitosis and dephosphorylated at mitotic exit

(Fig 2B and C). Interestingly, one of the monoclonal antibodies

against FAM110A failed to recognize the slowly migrating band in

immunoblotting suggesting that it recognizes only the non-

phosphorylated epitope (Fig 2B). Further, we immunoprecipitated

endogenous FAM110A from cells synchronized in G2 or in mitosis

and incubated with mock or with a lambda phosphatase (Fig 2D).

Increased mobility of FAM110A treated with lambda phosphatase

confirmed that FAM110A is phosphorylated during mitosis. Similar

enrichment of FAM110A levels in G2 cells and the mobility shift in

mitotic cells was observed also in synchronized U2OS and HeLa

cells indicating that FAM110A is cell cycle-regulated also in other

cell types (Fig EV1A and B).

To assay distribution of endogenous FAM110A during mitosis,

we performed confocal microscopy. Using the rabbit polyclonal anti-

body, we observed that FAM110A was diffusely distributed in the

cytosol in interphase cells and was enriched at the centrosome. In

addition, the antibody showed a nuclear staining in interphase cells.

In mitotic RPE and U2OS cells, endogenous FAM110A localized to

the spindle poles and proximal spindle microtubules which is consis-

tent with a previously reported distribution of EGFP-FAM110A

(Figs 2E and EV1C) (Hauge et al, 2007). Importantly, the signal at

spindle poles was strongly reduced in cells transfected with

FAM110A siRNA confirming the specificity of the antibody in mitotic

cells (Fig 2E and F). Similarly, the cytoplasmic signal was reduced in

interphase cells transfected with FAM110A siRNA. In contrast, the

nuclear signal observed in interphase cells persisted after depletion

of the FAM110A suggesting that it represents a non-specific compo-

nent recognized by the polyclonal antibody (Figs 2E and EV1C).

Similar but weaker staining of the mitotic spindle poles was

observed also by a monoclonal FAM110A antibody clone B11, possi-

bly reflecting the ability of the antibody to recognize only a non-

phosphorylated protein (Fig EV1D). Ectopic expression of a homo-

logue FAM110C was previously reported to trigger formation of

microtubule bundles and to impair cell morphology (Hauge et al,

2007). Here, we generated RPE cells stably expressing mouse EGFP-

FAM110A and found a comparable distribution during mitosis as the

endogenous FAM110A (Figs 2G and EV1E). Importantly, we did not

observe any defects in organization of mitotic spindles indicating

that mild expression of exogenous EGFP-FAM110A is well tolerated

in the stable cell line. In addition, we observed that EGFP-FAM110A

was also enriched in the cell cortex throughout mitosis (Fig EV1E).

Depletion of FAM110A slows down mitotic progression and leads
to mitotic defects

To analyze the role of FAM110A in the cell cycle progression, we

used flow cytometry and compared distribution of the cells trans-

fected with control or FAM110A siRNA (Fig 3A). We found that

depletion of FAM110A with two independent siRNAs led to accumu-

lation of cells with 4 N DNA content. More specifically, we observed

70% increase of the mitotic fraction in FAM110A-depleted cells

compared to the control cells suggesting that FAM110A might play

role during mitotic progression (Fig 3A and B). In agreement with

this, we observed an increased level of histone H3 phosphorylated at

Ser10 (pS10-H3; mitotic marker) in cells with depleted FAM110A

(Fig 3C). Interestingly, depletion of CSPP1 did not increase the

mitotic index and the pS10-H3 signal suggesting that FAM110A regu-

lates mitosis through another mechanism than through its previously

reported interacting partner CSPP1 (Fig 3B and C; Patzke et al, 2005;

Hauge et al, 2007). Importantly, depletion of the endogenous

FAM110A in cells expressing the mouse EGFP-FAM110A did not

increase the level of the mitotic markers pS10-H3 and pMPM2 in

immunoblotting and flow cytometry, respectively, confirming the

specificity of the siRNA (Fig 3D). Next, we scored the mitotic defects

in control or FAM110A siRNA-transfected cells and found that deple-

tion of FAM110A significantly increased the fraction of cells with

aberrant chromosome alignment in metaphase (Fig 3E). In addition,

cells depleted of FAM110A showed significantly increased number of

multipolar mitotic spindles compared to control cells, although the

majority of spindles remained bipolar (Fig 3E). Compared to the

control cells, we also observed frequent lagging chromosomes in

anaphase cells depleted of FAM110A (Fig 3F).

To uncover the mitotic defect caused by depletion of FAM110A,

we performed live imaging of asynchronously growing U2OS-H2B-

gfp cells transfected with control or FAM110A siRNA and measured

the time from nuclear envelope breakdown to anaphase (Fig 4A and

B). We observed that depletion of FAM110A significantly increased

the time required for initiation of anaphase (Fig 4C). In addition, we

noticed that a fraction of cells with depleted FAM110A failed to

segregate the chromosomes and died during the experiment or

progressed to the G1 with severely impaired nuclear organization

(Fig 4D). We conclude that depletion of FAM110A extends duration

of mitosis most probably due to defects in mitotic spindle organiza-

tion causing impaired chromosomal alignment in metaphase.

FAM110A interacts with casein kinase 1 during mitosis

To identify the mechanism by which FAM110A might influence

mitotic progression, we performed mass spectrometry analysis of

proteins interacting with FAM110A (Fig 5A, Dataset EV2). To this

end, we arrested RPE cells stably expressing EGFP or EGFP-FAM110A

◀ Figure 1. Screen for cell cycle-regulated genes using RPE-FUCCI cells.

A Schematic of flow cytometry sorting of RFP+ and GFP+ cells from asynchronously growing RPE-FUCCI cells. DAPI was used to probe for DNA content. Representative
image of FUCCI cells imaged by immunofluorescence microscopy is shown on the left. Scale bar indicates 10 lm.

B RNA was isolated from asynchronic RPE-FUCCI cells and RFP+ (G1 phase) and GFP+ (G2 phase) cells and analyzed using Illumina HumanHT-12 v4 Expression BeadChip
(n = 4). Shown are 36 transcripts with fold change expression > 8 between G2 and G1 cells and q < 0.05. Color scale of the row Z score is shown on the left.

C RFP+ (G1 phase), GFP+ (G2 phase), and GFP+/RFP+ (S phase) RPE-FUCCI cells were sorted by flow cytometry, and RNA was extracted and analyzed using qRT–PCR
(n = 3). Expression is normalized to GAPDH mRNA. Bars show mean � SD.
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in mitosis by treating them with nocodazole, isolated interacting

proteins using GFP-Trap, and identified them by mass spectrometry.

Among the strongest hits, we identified actin and a/b-catenin suggest-

ing that FAM110A might be associated with actin cytoskeleton and

cell adhesion molecules. Proteomic analysis also revealed specific

interaction between FAM110A and tubulin. Enrichment of tubulin in

complex with the EGFP-FAM110A was lower than that of actin, possi-

bly reflecting microtubule depolymerization in the presence of noco-

dazole used for synchronization of the cells. In addition, we identified

casein kinase 1 isoforms epsilon (CSNK1E or CK1e) and delta

(CSNK1D or CK1d) as interacting partners of mitotic FAM110A

(Fig 5A). To validate the proteomic analysis, we immunoprecipitated

EGFP or EGFP-FAM110A from asynchronously growing or mitotic

cells and analyzed the interacting proteins using immunoblotting

(Fig 5B). We found that CSNK1D and CSNK1E formed complex with

FAM110A in asynchronic cells and that this interaction was further

increased during mitosis (Fig 5B). Inversely, we immunoprecipitated

endogenous CSNK1D or CSNK1E and confirmed a strong interaction

with EGFP-FAM110A duringmitosis (Fig 5C and EV2A).

Next, we mapped the interaction between the EGFP-tagged

FAM110A, endogenous CSNK1D, and other proteins using immuno-

precipitation (Fig 5D). Whereas the FAM110A-DPro mutant lacking

the Proline-rich domain pulled down comparable amount of

CSNK1D as the wild-type FAM110A, deletion of the C-terminal

domain impaired the interaction between FAM110A and CSNK1D

(Fig 5D and E). Conversely, the C-terminal domain of FAM110A

(but not the N-terminal domain) was sufficient to interact with

CSNK1D (Fig 5D and E). Within the C-terminal domain, we identi-

fied a short peptide sequence resembling a previously reported F-

X-X-X-F consensus docking motif for CK1 (Okamura et al, 2004;

Fulcher et al, 2018). Similarly as deletion of the whole C-terminal

domain, mutagenesis of the F205, F206, and F208 residues to alani-

nes impaired interaction of the EGFP-FAM110A-FA with CSNK1D

(Fig 5F). Notably, the wild-type FAM110A co-immunoprecipitated

with tubulin, whereas the interaction was lost in FAM110A-DC
mutant suggesting that tubulin binds to the C-terminal domain of

FAM110A (Fig 5E). In contrast, we found that deletion of the C-

terminal domain did not affect the interaction with catenin and

actin, whereas the N-terminal domain of FAM110A was sufficient to

mediate the binding (Fig 5E and EV2B). We conclude that binding

of tubulin and actin is mediated by distinct regions of the FAM110A.

C-terminal domain of FAM110A is phosphorylated by CK1
in mitosis

To identify protein kinases that control FAM110A phosphorylation

in mitosis, we treated mitotic RPE cells with selective small-molecule

inhibitors and tested their impact on electrophoretic mobility of

endogenous FAM110A. As expected, treatment of cells by PLK1 inhi-

bitor BI2536 increased the mobility of Cdc27 (Fig 6A; Kraft et al,

2003; L�en�art et al, 2007). Similarly, treatment with Aurora-A inhi-

bitor MLN8054 prevented auto-phosphorylation of Aurora-A at T288

(Fig 6A) (Manfredi et al, 2007). However, under same conditions,

we did not observe any impact of PLK1 and Aurora-A inhibition on

the mobility of FAM110A (Fig 6A). In contrast, treatment with a

CDK1 inhibitor resulted in disappearance of the slowly migrating

band indicating that CDK1 might phosphorylate FAM110A during

mitosis (Fig 6A). Consistent with this possibility, we found that

CDK1/cyclin B was able to phosphorylate FAM110A in vitro

(Fig 6B). On the other hand, we cannot rule out that RO3306 treat-

ment impacted on FAM110A phosphorylation also indirectly as the

inhibition of CDK1 forced mitotic exit (Fig 6A). As the proteomic

analysis revealed a strong interaction between FAM110A and CK1,

we asked whether CK1 could be responsible for mitotic modification

of FAM110A. Indeed, we found that treatment of cells with a CK1

inhibitor PF670462 affected the mobility of mitotic FAM110A with-

out inducing mitotic exit in both RPE and U2OS cells (Fig 6A and G;

Badura et al, 2007; Keenan et al, 2018). Interestingly, treatment with

PF670462 partially restored the ability of B11 antibody to recognize

FAM110A, which is consistent with its dephosphorylation. To vali-

date the data obtained by the inhibitor treatment, we depleted two

isoforms of CK1 and tested the impact on the mobility of mitotic

◀ Figure 2. Expression of FAM110A increases toward mitosis.

A RPE cells were transfected with control or FAM110A siRNA, whole-cell lysates were prepared after 48 h, and indicated antibodies were tested in immunoblotting.
B RPE cells were released for indicated times from a thymidine block, and collected cells were analyzed by immunoblotting and FACS. Nocodazole was added after 4 h

to arrest cells in mitosis. Alternatively, RO3306 inhibitor was added to prevent mitotic entry. Where indicated, sample was collected by mitotic shake-off (MS) to
obtain pure mitotic population. Samples were analyzed by immunoblotting (upper panel). Staining for pS10-H3 was used as a marker of mitosis and TFIIH as a
loading control. In parallel, cell cycle progression was followed by flow cytometry using DAPI and mpm2 staining. Representative plot is shown, and M indicates
percentage of mitotic cells (middle panel). Signal of the rabbit FAM110A antibody was quantified in three independent replicates and normalized to the loading and
to the thymidine arrested sample (lower panel). Bars show median � SD.

C RPE cells were arrested in mitosis by nocodazole, collected by mitotic shake-off, and released to fresh media for indicated times to allow mitotic exit. Loss of pS10-H3
signal was used as a marker of mitotic exit.

D RPE cells arrested in G2 by RO3306 (G2) or in mitosis (M) by nocodazole treatment were extracted and endogenous FAM110A was immunoprecipitated using rabbit
polyclonal antibody immobilized on pA/G beads. Beads were incubated with mock or with lambda phosphatase for 20 min at 30°C. Proteins were separated by SDS–
PAGE and detected by immunoblotting.

E RPE cells transfected with control or FAM110A siRNA were fixed with 4% PFA, probed with rabbit polyclonal antibody against FAM110A and mouse monoclonal to
c-tubulin, and were analyzed by confocal microscopy. Shown is maximal projection of representative mitotic (upper panel) and interphase (lower panel) cells. Scale
bars indicate 10 lm.

F Quantification of the signal at spindle poles from (E). Signal intensity of the rabbit polyclonal antibody to FAM110A was determined in regions positive for c-tubulin.
Each dot represents a single spindle pole. Bars show median � SD. Significance was evaluated by a t-test (n = 3), ****P < 0.0001.

G Asynchronously growing RPE cells were fixed and probed with the rabbit polyclonal antibody to FAM110A. Shown are representative images of cells in various phases
of mitosis. Individual z-stacks were de-convoluted using Huygens Deconvolution Software, processed sequentially, and are presented as maximum projections. Scale
bars indicate 10 lm.

Source data are available online for this figure.
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FAM110A. Depletion of CSNK1D by RNAi impaired mobility of the

mitotic FAM110A indicating that CK1 phosphorylates FAM110A

during mitosis (Fig 6C). On the other hand, depletion of CSNK1E did

not affect the mobility of mitotic FAM110A suggesting that its func-

tion in FAM110A modification is redundant and can be substituted

by the CSNK1D (Fig 6C). Further, we found that incubation of the

wild-type FAM110A with CSNK1D induced a similar mobility shift

confirming its ability to phosphorylate FAM110A in vitro (Fig 6D). In

contrast to CDK1 that phosphorylated a fragment comprising of the

N-terminal domain and the Pro-rich loop of the FAM110A, deletion

of the C-terminal part impaired the ability of CK1 to phosphorylate

FAM110A (Fig 6B and D). We conclude that CK1 phosphorylates the

C-terminal part of FAM110A during mitosis. Data from a Phos-

phoSitePlus database suggested that there were two phosphorylated

regions within the C-terminal domain of human FAM110A, namely

residues S189–S192 and S252–255, matching a consensus phospho-

rylation motif for CK1 (Flotow et al, 1990; Hornbeck et al, 2015). Out

of the two motifs, substitution of the S252-255 residues to alanines

reduced the mobility shift of the mitotic EGFP-FAM110A (Fig 6E).

After incubation with CK1, purified FAM110A-S252-255A mutant

showed partially reduced mobility shift and incorporation of the

radioactive phosphate compared to the wild-type FAM110A (Fig 6F).

Altogether, these data confirm that CK1 phosphorylates mitotic

FAM110A at the S252-S255 cluster, although incomplete reduction of

the phosphate incorporation observed in the in vitro assay suggests

that CK1 might phosphorylate additional residues in the C-terminal

domain of FAM110A.

Phosphorylation of FAM110A by CK1 controls its function
in mitosis

Next, we compared the impact of FAM110A depletion and CK1 inhibi-

tion on mitotic progression. We found that similarly to FAM110A

depletion, inhibition of CK1 extended the duration of mitosis and

caused segregation errors (Fig 7A and EV3A–C). Prolonged mitosis

was observed also after depletion of CSNK1D and CSNK1E isoforms

individually suggesting they are both involved in regulation of mitotic

progression (Appendix Fig S1A and B). Encouraged by this finding,

we asked whether the CK1-dependent phosphorylation of FAM110A

modulates its function in mitosis. To this end, we generated cell lines

stably expressing the wild-type or mutant EGFP-FAM110A and

assayed their ability to rescue the loss of endogenous FAM110A

(Fig 7B). Time-lapse microscopy and flow cytometry revealed that

contrary to the parental RPE cells, cells expressing the wild-type

mouse FAM110A progressed through mitosis with normal timing and

did not accumulate in mitosis upon depletion of endogenous

FAM110A (Figs 7C and EV3D). Similarly, expression of FAM110A-

DPro mutant rescued the amount of mitotic cells after transfection of

FAM110A siRNA suggesting that the Pro-rich region is disposable

for mitotic function of FAM110A (Figs 7C and EV3D). In contrast,

cells expressing either FAM110A-DC, FAM110A-FA, or FAM110A-

S252-255A mutants showed significantly increased population of the

mitotic cells after depletion of endogenous FAM110A and were

delayed in progression through mitosis (Figs 7C and EV3D). Of note,

expression of the FAM110A-S189-192Amutant rescued the amount of

mitotic cells to similar extent as the wild-type FAM110A and

FAM110A-S189-192A properly localized at spindle poles suggesting

that S189-192 residues are not involved in control of the mitotic func-

tion of FAM110A (Appendix Fig S2A–C). Next, we tested the ability of

the FAM110Amutants to rescue the chromosomal alignment in meta-

phase cells. We found that the wild-type FAM110A rescued the defect

upon depletion of endogenous FAM110A but it failed to rescue the

defect caused by depletion of CSNK1D (Fig 7D and E). In addition,

FAM110A-S252-255A mutant failed to rescue alignment upon deple-

tion of FAM110A or CSNK1D. Conversely, we observed that the

phosphorylation-mimicking FAM110A-S252-255E mutant rescued

not only depletion of the endogenous FAM110A but also depletion of

CSNK1D (Fig 7D and E). Similarly, FAM110A-S252-255E mutant but

not the wild-type FAM110A rescued the alignment upon inhibition of

CK1 (Fig 7D). We conclude that CSNK1D controls mitotic function of

FAM110A through phosphorylation of the S252–255 cluster in the C-

terminal domain of FAM110A.

The activity of CK1 has recently been implicated in orientation of

mitotic spindle but CK1 substrates present at mitotic spindle have

thus far not been identified (Brockman et al, 1992; Panbianco et al,

2008; Fulcher et al, 2019). To investigate possible involvement of

FAM110A phosphorylation on spindle orientation, we used U2OS

cells stably expressing H2B-GFP and mCherry-tubulin that allowed

us to compare the longitudinal axis of the cell with axis of the

nuclear division. Whereas direction of the nuclear division typically

◀ Figure 3. Depletion of FAM110A impairs progression through mitosis.

A RPE cells transfected with control or FAM110A siRNA were fixed, stained with MPM2 antibody (marker of mitosis) and DAPI, and were analyzed by flow cytometry.
Representative graphs are shown. Numbers indicate fractions of individual cell cycle phases and mitotic cells.

B Quantification of the mitotic index in three experiments from (A) and in RPE cells transfected with siRNAs to FAM110B and CSPP1 that were analyzed in parallel.
Shown is median � SD (n = 3). Statistical significance was determined by ANOVA (*P < 0.05 and **P < 0.005).

C RPE cells transfected with control, FAM110A, or CSPP1 siRNAs were collected and analyzed by immunoblotting with indicated antibodies.
D RPE cells stably expressing mouse EGFP-FAM110A were transfected with control or two various FAM110A siRNAs, and whole-cell lysates were analyzed by

immunoblotting with indicated antibodies (left panel). Empty arrowhead indicates position of the endogenous FAM110A, filled arrowhead the EGFP-FAM110A. In
parallel, mitotic index was determined by flow cytometry. Statistical significance was evaluated by ANOVA (n = 3). Bars indicate median � SD.

E RPE cells transfected with control or FAM110A siRNA were grown for 48 h and treated with MG132 30 min prior fixation to trap mitotic cells in metaphase. Impaired
chromosomal alignment and multipolar spindles were scored, and representative images are shown. Scale bars indicate 20 lm, and arrowheads point to misaligned
chromosomes. More than 30 metaphases were evaluated per condition (n = 3). Bars indicate median � SD. Statistical significance was determined by two-tailed
t-test (***P < 0.001 and *P < 0.05).

F Quantification of lagging chromosomes in anaphase cells from (E). More than 30 anaphases were evaluated per condition (n = 3). Representative images of abnormal
anaphase are shown, scale bars indicate 20 lm, and arrowheads point to incorrectly segregating chromosomes. Statistical significance was determined by two-tailed
t-test. Bars indicate median � SD (***P < 0.001).

Source data are available online for this figure.
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corresponded with the orientation of the cell prior to mitosis in

control cells, treatment of cells with PF670462 or depletion of

CSNK1D by RNAi increased the proportion of cells exhibiting an

increased angle between the nuclear and cellular divisions (Fig

EV4A and B; Tame et al, 2016; Fulcher et al, 2019). Similarly, deple-

tion of FAM110A with two independent siRNAs impaired orienta-

tion of the cell division (Fig EV4A and B). To determine whether the

observed misoriented cell division was caused by impaired spindle

positioning, we measured the angle between the spindle axis and

the growth axis (Toyoshima & Nishida, 2007). Indeed, we observed

that depletion of CSNK1D or FAM110A increased the spindle angle

(Fig EV4C). We performed the same assay in cells stably expressing

EGFP-FAM110A or its mutants and found that the wild-type

FAM110A fully rescued the increased spindle angle caused by

depletion of endogenous FAM110A (Fig 7F). In contrast, cells

expressing either FAM110A-DC, FAM110A-FA, or FAM110A-S252-

255A mutants showed an increased spindle angle (Fig 7F). Simi-

larly, we observed that the wild-type FAM110A, but not FAM110A-

DC, FAM110A-FA, or FAM110A-S252-255A mutants, rescued the

orientation of the cell division (Fig EV4D).

Next, we asked whether CSNK1D controls the spindle orientation

through phosphorylation of FAM110A. Whereas expression of the

wild-type EGFP-FAM110A rescued the spindle angle after depletion

of endogenous FAM110A, it failed to rescue the depletion of

CSNK1D (Fig 7G). In contrast, we found that cells expressing the

FAM110A-S252-255E mutant showed normal spindle angle after

depletion of CSNK1D or its inhibition with PF670462 (Fig 7G). We

conclude that FAM110A interaction with and phosphorylation by

CSNK1D is needed for proper chromosomal alignment in metaphase

allowing correct orientation of mitotic spindle and segregation of

sister chromatids along the cellular axis.

Finally, we wished to investigate whether there might be a

connection between the chromosomal misalignment observed upon

depletion of FAM110A and the spindle orientation defect. Chromo-

somal fragments present in proximity of the plasma membrane were

previously reported to affect localization of LGN during metaphase

(Kiyomitsu & Cheeseman, 2012; Tame et al, 2016). As expected,

metaphase HeLa cells transfected with control siRNA showed

correct chromosomal alignment and symmetrical distribution of

GFP-LGN. In contrast, we observed displacement of GFP-LGN signal

close to the misaligned chromosomes in cells depleted of FAM110A

(Fig EV4E). Combined these data suggest that impaired spindle

orientation in FAM110A-depleted cells might be caused by misa-

ligned chromosomes triggering displacement of LGN.

CK1-dependent phosphorylation of FAM110A promotes its
interaction with mitotic spindle

As the CK1-dependent phosphorylation of FAM110A occurs in the C-

terminal domain that mediates interaction with tubulin, we hypothe-

sized that modification of the FAM110A could control its ability to

localize to the mitotic spindle. Consistent with this possibility, we

found that depletion of CSNK1D impaired the localization of endoge-

nous FAM110A at spindle poles (Fig 8A and B). The amount of

FAM110A at spindle poles was further reduced by treating cells with

PF670462 possibly reflecting the combined inhibition of CSNK1D and

◀ Figure 4. Depletion of FAM110A delays progression through mitosis.

A U2OS cells stably expressing H2B-EGFP were transfected with indicated siRNAs and after 48 h, they were filmed in 5-min intervals. Time frame closest to the nuclear
envelope breakdown (NEB) was set as 0 min. Representative examples are shown (n = 3). Black bottom line indicates the time frames from NEB to the metaphase-
to-anaphase transition. Scale bars indicate 10 lm.

B Progression through mitosis was categorized in cells from (A) (100/condition) as follows: nuclear envelope breakdown to the metaphase-to-anaphase transition
(MAT), anaphase, telophase, and interphase. Data from one of three experiments are shown, and each bar indicates one cell. Cells that died during imaging are shown
in gray.

C Time from the nuclear envelope breakdown to MAT was quantified in cells from (B). Shown is median � SD (n = 3). Statistical significance was determined by ANOVA
(****P < 0.0001).

D Abnormal nuclear organization was scored in cells from (B) that completed cell division. Representative images of aberrant nuclei are shown. Scale bar indicates
15 lm. Plotted is percentage of cells with aberrant nuclei. Shown is median � SD (n = 3). Statistical significance was determined by ANOVA (***P < 0.001).

Source data are available online for this figure.

▸Figure 5. FAM110A interacts with CK1, tubulin, and actin during mitosis.

A Cell extracts from RPE cells stably expressing EGFP or EGFP-FAM110A arrested in mitosis by nocodazole were incubated with GFP-Trap. Bound proteins were
analyzed by mass spectrometry. Shown are top ten proteins that that were significantly enriched in EGFP-FAM110A complex compared to EGFP in three independent
experiments. Proteins TUBB8 and TUB1AC were also significantly enriched in complex with EGFP-FAM110A. Number indicates the fold change interaction compared
to the control.

B Cell extracts from asynchronously growing or mitotic RPE-EGFP or RPE-EGFP-FAM110A cells were incubated with GFP-Trap, and bound proteins were analyzed by
immunoblotting. Antibody against pS10-H3 was used as a marker of mitosis.

C Cell extracts from asynchronously growing or mitotic RPE-EGFP-FAM110A cells were incubated with CSNK1D antibody or control IgG immobilized on protein A/G
beads. Bound proteins were probed with antibody against GFP or CK1d. Staining for pS10-H3 was used as a marker of the mitotic population.

D Scheme of the EGFP-FAM110A constructs used in the study. Numbering is based on human FAM110A. N, C, and Pro represent N-terminal, C-terminal, and Pro-rich
domains, respectively.

E Cells were transfected with indicated constructs and after 48 h, they were lysed in RIPA buffer. Cell extracts were immunoprecipitated with GFP-Trap and probed by
immunoblotting (n = 2).

F Cells were transfected with EGFP, EGFP-FAM110A-WT, or EGFP-FAM110A-FA. Cell extracts were immunoprecipitated with GFP-Trap, and binding of CK1 was
determined by immunoblotting (n = 3).

Source data are available online for this figure.
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Figure 6. CK1 phosphorylates the C-terminal domain of FAM110A during mitosis.

A RPE cells arrested in mitosis by nocodazole (NZ) were treated with DMSO, PLK1 inhibitor BI2536 (100 nM), Aurora-A inhibitor MLN8054 (0.25 lM), CDK1 inhibitor
RO3306 (20 nM), or CK1 inhibitor PF670462 (1 lM) for 60 min, collected, and analyzed by immunoblotting with indicated antibodies. Asynchronously growing RPE
cells are shown for comparison (left line). Staining for H3-pS10 served as a marker of mitosis (n = 3).

B Isolated EGFP-FAM110A-WT or -DC proteins were incubated with active CDK1/GST-cyclin B1 in a kinase buffer containing 32P-cATP for 20 min at 30°C.
Phosphorylation was detected by autoradiography and position of FAM110A by immunoblotting. Empty arrowhead indicates position of CDK1.

C RPE cells were transfected with control, CSNK1D, or CSNK1E siRNA, and nocodazole was added 12 h before collecting the cells by mitotic shake-off. Whole-cell lysates
were probed with indicated antibodies.

D EGFP-FAM110A-WT, -DPro, or -DC proteins isolated from transfected HEK293 cells using GFP-Trap were incubated with mock or with active GST-CK1d for 20 min at
30°C. Mobility of the proteins was analyzed by immunoblotting (n = 2).

E Cells expressing the wild-type EGFP-FAM110A or its mutants were arrested in mitosis by nocodazole and collected by shake-off. Whole-cell lysates were analyzed by
immunoblotting.

F Isolated EGFP-FAM110A-WT or -S252-255A proteins were incubated with mock or with active GST-CK1d in the presence of 32P-cATP for 30 min at 30°C.
Phosphorylation of the substrate was detected by a mobility shift in immunoblotting with anti-GFP antibody or by autoradiography. Empty arrowhead indicates the
same position on SDS–PAGE gel.

G U2OS cells were trapped in mitosis by overnight treatment with nocodazole or PLK1 inhibitor BI2536 (100 nM) and collected by mitotic shake-off. Part of the
nocodazole-arrested cells was further treated with CK1 inhibitor PF670462 (1 lM) for 60 min. Whole-cell lysates were probed with indicated antibodies. Staining for
pS10-H3 served as a marker of mitosis.

Source data are available online for this figure.
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CSNK1E (Fig 8A and B). In addition, we observed that the wild-type

FAM110A but not the FAM110A-DC mutant localized to the mitotic

spindle (Fig 8C and D). In addition, EGFP-FAM110A-C fragment

showed strong enrichment at spindle poles indicating that the C-

terminal domain is sufficient to promote binding to microtubules

(Fig 8C and D). In contrast, EGFP-FAM110A-FA mutant deficient in

interaction with CK1 showed poor localization to the spindle micro-

tubules. Importantly, we observed that the amount of EGFP-

FAM110A-S252-S255A mutant at the spindle pole was significantly

reduced, although the localization defect was not as prominent as in

the EGFP-FAM110A-FA mutant (Fig 8C and D). In contrast, EGFP-

FAM110A-S252-S255E mutant showed normal localization at spindle

poles (Fig 8C and D). Further, we observed that treatment of cells

with CK1 inhibitor PF670462 impaired the ability of the wild-type

EGFP-FAM110A to properly localize to the spindle poles (Fig 8E and

F). In contrast, PF670462 treatment did not affect localization of the

EGFP-FAM110A-S252-S255E mutant (Fig 8E and F). Finally, we

tested the impact of CK1-dependent modification of FAM110A on the

interaction with tubulin using immunoprecipitation (Fig 8G). We

found that inhibition of CK1 impaired the interaction between the

wild-type FAM110A and tubulin, whereas the FAM110A-S252-255E

mutant bound tubulin also in the presence of PF670462. Consistent

with the observed localization defect, the FAM110A-S252-255A

mutant failed to interact with tubulin. In summary, we conclude that

CK1-dependent phosphorylation of the S252–S255 region is involved

in binding of FAM110A to the mitotic spindle although additional

phosphorylation sites might further promote its interaction with

microtubules.

Discussion

Here, we performed a transcriptomic analysis of diploid human

RPE-FUCCI cells present in various stages of the cell cycle. The cell

sorting protocol allowed us to avoid using cell synchronization that

inherently activates the stress response, and thus, we believe that

this data set might be a valuable source of information on the cell

cycle-dependent expression in human non-transformed cells. In

◀ Figure 7. Mitotic function of FAM110A is controlled by its phosphorylation by CK1.

A U2OS-H2B-EGFP cells were transfected with indicated siRNAs for 48 h or were treated with PF670462 and filmed in 5-min intervals for 24 h. Time from nuclear
envelope breakdown to MAT was quantified in 100 cells. Shown is mean of the medians � SD (n = 3). Statistical significance was determined by ANOVA
(****P < 0.0001).

B RPE cells or RPE cells stably expressing indicated EGFP-FAM110A variants were transfected with control (siNC) or FMA110A siRNA. Full arrow indicates migration of
the EGFP-FAM110A-WT and empty arrow of endogenous FAM110A. Staining for TFIIH was used as a loading control.

C RPE cells or RPE cells stably expressing the wild-type or mutant EGFP-FAM110A were transfected with control or two various FAM110A siRNAs and were analyzed by
time-lapse microscopy. Plotted are means of the medians of the time from NEB to MAT � SDs. A hundred cells were quantified per condition (n = 3). Statistical
significance was determined by ANOVA (****P < 0.0001 and **P < 0.005).

D RPE cells or RPE cells stably expressing indicated EGFP-FAM110A variants were transfected with control (siNC), FAM110A, or CSNK1D siRNA and grown for 48 h.
Alternatively, cells were incubated with PF670462 for the last 12 h. Cells were treated with MG132 for 30 min prior fixation. Impaired chromosomal alignment was
scored in > 30 metaphase cells per condition. Error bars indicate median � SD. Statistical significance was determined by ANOVA (n = 3) (****P < 0.0001 and
***P < 0.001).

E Representative immunoblot analysis of samples from (D). Full arrow indicates migration of the EGFP-FAM110A-WT and empty arrow of endogenous FAM110A.
F RPE cells or RPE cells stably expressing indicated mutants were transfected with control or FAM110A siRNAs, fixed after 48 h, and stained for c-tubulin. Metaphase

cells were imaged by confocal microscopy (Z-stacks 0.5 lm), and spindle angle between the spindle axis and growth axis was determined. Plotted is a mean of
medians from three repeats where 30 cells were imaged for each condition. Error bars indicate median � SD. Statistical significance was determined ANOVA (n = 3)
(***P < 0.001 and **P < 0.005).

G RPE cells or RPE cells stably expressing the wild-type FAM110A, �252-255A, or �252-255E mutants were transfected with control, FAM110A, or CSNK1D siRNAs.
Alternatively, cells were treated with PF670462 (1 lM) for 12 h. Spindle angle was determined as in (F). Statistical significance was determined by ANOVA (n = 3)
(***P < 0.001 and **P < 0.005).

Source data are available online for this figure.

▸Figure 8. FAM110A phosphorylation promotes its interaction with microtubules of mitotic spindle.

A RPE1 were transfected with control siRNA or CSNK1D siRNA or were treated with PF670462 prior fixation. Cells were probed with rabbit polyclonal to FAM110A and
mouse monoclonal to c-tubulin. Representative images are shown, and scale bars indicate 10 lm.

B Quantification of (A). Plotted is median FAM110A intensity at spindle poles positive for c-tubulin � SD. Each dot represents a single spindle pole. Statistical
significance was determined by ANOVA (n = 3) (****P < 0.0001).

C Cells expressing the wild-type or mutant EGFP-FAM110A were fixed and stained for c-tubulin and a-tubulin and analyzed by confocal microscopy (z-stack 0.16 µm).
Representative images of maximal projections of the metaphase cells are shown, and scale bars indicate 10 lm. Merged images show signal of DAPI, c-tubulin, and
EGFP. Insets show a single Z plane at the spindle pole.

D Quantification of (C). Plotted is median EGFP intensity at spindle poles positive for c-tubulin � SD. Each dot represents a single spindle pole. Statistical significance
was determined by ANOVA (n = 3) (***P < 0.001).

E Cells expressing the wild-type FAM110A or FAM110A-S252-255E mutant were treated with DMSO or with PF670462 for 6 h and were stained and imaged as in (C).
F Quantification of (E). Plotted is median EGFP intensity at spindle poles positive for c-tubulin � SD. Each dot represents a single spindle pole. Statistical significance

was determined by ANOVA (n = 3) (***P < 0.001 and *P < 0.05).
G HEK293 cells transfected with indicated constructs were treated or not with PF670462 for 6 h. Pull-down from cell extracts was performed using GFP–Trap, and

binding of tubulin was determined by immunoblotting (n = 2).

Source data are available online for this figure.Source data are available online for this figure.
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total, we identified 701 differentially expressed transcripts between

G1 and G2 cells and overall there is a good correlation with a recent

study where various cell populations were sorted based on DNA

staining (Van Rechem et al, 2020). As expected, we identified many

genes with well-described function in the cell cycle control. In addi-

tion, we identified several genes, highly expressed in the G2 phase,

the function of which still remains poorly understood. One of the

strongest hits expressed in G2 cells was trophinin-associated protein

TROAP (tastin) that has recently been shown to bind microtubules

and to be required for bipolar spindle formation (NADANO et al,

2002; Yang et al, 2008). Helicase PIF1 is needed for DNA replication

through G4 quadruplex structures and for maintenance of telomeric

DNA (Mateyak & Zakian, 2006; Dewar & Lydall, 2010; Dahan et al,

2018). We observed strong enrichment of PIF1 mRNA in G2 cells

but surprisingly not in the S phase cells. This suggests that other

helicases than PIF1 might remove DNA quadruplexes during S

phase, whereas PIF1 may take over in DNA replication of the late

origins that occurs during G2. The E3 ubiquitin-protein ligase

NEURL1B (also known as NEUR2) is involved in activation of Notch

pathway during brain development in Drosophila but its function is

poorly understood in vertebrates where it likely controls other

processes than Notch signaling (Song et al, 2006; Taal et al, 2019).

Here, we find that expression of NEURL1B is highly increased in G2

cells but its potential impact on the cell cycle progression remains to

be determined. In G2 cells, we also observed strong expression of

several genes with unknown function including family with

sequence similarity 83 member D (FAM83D), family with sequence

similarity 72 member D (FAM72D), and family with sequence simi-

larity 110 member A (FAM110A). While this study was in progress,

novel function of FAM83D in positioning of the mitotic spindle has

been reported which is in good agreement with the observed expres-

sion profile (Fulcher et al, 2019).

Further, we followed with testing the role of previously unchar-

acterized protein FAM110A in mitosis. We found that FAM110A

was diffusely distributed in the cytoplasm during interphase and

was also present at the centrosome. During mitosis, FAM110A was

enriched at spindle poles and proximal spindle microtubules where

it colocalized with its previously reported interactor CSPP1 and with

c-tubulin. In telophase, FAM110A localized also to the cleavage

furrow. Depletion of FAM110A with RNAi resulted in enrichment of

the mitotic population and accumulation of cells exhibiting defects

in the spindle organization and chromosomal alignment. This

phenotype was rescued by expression of the mouse FAM110A con-

firming the specificity of the two independent siRNA oligonu-

cleotides used in this study. Live cell imaging further revealed that

FAM110A depletion slowed down progression through mitosis in

particular by delaying the metaphase-to-anaphase transition. In

addition, positioning of the mitotic spindle and orientation of the

cell division was impaired in cells depleted of FAM110A.

Mobility shift observed in the SDS–PAGE suggested that

FAM110A was massively post-translationally modified during mito-

sis. By combining small-molecule inhibitors and RNAi, we estab-

lished that CDK1 and CK1 phosphorylate FAM110A during mitosis.

Using in vitro kinase assay, we established that CDK1 phosphory-

lated the N-terminal domain of FAM110A, whereas CK1 phosphory-

lated the C-terminal tail. Subsequent site-directed mutagenesis

identified S252-255 residues as substrates of CK1 although addi-

tional residues within the C-terminal domain might be also modified

by CK1. Mass spectrometry and immunoprecipitation identified CK1

in complex with FAM110A, and this interaction was increased

during mitosis compared to the interphase cells. Domain mapping

revealed a short peptide sequence within the C-terminal domain of

FAM110A mediating its interaction with CK1. Importantly,

FAM110A-FA mutant deficient in CK1 binding as well as FAM110A-

S252-255A mutant deficient in CK1 phosphorylation failed to rescue

the loss of endogenous FAM110A in chromosomal alignment and

progression through mitosis. In addition, we observed that inhibi-

tion of CK1 or depletion of CSNK1D by RNAi resulted in similar

defect in positioning of the mitotic spindle. Interestingly, CSNK1A

and its targeting to the spindle by interaction with FAM83D has

recently been implicated in the spindle positioning (Fulcher et al,

2019). Our data suggest that other kinases of the conserved CK1

family also contribute to the control of the mitotic spindle organiza-

tion. Importantly, we found that the phospho-mimicking FAM110A-

S252-255E mutant rescued the chromosomal misalignment and

spindle orientation defect upon depletion or inhibition of CSNK1D

suggesting that FAM110A is a critical substrate of CSNK1D during

mitosis. We propose that CSNK1D controls correct chromosomal

alignment in metaphase through direct phosphorylation of the C-

terminal tail of FAM110A that promotes its interaction with the

mitotic spindle. As we observed displacement of LGN-GFP from the

cell cortex in the proximity of misaligned chromosomes in

FAM110A-depleted cells, we favor the possibility that the chromoso-

mal aberrations contribute, at least in part, to the spindle position-

ing defect similarly as previously reported for depletion of CLIP-170

or CENP-E (Tame et al, 2016). Another striking possibility is that

FAM110A could bridge spindle microtubules with actin cytoskele-

ton. Cortical actin cytoskeleton has been implicated in the spindle

morphogenesis, and new roles for actin filaments directly at the

mitotic spindle are emerging (Kunda et al, 2008; Mogessie & Schuh,

2017; Plessner et al, 2019). Using mass spectrometry and immuno-

precipitation, we identified actin and tubulin as major interacting

partners of mitotic FAM110A. The C-terminal domain of FAM110A

was necessary and sufficient to bind to spindle microtubules,

whereas it was disposable for interaction with actin suggesting that

the interaction with actin and tubulin is mediated by distinct

domains of FAM110A. Whether FAM110A regulates microtubule or

actin dynamics during mitosis and to what extent this may contri-

bute to control of the mitotic spindle orientation remains to be

addressed by future research.

Materials and Methods

Antibodies and reagents

The following antibodies were used: mouse monoclonal antibodies

against FAM110A (clones F4 and B11, Santa Cruz Biotechnology),

rabbit polyclonal against FAM110A (Novus Biotechnology), rabbit

polyclonal against c-tubulin (Sigma Aldrich), mouse monoclonal

against c-tubulin (clone GTU-88, Sigma Aldrich), mouse monoclonal

against a-tubulin (Biorbyt), CSNK1E (clone A-6), CSNK1D (clone

C8), CSNK1A (clone H7) from Santa Cruz, CSPP1 (Proteintech), and

beta-actin (clone D6A8, Cell Signaling). Small-molecule inhibitors

BI2536, MLN8054, RO3306, and PF670462 were dissolved in DMSO

and were from MedChemExpress.
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Cells

Human hTERT-immortalized RPE1 cells (here referred to as RPE)

were obtained from ATCC and were grown in DMEM supplemented

with 6% FBS (Gibco), penicillin, and streptomycin. U2OS-tubulin-

mCherry-H2B-Gfp were reported previously (Tanenbaum et al,

2008). Cells were regularly tested for mycoplasma infection using

MycoAlert kit (Lonza). To generate RPE cells stably expressing the

FUCCI indicator, we transfected RPE cells with pFucci-S/G2/M

Green-Hyg plasmid, cultivated in media supplemented with hygro-

mycin for 2 weeks, and selected cells expressing the reporter using

Influx cell sorter (BD Biosciences) (Macurek et al, 2013). Subse-

quently, we transfected these cells with pFucci-G1 Orange plasmid,

cultivated them for 2 weeks in media with geneticin, sorted single

cells expressing the G1 reporter using Influx cell sorter (BD Bios-

ciences), and expanded individual cell clones. The resulting RPE-

FUCCI cells were tested for expression of both components of the

FUCCI indicator by flow cytometry. RPE cells stably expressing

EGFP-FAM110A were generated by transfection of linearized

pEGFP-FAM110A plasmid followed by selection with geneticin for

3 weeks. Transfection of plasmid DNA was performed using Lipo-

fectamine 2000 (Thermo Scientific) or by polyethylenimine. Trans-

fection of Silencer Select siRNA oligonucleotides was performed

using RNAiMAX (Thermo Scientific) at final concentration 5 nM.

Targeting sequences are CAAUACAAGGUUUUUGACA for siRNA

FAM110A#4, GGCUCCACCCUGUUGUGAA for siRNA FAM110A#5,

and CCUGGGAAUGGAAAACUUU for siRNA FAM110B. Synchro-

nization of cells at G1/S transition using a single thymidine block

and subsequent release to mitosis was performed as described

(Benada et al, 2015). Alternatively, cells arrested in mitosis by noco-

dazole were collected by shake-off, washed with PBS, and released

to fresh media to allow exit from mitosis.

Plasmids

pFucci-S/G2/M Green-Hyg and pFucci-G1 Orange expressing hGem-

inin (1–110) and hCdt1 (30–120) fragments fused with fluorescent

reporters were from MBL International (Sakaue-Sawano et al,

2008). pCMV6-FAM110A-Myc-DDK carrying the coding sequence

for mouse FAM110A (NM_028666) was from OriGene. DNA frag-

ment coding for FAM110A was subcloned into pEGFP-C1 backbone

using Gibson assembly. Site-directed mutagenesis of the pEGFP-

FAM110A was performed as described previously (Zheng et al,

2004). Numbering of the putative phosphorylation sites corresponds

to sequence of the human FAM110A (NP_001035812). pEGFP-

FAM110A-DC was generated by opening pEGFP-FAM110A with PstI

and blunting with Klenow fragment. pEGFP-FAM110A-C was gener-

ated by ligation of the PstI/BamHI fragment of FAM110A (corre-

sponding to amino acids 185–296) to pEGFP-C1. To generate

pEGFP-FAM110A-N (corresponding to amino acids 1–136), the

HindIII/BamHI fragment was removed from pEGFP-FAM110A, and

the plasmid was blunted with Klenow and re-ligated. All constructs

were validated by sequencing.

Cell sorting, RNA isolation, and BeadChip hybridization

Asynchronously growing RPE-FUCCI cells were collected by

trypsinization, and RFP+/GFP� (corresponding to G1 cells) and

RFP�/GFP+ (corresponding to G2 cells) populations (approx.

0.5 × 106 cells) were sorted using Influx cell sorter into RNAlater

Stabilization Solution (Thermo Scientific). Total asynchronic popula-

tion was collected as control. RNA was isolated by RNeasy Mini Kit

(Qiagen), and its quality was verified by Qubit Fluorometer (Thermo

Scientific). RNA was transcribed to cDNA by Illumina TotalPrep

RNA Amplification Kit, hybridized to Illumina HumanHT-12_v4

Expression BeadChip, and scanned using BeadStation 500 (Illu-

mina). Four biological replicates were processed in parallel on one

BeadChip. Fold change in gene expression and statistical significance

were calculated by limma software package (Ritchie et al, 2015).

Quantitative Real-Time Polymerase Chain Reaction (qRT–PCR)

RNA was isolated from RFP+/GFP� (corresponding to G1 cells),

RFP�/GFP+ (corresponding to G2 cells), and RFP+/GFP+ (corre-

sponding to S cells) RNeasy Mini Kit (Qiagen). cDNA was synthe-

tized using 0.5 lg RNA, random hexamer, and RevertAid H Minus

Reverse Transcriptase (Thermo Scientific). RT–qPCR was performed

using LightCycler 480 SYBR Green I Master mix (Roche) using

following cycle conditions: initial denaturation 95°C for 7 min,

followed by 45 cycles of denaturation 95°C for 15 s, annealing 60°C

for 15 s, and extension 72°C for 15 s. Ct values were determined

using LightCycler 480 software. Data are presented as the ratio of

the tested mRNA to GAPDH mRNA.

Cell synchronization

RPE cells were synchronized at G1/S transition by incubation in

growth media supplemented with thymidine (2 mM) for 36 h. After

two washes in PBS, cells were released to fresh medium and were

collected at 2-h intervals. After 4 h from the release, nocodazole

(100 ng/ml) was added to the media to arrest cells in prometaphase.

All cells were collected by trypsinization, spinned down and lysed

with Laemmli buffer or fixed with EtOH for FACS analysis. Alterna-

tively, nocodazole-arrested cells were collected by mitotic shake-off

at 16 h after release form thymidine block.

Flow cytometry (FACS)

Cells were fixed with 70% ice-cold EtOH, permeabilized by 0.5%

Triton X-100 for 15 min at RT, and blocked with 1% BSA for 30 min.

Subsequently, cells were incubated with pMPM-Cy5-conjugated anti-

body (Cell Signaling, 1:500) for 1 h at RT, washed with PBS, and

re-suspended in PBS supplementedwith DAPI (5 µg/ml). FACS analy-

sis was performed using LSR II (BD Biosciences) and the FlowJo 10

software (Tree Star, BD). Single cells were gated using SSC and FSC,

andmitotic cells were quantified using Cy5 channel.

Immunofluorescence

RPE cells grown on coverslips were fixed with 4% paraformaldehyde

for 15 min at RT, washed with PBS, and permeabilized with 0.5%

Triton X-100 for 10 min. Alternatively, cells were incubated with ice-

cold methanol for 5 min. After washing with PBS, cells were blocked

in 3% BSA for 30 min and incubated with primary antibodies for

ours at RT. After washing with PBS, cells were incubated with Alexa

Fluor-conjugated antibody for 1 h at RT. Coverslips were
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subsequently washed 3 times in PBS, incubated with DAPI for 5 min

at RT, and mounted on glass slides by VectaShield. Imaging was

performed using Leica SP8 confocal microscope equipped with HC

PL APO 63x/1.40 oil objective. Images were analyzed and processed

using the LAS AF Lite software. For determining the mitotic spindle

orientation, cells were grown on fibronectin-coated coverslips and

were fixed 48 h after transfection with indicated siRNAs and stained

for c-tubulin. Metaphase cells were imaged by Leica SP8 confocal

microscope at 0.5 lm z-stacks. Angle of the mitotic spindle relative

to the growth surface was calculated from the linear distance

between the spindle poles and the relative height distance of both

spindle poles as described (Toyoshima & Nishida, 2007). For quan-

tification of the wild-type or mutant EGFP-FAM110A at spindle poles,

stable cell lines were fixed, stained for c-tubulin and imaged by

confocal microscopy. Mean pixel intensity of EGFP was determined

in metaphase cells in a spherical region of interest determined by

c-tubulin signal. Similarly, endogenous FAM110A was stained with

rabbit polyclonal FAM110A antibody and quantified at spindle poles

in cells transfected by control siRNA, CSNK1D siRNA or treated by

CK1 inhibitor. In total, 150 spindle poles were quantified in three

independent experiments.

Time-lapse microscopy

U2OS-H2B-GFP/Tub-mCherry cells and parental RPE or RPE cells

stably expressing EGFP-FAM110A variants were transfected with

control or specific siRNA oligonucleotides and seeded into Lab-TekII

coverglass chambers (Thermo Scientific). After 32 h post-

transfection, subconfluent cells were imaged every 5 min for up to

24 h using Leica DMI6000 microscope equipped with N PLAN 40x/

0.55 CORR DRY objective and with an 37°C, 5% CO2 environmental

chamber. Films were analyzed using LAS AF Lite software (Leica).

Division kinetics was determined manually by counting each 5-min

interval from the nuclear envelope breakdown to metaphase-

to-anaphase transition. In total, 100 individual cells were quantified

per condition in three independent experiments. To analyze orienta-

tion of the cell division, we measured the angle between the long

axis determined in the interphase cell just before mitotic entry and

the division axis determined in anaphase as described previously

(He et al, 2017; Fulcher et al, 2019). Cells in which longitudinal axis

was not apparent at G2/M transition were excluded from the analy-

sis. Cell division was considered misoriented when the angle

exceeded 15°. In total, 30 individual cells were quantified per condi-

tion in three independent experiments.

Immunoprecipitation and mass spectrometry

RPE cells stably expressing EGFP or EGFP-FAM110A were grown in

the presence of nocodazole for 12 h, and mitotic cells were collected

by shake-off and extracted in IP buffer (20 mM HEPES pH 7.5, 10%

glycerol, 150 mM NaCl, 0.5% NP40) supplemented with cOmplete

protease and PhosSTOP phosphatase inhibitors (Sigma) and soni-

cated for 3 × 20 s on ice. Cell extracts were centrifuged at 15,000 g

for 10 min at 4°C and then incubated for 2 h with GFP-Trap beads

(Chromotek). After three washes in IP buffer, bound proteins were

eluted from beads by Laemmli buffer and analyzed by immunoblot-

ting. Alternatively, bound proteins were analyzed by mass spec-

trometry using Orbitrap Fusion instrument (Thermo Scientific) and

MaxQuant software. Three biological replicates were analyzed by

mass spectrometry, and median peptide intensities were compared.

Statistical significance was calculated using Student’s t-test. Alterna-

tively, cell extracts from EGFP-FAM110A cells were incubated with

2 lg of mouse IgG, CSNK1E or CSNK1D antibodies (all Santa Cruz)

immobilized on Protein A/G UltraLink beads (Pierce) for 2 h and

washed and bound proteins were analyzed by immunoblotting.

Where indicated, cell extracts were prepared in RIPA buffer (25 mM

Tris pH 7.6, 150 mM NaCl, 1.0% NP40, 1.0% sodium deoxycholate,

and 0.1% SDS) to reduce background binding in immunoprecipita-

tion.

In vitro phosphatase assay

Cells synchronized in G2 or in mitosis by overnight treatment with

RO3306 or nocodazole, respectively, were extracted by RIPA buffer

and spun down for 10 min at 4°C. Endogenous FAM110A was

immunoprecipitated from cell extracts using rabbit polyclonal anti-

body (2 lg/reaction, Novus Biotechnologies) immobilized on pA/G

beads. After washing four times in PBS, beads were incubated with

mock or k phosphatase (800 U/reaction, Santa Cruz) at 20°C for

30 min. Reaction was stopped by addition of 4× Laemmli buffer,

and mobility of FAM110A was evaluated by immunoblotting.

In vitro kinase assay

Wild-type or mutant EGFP-FAM110A or EGFP alone was immuno-

precipitated from transiently transfected HEK293 cells using GFP-

Trap and the IP buffer supplemented by 1 M NaCl. Beads were

washed three times in buffer containing high salt and then once in

PBS and finally, bound proteins were eluted by 2 M glycine, imme-

diately neutralized, and stored at �80°C. Purified proteins were

checked by immunoblotting for the absence of co-purified protein

kinases CDK1 and CK1. Purified proteins were incubated with

100 ng of GST-tagged CSNK1D (Sigma) in kinase buffer (10 mM

HEPES pH 7.5, 2.5 mM b-glycerolphosphate, 1 mM EDTA, 4 mM

MgCl2, and 100 lM ATP) for 20 min at 30°C. Where indicated,

kinase buffer was supplemented with 5 lCi of gamma-32P-ATP.

Reaction was stopped by mixing with 4× Laemmli buffer, and

proteins were analyzed by immunoblotting.

Immunoblotting

Samples were separated by SDS–PAGE using 4–20% gels, trans-

ferred to nitrocellulose membrane, and probed with indicated

primary and HRP-conjugated secondary antibodies, and signal was

visualized using Peirce ECL substrate (Thermo Scientific). ImageJ

software was used to quantify signal intensity in the rectangular

regions of interest. After subtracting the background intensity,

signal was normalized to the loading control from the identical blot.

Three independent repeats were used for quantification.

Statistical analysis

Experiments were performed at least three times unless stated other-

wise. Values in bar graphs are presented as mean � SD. Statistical

significance was evaluated using Student’s two-tailed unpaired t-test

or by ANOVA test in GraphPad Prism version 5.0 (GraphPad
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Software), and P values ≤ 0.05 were considered significant

(*P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001).

Data availability

The complete data set from expression profiling of RPE-FUCCI cells

was deposited in ArrayExpress database (https://www.ebi.ac.uk/

arrayexpress/experiments/E-MTAB-9626/) under accession number

E-MTAB-9626.

Expanded View for this article is available online.
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