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Abstract

Among the FGF proteins, the least characterized superfamily is the group of fibroblast growth factor homologous fac-
tors (FHFs). To date, the main role of FHFs has been primarily seen in the modulation of voltage-gated ion channels,
but a full picture of the function of FHFs inside the cell is far from complete. In the present study, we focused on iden-
tifying novel FGF12 binding partners to indicate its intracellular functions. Among the identified proteins, a significant
number were nuclear proteins, especially RNA-binding proteins involved in translational processes, such as ribosomal
processing and modification. We have demonstrated that FGF12 is localized to the nucleolus, where it interacts with
NOLC1 and TCOF1, proteins involved in the assembly of functional ribosomes. Interactions with both NOLC1 and
TCOF1 are unique to FGF12, as other FHF proteins only bind to TCOF 1. The formation of nucleolar FGF12 complexes
with NOLC1 and TCOF1 is phosphorylation-dependent and requires the C-terminal region of FGF12. Surprisingly,
NOLC1 and TCOF1 are unable to interact with each other in the absence of FGF12. Taken together, our data link FHF

proteins to nucleoli for the first time and suggest a novel and unexpected role for FGF12 in ribosome biogenesis.
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Background

The fibroblast growth factor (FGF) family includes 22
genes found in humans that share sequence and struc-
tural similarity [1, 2]. FGFs bind to their specific fibro-
blast growth factor receptors (FGFRs) and stimulate
intracellular signaling pathways [3]. FGFs-induced cel-
lular responses are critical for developmental processes
and their deregulation is associated with cancer and
metabolic diseases [4]. FGFs fall into three major groups:
canonical FGFs (comprising subfamilies 1, 4, 7, 8 and 9),
endocrine FGFs, referred to as the FGF19 subfamily, and
fibroblast growth factor homologous factors (FHFs), until
recently considered intracellular FGFs, termed the FGF11
subfamily [2, 5].
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The FHF subfamily consists of four proteins: FGF11,
FGF12, FGF13 and FGF14. They contain a 120-130
amino acid conserved domain that folds into a p-trefoil
structure, homologous to other FGFs [6]. FHFs lack an
N-terminal signal sequence [7, 8] and their secretion,
even in an unconventional manner, has not yet been doc-
umented. Moreover, FHF proteins are unable to stimulate
proliferation in FGFR-positive cells [9]. They were there-
fore considered to be exclusively intracellular proteins
whose function is independent of cell surface FGFRs.
This view has recently been partially challenged by us and
others, who have shown that recombinant FHFs are capa-
ble of directly binding and activating FGFR and induc-
ing receptor-downstream signaling pathways [9, 10],
leading to an anti-apoptotic cellular response [9]. Each
intracellular FHF is represented by at least two distinct
isoforms, differing at the N-terminus and resulting from
alternative splicing [8]. The isoform determines the cel-
lular localization of FHFs, with the “a” isoform containing
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an N-terminal bipartite nuclear localization signal (NLS)
directing the protein to the nucleus, while the shorter “b”
isoform, lacking the NLS, is predominantly localized in
the cytosol [11].

The main function of FHF proteins, so far, has been
attributed to their cytosolic localization, where they act
as intracellular modulators of plasma membrane voltage-
gated ion channels [11-16]. In addition, cytosolic FHFs
form signal transducing complexes with partner proteins
such as islet-brain-2 (IB2), NF-kB essential modulator
(NEMO), hypoxia-inducible factor-la (HIF-1a), casein
kinase 2 (CK2), glycogen synthase kinase 3 (GSK3) and
(JAK?2) [1, 17-25]. Although FHFs have been observed in
the cell nucleus [26], their biological role there remains a
mystery.

Based on the first comprehensive mass spectrometry
(MS)-based analysis of the FGF12 interactome, we pre-
sent here the newly identified FGF12 interactors. We
found a group of nucleolar proteins, including NOLC1
(nucleolar and coiled-body phosphoprotein 1; Nopp140)
and TCOF1 (treacle ribosome biogenesis factor 1; Trea-
cle), that provide insights into a new and unexpected role
for FGF12 in the nucleus.

Methods
Antibodies and reagents
The anti-FGF12 antibody (#PA5-67182) was from

Thermo Fisher Scientific (Waltham, MA, USA). The pri-
mary antibodies: anti-NOLC1 (#sc-374033), anti-TCOF1
(#sc-374536), anti-THRAP3 (#sc-133250), anti-BCLAF1
(#sc-101388), anti-dyskerin (#sc-373956), anti-FGF12 (#sc-
81947), anti-SBP (#sc-101595), anti-histone H3 (#sc-10809),
anti-His-tag (#sc-8036) were from Santa Cruz (Dallas,
TX, USA). The primary antibodies: anti-phospho-FGFR
(Tyr653/Tyr654) (p-FGFR) (#06-1433), anti-phospho-
p44/42 (Thr202/Tyr204) MAP kinase (p-ERK1/2) (#9101),
anti-p44/42 MAP kinase (ERK1/2) (#9102) were from Cell
Signaling (Danvers, MA, USA). The primary antibodies:
anti-NOLC1 (#HPA037366) and anti-y-tubulin (tubulin)
(#T6557) were from Sigma-Aldrich (St Louis, MO, USA).
The anti-GFP antibody (#50430-2-AP) was from Protein-
Tech (Chicago, IL, USA). Horseradish peroxidase-conju-
gated secondary antibodies and the anti-mouse secondary
antibody conjugated to Alexa Fluor 594 (#715-585-150) were
from Jackson ImmunoResearch (Cambridge, UK). The sec-
ondary anti-rabbit antibody conjugated to Alexa Fluor 594
(#A11037) was from Thermo Fisher Scientific.

Pierce Anti c-myc Magnetic Beads (#88843) and
Streptavidin agarose resin (#20353) were from Thermo
Fisher Scientific. Ni Sepharose 6 Fast Flow resin (#GE17-
5318-02) was from GE Healthcare (Chicago, IL, USA).
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siRNA against NOLC1 (#sc-38127) and TCOF1 (#sc-
61707) were from Santa Cruz. The non-targeting control
siRNA (#D-001810-01-50) and siRNA against FGF12
[27] was ordered from Horizon Discovery (Waterbeach,
UK). Calf intestinal alkaline phosphatase (CIP) was
from Sigma-Aldrich (#P4978-1KU). Nuclease was from
Thermo Fisher Scientific (#88701).

Cells

The human osteosarcoma (U20S) cell line was obtained
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Biowest, Nauille, France) sup-
plemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific) and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin) (Thermo Fisher Scientific). Sta-
ble U20S-FGF11-GFP-myc, U20S-FGF12-GFP-myc,
U20S-FGF13-GFP-myc, U20S-FGF14-GFP-myc and
U20S-FGF12-SBP  cell lines were obtained from U20S
cells transfected with pcDNA3.1 vectors containing
sequences encoding the ’a’ isoforms of individual FHFs in
fusion with GFP-myc or SBP (Gene Universal, Newark,
DE, USA) using FuGene HD transfection reagent (Roche,
Indianapolis, IN, USA). Cells were replated 24 h after
transfection and cultured in selection medium (growth
medium with 1 mg/ml geneticin (G-418) (BioShop, Can-
ada) until colony formation was observed. Colonies were
transferred using cloning discs (Sigma-Aldrich) to 6-well
plates and then to T-75 cm? flask for continued culture
under the same conditions. Expression of FGFs was con-
firmed by western blotting using antibodies specific for
GFP and FGFs. Human embryonic kidney cells (HEK 293)
obtained from ATCC were cultured in DMEM (Biowest)
supplemented with 10% fetal bovine serum and antibiot-
ics (100 U/ml penicillin, 100 pg/ml streptomycin). Mouse
embryo fibroblast cells (NIH3T3) were obtained from
ATCC and were cultured in DMEM supplemented with
10% bovine serum (BS) and antibiotics (100 U/ml penicil-
lin, 100 pg/ml streptomycin). All cell lines were grown in
a 5% CO, atmosphere at 37 °C. Cells were seeded onto tis-
sue culture plates one day before the experiments.

Recombinant proteins

Phusion Inverse PCR mutagenesis was applied to obtain
the 131-181 FGF12 deletion mutant (FGF12A-His),
using pDEST17-FGF12 as a template. The primers con-
tained a STOP codon at the protein truncation site.
Expression and purification of recombinant his-tagged
FGF12 variants were performed as previously described
[9].
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siRNA transfection

siRNA transfections were performed with Dharma-
FECT Transfection Reagents (Horizon, Cambridge, UK)
according to the manufacturer’s instructions. Cells were
transfected with 100 nM siRNA against NOLC1, TCOF1
or FGF12, and after 24 h the transfection medium was
replaced with complete medium. Control cells were
transfected with 100 nM non-targeting siRNA. Cells
were incubated in a 5% CO, atmosphere at 37 °C for
another 48 h.

Fluorescence microscopy

To investigate the localization of FGFs proteins stably
expressed in fusion with GFP, U20S-FGF11-mGFP-
myc, U20S-FGF12-mGFP-myc, U20S-FGF13-mGFP-
myc, U20S-FGF14-mGFP-myc cells were fixed with 4%
paraformaldehyde. Nuclei were stained with NucBlue
Live (Thermo Fisher Scientific). For quantification, the
mean fluorescence intensity of each compartment was
measured using Zeiss ZEN 2.3 software. To calculate the
amount of fluorescent FHFs in each compartment, the
mean intensity of fluorescence was multiplied by the area
of the respective compartment.

To analyze the co-localization of FGF12-mGFP-myc
and their protein partners, U20S-FGF12-mGFP-myc
cells were fixed with 4% paraformaldehyde and permea-
bilized with 0.1% Triton in PBS. Cells were then stained
with mouse anti-NOLC1, anti-TCOF1, anti-dyskerin,
anti-THRAP3, anti-BCLAF1 primary antibodies and
Alexa Fluor 594-conjugated anti-mouse secondary anti-
body. Cell nuclei were stained with NucBlue Live dye.
Wide-field fluorescence microscopy was carried out
using a Zeiss Axio Observer Z1 fluorescence microscope
(Zeiss, Oberkochen, Germany). Images were captured
using an LD-Plan-Neofluar 40 x /0.6 Korr M27 objec-
tive and an Axiocam 503 camera. The red PLA signal
was visualized using a 540/552 nm bandpass excitation
filter and a 575/640 nm bandpass emission filter, and the
FGF12-mGFP-myc signal was visualized with a 450/490
nm bandpass excitation filter and a 500/550 nm band-
pass emission filter. The NucBlue Live signal was visual-
ized using a 335/383 nm bandpass excitation filter and a
420/470 nm bandpass emission filter. Images were pro-
cessed with Zeiss ZEN 2.3 software.

Proximity ligation assay (PLA)

To analyze the interaction of FGF12, NOLC1 and
TCOF1, U20S-FGF12-GFP-myc cells or HEK 293 cells
were fixed with 4% paraformaldehyde and permeabi-
lized with 0.1% Triton in PBS. Cells were then stained
with antibodies against NOLC1 and FGF12, TCOF1
and FGF12 or NOLC1 and TCOF1 in combination with
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secondary PLA probes according to the manufacturer’s
protocols (Duolink In Situ PLA, Sigma-Aldrich).

Pull-down

To confirm the interaction of FGF12 with proteins identi-
fied in MS experiments, recombinant FGF12 was bound
to Ni Sepharose Resin (1 h, 4 °C) and incubated with
U20S cell lysed in lysis buffer (0.15 M KCl, 40 mM Tris,
1% NP-40, 1 mM EDTA, 0.1 mM PMSE, pH 7.2), supple-
mented with protease and phosphatase inhibitor cock-
tails (Roche), overnight at 4 °C. The resin was washed
three times with PBS and bound proteins were eluted
with Laemmli sample buffer. Proteins were separated by
SDS-PAGE and analyzed by Western blotting using the
following antibodies: anti-NOLC1, anti-TCOF1, anti-
BCLAF1, anti-THRAP3 and anti-FGF12.

To study the interaction between FHFs and NOLC]1 or
TCOF1, U20S-FGF12-GFP-myc (or U20S-FGF12-SBP),
U20S-FGF11-mGFP-myc,  U20S-FGF12-mGFP-myc,
U20S-FGF13-mGFP-myc, U20S-FGF14-mGFP-myc
cells were lysed in lysis buffer (0.15 M KCI, 40 mM Tris,
1% NP-40, 1 mM EDTA, 0.1 mM PMSE, pH 7.2) supple-
mented with protease and phosphatase inhibitor cock-
tails and incubated with Pierce Anti c-myc Magnetic
Beads or Streptavidin agarose. The resin was washed two
times with PBS and the bound proteins were eluted with
Laemmli sample buffer. Proteins were separated by SDS-
PAGE and analyzed by Western blotting using antibodies
recognizing: GFP, NOLC1 or TCOF1. U20S cells were
used as a control.

2D Blue native/SDS-PAGE

U20S-FGF12-SBP cell was lysed in lysis buffer (0.15 M
KCl, 40 mM Tris, 1% NP-40, 1 mM EDTA, 0.1 mM
PMSE, pH 7.2) supplemented with protease and phos-
phatase inhibitor cocktails and incubated with Streptavi-
din agarose resin overnight in 4 °C. The resin was then
washed three times with PBS, and bound proteins were
eluted with 4 mM biotin in lysis buffer and separated by
BN-PAGE on 4-13% gradient gels. For two-dimensional
analysis, individual complexes were analyzed in the 1st
dimension by BN-PAGE, and then isolated and separated
by SDS-PAGE in the 2nd dimension. After electrophore-
sis, proteins were transferred to a PVDF membrane and
detected with anti-NOLC1, anti-TCOF1 and anti-FGF12
antibodies.

Cell fractionation

To fractionate cells into cytoplasmic and nuclear frac-
tions, U20S cells stably expressing FGF11-mGFP-myc,
FGF12-mGFP-myc, FGF13-mGFP-myc, FGF14-mGFP-
myc were lysed in lysis buffer (0.15 M KCl, 40 mM Tris,
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0.1% NP-40, 1 mM EDTA, 0.1 mM PMSE, pH 7.2) supple-
mented with protease and phosphatase inhibitor cock-
tails (Roche). The soluble fraction was designated as the
cytoplasmic fraction. The insoluble fraction, obtained by
centrifugation of the lysates followed by sonication, was
designated as the nuclear fraction. FGFs present in differ-
ent fractions were concentrated by binding to Pierce Anti
c-myc Magnetic Beads. The presence of FGF11, FGF12,
FGF13, FGF14 or marker proteins (ERK1/2 and histone-
H3), confirming the purity of the fractions, was analyzed
by immunoblotting.

To isolate nucleoli, U20S-FGF12a-GFP-myc cells were
lysed in lysis buffer for 20 min on ice. After centrifuga-
tion, the pellet was resuspended in 0.5 M sucrose and
sonicated, layered over a cushion of 1 M sucrose and cen-
trifuged to pellet nucleoli. The nucleoli were washed by
resuspension in 0.5 M sucrose followed by centrifugation.
The nucleoli were resuspended in the same volume of
Laemmli sample buffer used to prepare sample from total
lysate. The presence of FGF12 and NOLC1 was analyzed
by immunoblotting.

FGFR1 activation and downstream signaling
Serum-starved NIH3T3 cells were treated with FGF12A-
His or FGF1 (as control) in the presence of heparin (10
U/ml) (Sigma-Aldrich) for 45 min. Cells were lysed with
Laemmli sample buffer and lysates were subjected to
SDS-PAGE and western blotting.

Mass spectrometry analysis

To identify binding partners of FGF12, we used recom-
binant His-tagged FGF12, which was coupled to Ni-
NTA resin and incubated with U20S cell lysate. Mass
spectrometry analysis was performed by the Mass Spec-
trometry Laboratory at the Institute of Biochemistry
and Biophysics, Polish Academy of Sciences (Warsaw,
Poland). Beads with proteins were subjected to a stand-
ard trypsin digestion procedure, where proteins were
reduced with 5 mM TCEP for 1 h at 60 °C, blocked with
10 mM MMTS for 10 min at RT and digested overnight
with trypsin (0.1 mg/ml). After digestion, the peptides
were dried in a SpeedVac and purified using a modified
SP3 procedure [28]. Briefly, tryptic peptides were resus-
pended in 20 pl of water with 0.1% formic acid (FA) and
bound in the presence of acetonitrile (ACN) to 15 pl of
bead mix prepared by combining equal parts of Sera-
Mag Carboxyl hydrophilic and hydrophobic particles
(09-981-121 and 09-981-123, GE Healthcare). Peptides
were washed twice with 1 ml of ACN and eluted with 200
mM ammonium hydroxide. The dried peptides were then
resuspended in 50 pl of 2% ACN and 0.1% FA. The pep-
tide mixtures were applied in equal volumes of 20 pl to
an RP-18 pre-column (Waters, Milford, MA, USA) using
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water containing 0.1% FA as a mobile phase and then
transferred to an RP-18 nano-HPLC column (internal
diameter 75 uM, Waters) using an ACN gradient (0-35%
ACN in 160 min) in the presence of 0.1% FA at a flow rate
of 250 nl/min. The column outlet was coupled directly
to the ion source of the Q Exactive mass spectrometer
(Thermo Fisher Scientific) operating in DDA mode with
Top12 ions subjected to the fragmentation after each full
scan with a scan range from 300 to 1650 m/z. Each analy-
sis was preceded by a blank run to ensure no cross-con-
tamination from previous samples.

Acquired MS/MS data from triplicates were preproc-
essed with Mascot Distiller software (v. 2.6, Matrix-
Science) and searched using Mascot Search Engine
(MatrixScience, Mascot Server 2.6) against the human
proteins deposited in Swissprot 2019_11 database (20,442
sequences). To reduce mass errors, peptide and fragment
mass tolerance settings were determined separately for
each LC-MS/MS runs after recalibration of the measured
mass, as described previously [29]. Statistical assessment
of peptide assignment confidence was based on a target/
decoy database search strategy [25]. This procedure pro-
vided g-value estimates for each peptide spectrum match
in the data set. All queries with g-values>0.01 were
removed from further analysis. The mass calibration
and data filtering described above were performed using
MScan software developed in-house (http://proteom.ibb.
waw.pl/mscan/).

Results

FGF12 is a novel component of nucleolar protein
complexes

FGF12 is a pleiotropic protein involved in modulation
of voltage-gated ion channel, cellular signaling, reac-
tive oxygen species (ROS) and apoptosis [9, 30-35]. The
versatility of FGF12 activities implicates that this pro-
tein may be part of various protein complexes inside the
cell. However, unbiased screening to decipher the map
of FGF12 intracellular interactions has not yet been per-
formed. We used functional recombinant His-tagged
FGF12 [9], which was coupled to Ni Sepharose resin and
incubated with U20S cell lysate (Fig. 1A). Proteins specif-
ically bound to FGF12-His were identified by MS, yield-
ing more than 70 proteins (Additional file 1: Table S1).
Among the top hits, several ribosomal proteins and two
major components of the nucleolar ribosome biogenesis
complex were found: nucleolar and coiled-body phos-
phoprotein 1 (NOLC1; Nopp140; Uniprot ID: Q14978)
and treacle ribosome biogenesis factor 1 (TCOF1; Trea-
cle; Uniprot ID: Q13428) (Fig. 1B, C). Interestingly, func-
tional classification of all identified FGF12 interactors
indicated multiple ribosomal components closely related
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to NOLC1/TCOF1 via RSL1D1, RPS14 and RPL18A
(Fig. 1C).

In the next step, we verified the localization of FGF12
in U20S cells. To this end, we stably transfected U20S
cells with the FGF12-mGFP-myc expression construct
(Additional file 2: Fig. S1) and monitored the subcellu-
lar localization of FGF12-mGFP-myc with fluorescence
microscopy. We observed a weak mGFP signal in the
cytoplasm, while most of the fluorescence was detected
in the nuclei of U20S cells (Fig. 1D). Surprisingly, inside
the nuclei, the FGF12-mGFP-myc signal accumulated
in characteristic, well-defined structures specific to the
nucleoli (Fig. 1D), compartments rich in the NOLC1/
TCOF1 complex and several other proteins identified by
us in MS experiments (Additional file 1: Table S1). The
nucleolar localization of FGF12 was validated by fluo-
rescence microscopy using an antibody against a spe-
cific nucleolar protein, dyskerin (Fig. 1E) [36—38]. Next,
we isolated nucleoli from U20S cells stably transfected
with FGF12-mGFP-myc and confirmed the presence of
FGF12 in the NOLC1-positive nucleoli-enriched fraction
(Fig. 1F).

To analyze whether the nucleolar localization of FGF12
is unique to FGF12 or whether it is a common feature
shared by the family of fibroblast growth factor homol-
ogous factors (FHFs), we stably transfected U20S cells
with expression vectors providing FGF11-mGFP-myc,
FGF13-mGFP-myc and FGF14-mGFP-myc production
(Additional file 2: Fig. S1A) and proceeded with fluo-
rescence microscopy. As shown in Additional file 2: Fig.
S1B and S1C, all FHF members were found in the nucle-
oli of U20S cells, albeit in different amounts. While the
FGF12-mGFP-myc and FGF13-mGFP-myc signal pre-
dominated in nuclei, with accumulation in nucleoli, the
FGF11-mGFP-myc was detected in both nuclei and cyto-
plasm, with only trace fluorescence in nucleoli (Addi-
tional file 2: Fig. S1B, C). For the FGF14-mGFP-myc
protein, a signal was still visible in the nucleoli, but it was
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weaker than that observed for FGF12-mGFP-myc and
FGF13-mGFP-myc. For all FHFs, we confirmed cytoplas-
mic and nuclear localization using cell fractionation and
western blotting (Additional file 2: Fig. S1D).We verified
MS interaction data using Ni Sepharose pull-down with
recombinant FGF12-His and cell lysate prepared from
U20S cells. Western blotting with antibodies specific for
the top MS-listed nucleolar proteins: NOLC1, TCOF]1,
BCLAF1 and THRAPS3 revealed their efficient-co-purifi-
cation with FGF12-His (Fig. 2A). Using immunolabeling
and fluorescence microscopy, we confirmed co-local-
ization of FGF12-mGFP-myc with NOLC1, TCOF]I,
BCLAF1 in cell nucleoli and THRAP3 in the nucleus of
U20S cells (Fig. 2B). These data indicate that FGF12 is a
novel nucleolar protein involved in a multifaceted inter-
action network centered on the NOLC1/TCOF1 complex
involved in the binding of multiple ribosomal proteins
(Fig. 1C).

FGF12 interacts with NOLC1/TCOF1

in a phosphorylation-dependent manner

Because the NOLC1/TCOF1 complex was at the top of
the MS hit list for FGF12 binding partners and because of
the critical role of NOLC1/TCOF1 in ribosome biogen-
esis, we decided to focus on the FGF12-NOLC1/TCOF1
interaction. To confirm that FGF12 and NOLC1/TCOF1
form complex(es) inside cells, we applied pull-down
experiments with anti-myc agarose using U20S and
U20S cells stably transfected with FGF12-mGFP-myc. As
shown by SDS-PAGE followed by western blotting analy-
sis in Fig. 3A, both NOLC1 and TCOF1 were efficiently
co-purified with FGF12-mGFP-myc. We confirmed these
data by streptavidin-agarose pull-down using U20S cells
stably transfected with FGF12-SBP (Additional file 3: Fig.
S2A, B). In addition, we used streptavidin-agarose pull-
down from U20S stably expressing FGF12-SBP cells
(U20S-FGF12-SBP) to purify FGF12-SBP complexes
under native conditions (eluted with biotin) and analyzed

(See figure on next page.)

Fig. 1 Identification of FGF12 partner proteins. A Recombinant FGF12-His was bound to Ni Sepharose and incubated with U20S cell lysate.
Proteins were eluted with Laemmli sample buffer, separated with SDS-PAGE and stained with CBB. B Top 10 results of identifying proteins by MS
that specifically bound to FGF12-His in pull-down experiments. ID is the Uniprot protein identifier, the abbreviated name is also the gene name. The
score and peptide match for each of the two repeats of the experiment are given. C FGF12 interaction network identified by affinity purification
followed by mass spectrometry. Proteins were classified using STRING database (http://www.string-db.org/). Blue spheres represent nuclear
proteins and red spheres represent cytosolic proteins. The lines connecting the spheres represent the experimentally confirmed interactions.

D Cellular localization of FGF12. U20S cells stably expressing FGF12-mGFP-myc (U20S-FGF12-mGFP-myc) were fixed, then cell nuclei were stained
with NucBlue Live, and analyzed with fluorescence microscopy. The dashed line indicates the cell area and the arrows indicate the nucleoli. The
scale bar represents 20 um. The graph shows the mean fluorescence intensity in the nucleus and cytoplasm. Data presented are means = SD of 20
cells. A paired student’s t-test was used for statistical analysis; ***p <0.001. E Co-localization of FGF12-mGFP-myc with the nucleolar marker, dyskerin.
U20S-FGF12-mGFP-myc cells were fixed, permeabilized and stained with a primary antibody against dyskerin and Alexa Fluor 594-conjugated
anti-mouse secondary antibody. Cell nuclei were labeled with NucBlue Live and cells were analyzed by fluorescence microscopy. The scale bar
represents 20 um. F U20S-FGF12-mGFP-myc cells were lysed, and nucleoli were isolated by sonication and centrifugation in buffer with increasing
sucrose concentration. The presence of FGF12 and NOLC1 in nucleoli was analyzed by immunoblotting. An antibody against y-tubulin was used to
ensure equal loading of the samples.



http://www.string-db.org/

Sochacka et al. Cell Communication and Signaling (2022) 20:182 Page 6 of 14
A B
pull-down Ni Sepharose Score
- @O OO - Short . .
Position D name Protein name (peptide
input 2% elution 50% matches)
- Nucleolar and coiled-body 1433.0(21)
. 14978
! o NoLct phosphoprotein 1 1137.0 (23)
I . 1065.0 (16)
. P68371
2 8: TUBB4B Tubulin beta4B chain 455.0(9)
CBB: n — — n
Serine/argininerepetitive matrix | 1649.0 (39)
. 9UQ35 RRM2
190 kDa 3 asva s protein 2 828.0 (20)
118kDa : s
Bcl-2-associated transcription 1830.0 (31)
e 4 QONYF8 | BCLAFL factor 1 14470 31)
{ Thyroid hormone receptor 1560.0 (18)
9Y2W1
50kDa 5 Q THRAP3 associated protein 3 983.0 (16)
. ) 1350.0 (7)
i: Ega 6. P67809 YBX1 Y-box-bindingprotein 1 1017.0 (14)
a
N 619.0 (14)
9H307
7. Q PNN Pinin 334.0(7)
15 kDa ) . 274.0 (4)
X 02878
8 Q RPLE6 60S ribosomal protein L6 584.0 ()
] . 1424.0 (12)
A P.
9 26373 RPL13 60S ribosomal protein L13 4350(9)
) 648.0 (17)
10. Q13428 TCOF1 Treacle protein 562.0(17)
D
U20S-FGF12-mGFP-myc
c mGFP Merge + NucBlue
low
exposure 3000
Z
a *hk
2
e € 2000
@
e
B 8
3
5
<
c
high g
exposure 0
Q& <
& &
o N

Fig. 1 (See legend on previous page.)

E U20S-FGF12-mGFP-myc
FGF12-mGFP dyskerin Merge + NucBlue
. . .-.
F total lysate nucleoli
< o
& &
& &
,\;@ 'V&
nd 4
‘«é ké‘
S SO I
(¢} O O (]
we: & & ¢ &

tubulin

— — _—-‘
1 2 3 4




Sochacka et al. Cell Communication and Signaling (2022) 20:182 Page 7 of 14

pull-down
Ni Sepharose U20S-FGF12-mGFP-myc

Alexa Fluor 594 mGFP Merge + NucBlue

FGF12

NOLC1

TCOF1

BCLAF1

THRAP3

BCLAF1

THRAP3

Fig. 2 Interaction of FGF12 with nucleolar proteins.A Verification of the results of MS experiments. Recombinant FGF12-His was bound to Ni
Sepharose and incubated with U20S cells lysate. FGF12-bound proteins were eluted and analyzed by wester blotting using specific antibodies.

B Co-localization of FGF12-mGFP-myc with identified partner protein. To analyze the co-localization of FGF12-mGFP-myc with NOLC1, TCOF1,
BCLAF1, THRAP3, U20S-FGF12-mGFP-myc cells were fixed, permeabilized and stained with appropriate primary antibodies and Alexa Fluor
594-conjugated anti-mouse secondary antibody. Cell nuclei were labeled with NucBlue Live and cells were analyzed by fluorescence microscopy.
The scale bar represents 20 um.
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the presence of NOLC1 and TCOF1 in FGF12 complexes
using 2D-PAGE. As shown in Additional file 3: Fig. S2C,
the FGF12-SBP signals overlapped significantly with
those of NOLC1 and TCOF1, indicating efficient purifi-
cation of high molecular weight FGF12/NOLC1/TCOF1
complexes.

Furthermore, we employed a proximity ligation assay
(PLA) to study the subcellular localization of FGF12
complexes with NOLC1 and TCOF1. In U20S cells sta-
bly expressing FGF12-mGFP-myc, PLA signals for both
FGF12-NOLC1 and FGF12-TCOF1 pairs largely over-
lapped with mGFP fluorescence, indicating that FGF12/
NOLC1/TCOF1 complexes are mainly localized to
nucleoli (Fig. 3B, Additional file 4: Fig. S3). Using a simi-
lar experimental setup, we also confirmed the interaction
between FGF12, NOLC1 and TCOF1 in HEK293 cells
lacking ectopic FGF12 (Additional file 5: Fig. S4).

NOLC1 and TCOF1 are heavily phosphorylated nucle-
olar proteins. To investigate whether the interaction of
FGF12 with NOLC1 and TCOF1 depends on their phos-
phorylation status, we used a Ni Sepharose pull-down
assay with recombinant FGF12-His and calf intestinal
alkaline phosphatase (CIP)-treated U20S cell lysates. CIP
efficiently de-phosphorylated both NOLC1 and TCOF1,
which is evident as an acceleration of their migration in
the gel (Fig. 3C, lanes 1, 2). De-phosphorylation com-
pletely inhibited the interaction of NOLC1 with FGF12
and significantly blocked the binding of TCOF1 to FGF12
(Fig. 3C, lane 5). In contrast, the interaction of FGF12
with NOLC1 and TCOF1 is nucleic acid-independent, as
nuclease treatment had no effect on the co-purification
efficiency of FGF12 with NOLC1 and TCOF1 (Fig. 3D,
lane 5).

To investigate which region of FGF12 is involved
in NOLC1 and TCOF1 recognition, we prepared a
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recombinant FGF12A-His variant containing most of
the FGF core domain but lacking 47 C-terminal resi-
dues, including the 12th B-strand (Fig. 3E). FGF12A-His
retained the ability to bind and activate FGFR1 (Fig. 3F,
lane 2), but was virtually incapable of binding NOLC1
and TCOF1 (Fig. 3G, lane 3).

Since we have identified, not only FGF12, but all other
FHFs: FGF11, FGF13 and FGF14 in nucleoli, we decided
to test whether these proteins are capable of binding
NOLC1/TCOF1. To this end, U20S cells stably trans-
fected with FGF11-mGFP-myc, FGF12-mGFP-myc,
FGF13-mGFP-myc, FGF14-mGFP-myc were subjected
to anti-myc agarose pull-down, and the co-purification
efficiency of NOLC1 and TCOF1 was assessed by west-
ern blotting. While NOLC1 was co-purified with all FHF
members, TCOF1 was only detected in the elution frac-
tion of FGF12-mGFP-myc cells (Fig. 3H).

All these data strongly indicate that the nucleolar pool
of FGF12 is part of the NOLC1/TCOF1 complex. The
association of FGF12 with NOLC1/TCOF1 is strictly
dependent on NOLC1 and TCOF1 phosphorylation and
requires the C-terminal region of FGF12.

Complexes of NOLC1 and TCOF1 required FGF12 for their
nucleolar localization
To study the importance of NOLC1 and TCOF1 for
the nucleolar localization of FGF12, we knocked-down
NOLC1 or TCOF1 with siRNA in U20S-FGF12-mGFP-
myc cells (Fig. 4A, Additional file 6: Fig. S5). Silencing of
either NOLC1 or TCOF1 had no effect on the nucleolar
localization of FGF12-mGFP-myc (Fig. 4A). Further-
more, FGF12 knock-down also did not affect the localiza-
tion of NOCL1 and TCOF]1.

However, PLA experiments revealed that silencing of
only one binding partner, NOLC1 or TCOF1, resulted

(See figure on next page.)

Fig. 3 Characterization of FGF12 complexes with NOLC1 and TCOF1.A U20S-FGF12-mGFP-myc and U20S (control) cells were lysed and the
co-purification of NOLC1 and TCOF1 with FGF12-mGFP-myc was determined with SDS-PAGE and western blotting. B In situ proximity ligation
assay (PLA) using rabbit anti-FGF12, mouse anti-NOLC1 or anti-TCOF 1 antibodies in U20S-FGF12-mGFP-myc cells. Cell nuclei were labeled with
NucBlue Live and cells were analyzed by fluorescence microscopy. The dashed line indicates the cell area. The scale bar represents 20 um. Data
shown in the graphs are mean PLA signal intensities in nuclei = SD from three independent experiments (100 cells in total). Student’s t-test was
applied for statistical analysis; ***p <0.001. C Pull-down experiment with recombinant FGF12-His bound to Ni Sepharose and U20S cell lysate
incubated with calf intestinal alkaline phosphatase (CIP), analyzed by SDS-PAGE and western blotting using anti-FGF12, anti-NOLC1 or anti-TCOF1
antibodies. An antibody against y-tubulin was used to ensure equal loading of input samples. D Pull-down experiment with recombinant
FGF12-His bound to Ni Sepharose and nuclease-treated U20S cell lysate, analyzed by SDS-PAGE and western blotting using anti-FGF12, anti-NOLC1
or anti-TCOF1 antibodies. An antibody against y-tubulin was used to ensure equal loading of input samples. E Structural (based on PDB 1Q1U
structure) and bar representation of FGF12 with the deleted region in FGF12A-His marked in red (upper panel). F Biological activity of FGF12A-His
variant. Serum-starved NIH 3T3 cells were incubated with recombinant FGF12A-His (~ 1 ug/ml) or FGF1 (control, ~0.1 pg/ml) for 45 min, and
activation of cell signaling was assessed by western blotting with antibodies specific for activated FGFR and ERK1/2 (pFGFR; pERK1/2). An antibody
against y-tubulin was used to ensure equal loading. G Interaction of FGF12A-His mutant with NOLC1 and TCOF1. Recombinant FGF12-His and
FGF12A-His were bound to Ni Sepharose and incubated with U20S cells lysate. Elution fractions were subjected to western blot analysis with
anti-NOLCT, anti-TCOF1 and anti-His-tag antibodies. H Lysates of U20S cells expressing FGF11-mGFP-myc, FGF12-mGFP-myc, FGF13-mGFP-myc,
FGF14-mGFP-myc were incubated with anti-myc agarose. Co-purification of NOLCT and TCOF1 with FHFs was determined with western blotting
using anti-GFP, anti-NOLC1 and anti-TCOF 1 antibodies. An antibody against y-tubulin was used to ensure equal loading of input samples.
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microscopy. The scale bar represents 20 um. B Fluorescence images of in situ PLA using anti-FGF12, anti-NOLC1 and anti-TCOF1 antibodies in
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signal intensity in nuclei. Student’s t-test was applied for statistical analysis; ***p <0.001




Sochacka et al. Cell Communication and Signaling (2022) 20:182

in a partial re-localization of FGF12/TCOF1 and FGF12/
NOLC1 complexes from the nucleolus to the nucleus
(Fig. 4B). In addition, PLA signals for FGF12/TCOF1 and
FGF12/NOLCI1 pairs were significantly enhanced upon
NOLC1 and TCOF1 knocking-down (Fig. 4B). A similar
effect was observed in HEK293 cells (Additional file 7:
Fig. S6). These data indicate that the presence of NOLC1
or TCOF1 is not required for nucleolar localization of
FGF12. However, silencing of one of the FGF12 binding
proteins (NOLC1 or TCOF1) resulted in increased level
of FGF12 in complex with the other partner.

Surprisingly, FGF12 silencing resulted in complete
inhibition of the interaction between NOLC1 and
TCOF1, demonstrating that FGF12 is an integral compo-
nent of NOLC1/TCOF1 complexes (Fig. 4B).

Discussion

FHFs are pleiotropic proteins whose dysregulation is
associated with disorders of the nervous system, cardiac
diseases and cancer [19, 39-53]. The specificity of FHFs
function appears to be largely determined by their sub-
cellular localization. FHF members lack a signal sequence
for secretion and have therefore been recognized as
intracellular proteins, acting mainly as regulators of the
plasma membrane-embedded voltage-gated ion channels
[30, 54-58]. FHFs have been identified in the cytosol and
in the nucleus. Although evidence for FHFs secretion is
still lacking, several studies indicate that exogenous FHFs
bind and activate FGFRs, triggering a protective response
of the cell by preventing apoptosis [9, 33—35].

In this study, we have revealed a novel and very intrigu-
ing localization of FHF proteins. We found that all FHF
family members reside in the nucleolus, however we
observed that subcellular distribution (into nucleolus,
nucleus and cytosol) differs between distinct FHF mem-
bers. Furthermore, using FGF12 as an exemplary FHE, we
performed the first MS-based identification of FHF cel-
lular interaction network. Among the identified binding
partners of FGF12 we found several nucleolar proteins,
including NOLC1 and TCOF1. NOLC1 is a cellular target
of the anti-cancer drug doxorubicin and natively unfolded
scaffold protein that shuttles between the nucleolus and
the cytosol, affecting the cellular localization of its binding
partners [59-61]. In the nucleolus, NOLC1 forms a com-
plex with its paralogue TCOF1 [62], a protein mutated in
ribosomopathy manifested as Treacher-Collins Syndrome
(TCS). Assembly of the NOLC1/TCOF1 complex occurs
in a ubiquitination-dependent manner, and this complex
links RNA polymerase I to ribosome-modifying enzymes,
to regulate the translation process of cells differentiating
towards neural crest specification [62—-64]. NOLC1 and
TCOF1 are also involved in maintaining genomic stabil-
ity by acting as DNA damage response (DDR) factors [65].
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Here, we have provided robust evidence for the unex-
pected involvement of FGF12 in nucleolar NOLC1/
TCOF1 complexes. Our data indicate that nucleolar
localization of FGF12 is independent of the presence of
NOLCI1 or TCOF1. However, both proteins are required
to form FGF12 nucleolar complexes, as knock-down of
NOLC1 or TCOF1 partially relocates FGF12/TCOF1 and
FGF12/NOLC1 complexes to the nucleus. Silencing one
of the FGF12 binders (NOLC1 or TCOF1) increases the
level of the FGF12 complex with the other partner. More-
over, FGF12 appears to be central to the NOLC1/TCOF1
interaction. The binding of FGF12 to NOLC1 and TCOF1
is phosphorylation-dependent. Since NOLC1, TCOF1
and FHF are CK2 substrates or CK2 binding partners [65,
66], CK2 may constitute a major regulator for nucleolar
assembly of the FGF12/NOLC1/TCOF1 complex.

At this stage, the role of nucleolar FGF12/NOLC1/
TCOF1 complex is still unclear, but it is tempting to
speculate that FGF12 may be an important player either
in ribosome biogenesis or the DDR. While nucleo-
lar localization and interaction with NOLC1 are con-
served for all members of the FHF family, only FGF12
binds both NOLC1 and TCOF1. These findings suggest
that distinct FHF proteins may contribute differently to
NOLC1/TCOF1 activities. As FHFs and NOLC1/TCOF1
are implicated in severe disease, including epilepsy, can-
cer and ribosomopathy, future studies should aim to
decipher the functional interplay between FHF proteins
and NOLC1/TCOF1.
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Additional file 1: Table S1. Results of MS-based peptide identification for
proteins that bind specifically to FGF12-His in pull down experiments. ID
is the Uniprot protein identifier. The score and peptide match for each of
two repeats of the experiment are given.

Additional file 2: Fig. S1. Figure S1. Cellular localization of FHF proteins.
A Western blotting analysis of whole cell lysates detecting mGFP in

U20S cells stably transfected with FGF11-mGFP-myc, FGF12-mGFP-myc,
FGF13-mGFP-myc, FGF14-mGFP-myc or U20S cells (control) to confirm
the expression of fusion proteins. B Localization of FHF proteins in U20S
cells stably transfected with FGF11-mGFP-myc, FGF12-mGFP-myc, FGF13-
mGFP-myc and FGF14-mGFP-myc. Nuclei were labeled with NucBlue Live
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and cells were analyzed with fluorescence microscopy. The dashed line
indicates the cell area. The scale bar represents 20 um. € Quantification

of the amount of fluorescent proteins in each compartment (cytoplasm,
nucleus, nucleolus) including mean fluorescence intensity and compart-
ment area. Data presented are means =+ SD of 20 cells. Student’s t-test was
used for statistical analysis; ***p < 0.001; **p < 0.01. D U20S-FGF11-mGFP-
myc, U20S-FGF12-mGFP-myc, U20S-FGF13-mGFP-myc and U20S-FGF14-
mGFP-myc cells were washed, lysed and fractionated into cytoplasmic
and nuclear fractions. FHFs-mGFP-myc were extracted from each fraction
by adsorption onto anti-myc resin, separated by SDS-PAGE and analyzed
by western blotting. ERK1/2 and histone H3 served as cytoplasmic and
nuclear marker proteins, respectively.

Additional file 3: Fig. S2. Streptavidin agarose pull-down from U20S cells
stably expressing FGF12-SBP. A Western blotting of cell lysates of U20S-
FGF12-SBP and U20S cells (control) to confirm FGF12-SBP expression. B
U20S-FGF12-SBP and U20S cells were lysed and co-purification of NOLC1
and TCOF1 with FGF12-SBP on streptavidin agarose was verified by SDS-
PAGE and western blotting. C Streptavidin-agarose pull-down from U20S-
FGF12-SBP cells to purify FGF12-SBP complexes under native conditions.
Bound proteins were eluted with biotin and separated by 2D-BN-PAGE.
Co-migration of FGF12-SBP and NOLC1 or TCOF1 was determined by
western blotting.

Additional file 4: Fig. S3. Negative controls for in situ PLA performed in
U20S-FGF12-mGFP-myc cells. PLA in U20S-FGF12-mGFP-myc cells treated
with a single antibody or in untreated cells. Nuclei were labeled with
NucBlue Live and cells were analyzed with fluorescence microscopy. Scale
bar represents 20 um.

Additional file 5: Fig. S4. PLA in HEK 293 cells lacking ectopic FGF12.
Fluorescence images of in situ PLA using rabbit anti-FGF12 and mouse
anti-NOLC1 or anti-TCOF1 antibody in HEK 293 cells. HEK 293 cells treated
with a single antibody or untreated showed no signal and served as
negative controls. Nuclei were labeled with NucBlue Live and cells were
analyzed with fluorescence microscopy. The dashed line indicates the cell
area. The scale bar represents 20 um.

Additional file 6: Fig. S5. Efficiency of NOLC1, TCOF1 and FGF12 knock-
down in U20S-FGF12-mGFP-myc cells. Western blotting analysis of cell
lysates of U20S-FGF12-mGFP-myc cells treated with siRNA against NOLCT,
TCOF1 or FGF12.

Additional file 7: Fig. S6. Effect of NOLC1 and TCOF1 knock-down on the
nucleolar localization of FGF12 and its interaction with NOLC1 and TCOF1.
HEK 293 cells were transfected with NOLC1/TCOF 1-targeting siRNA or
scramble siRNA (control). Fluorescence images of in situ PLA using a mix-
ture of rabbit anti-FGF12 and mouse anti-NOLC1 or anti-TCOF1 antibodies.
Cell nuclei were labeled with NucBlue Live and cells were analyzed with
fluorescence microscopy. The dashed line indicates the cell area. The scale
bar represents 20 um.

Acknowledgements
We thank Marta Minkiewicz for skillful support in cell culture, Dagmara

Jakubowska for technical assistance and Karolina Jendryczko for providing the

plasmid for FGF12A-His.

Author contributions

Conceptualization: MZ, LO; Methodology: MS, LO, DK, MB, MZ; Validation: MS,
LO; Formal analysis: MS; Investigation: MS, RK; Resources: MZ; Data curation:
MS; Writing—original draft: MS, LO, MZ; Writing—review & editing: MS, LO,
RK, MZ, DK, MB, JO; Visualization: MS, DK; Supervision: MZ; Project administra-
tion: MZ; Funding acquisition: MZ. All authors read and approved the final
manuscript.

Funding
This work was funded by National Science Centre in Poland, OPUS grant

2018/31/B/NZ3/01656. Martyna Sochacka was also supported by PRELUDIUM

grant 2021/41/N/NZ3/01000.

Page 12 of 14

Availability of data and materials
The datasets used in this study are available from the corresponding author
on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Department of Protein Engineering, Faculty of Biotechnology, University

of Wroclaw, Joliot-Curie 14a, 50-383 Wroctaw, Poland. 2Department of Protein
Biotechnology, Faculty of Biotechnology, University of Wroclaw, Joliot-Curie
14a, 50-383 Wroctaw, Poland.

Received: 25 August 2022 Accepted: 26 October 2022
Published online: 21 November 2022

References

1.

2.

Ornitz DM, Itoh N.The Fibroblast Growth Factor signaling pathway. Wiley
Interdiscip Rev Dev Biol. 2015;4:215-66. https://doi.org/10.1002/WDEV.176.
Popovici C, Roubin RG, Ois Coulier F, Birnbaum D. An evolutionary history
of the FGF superfamily. BioEssays. 2005,27:849-57. https://doi.org/10.
1002/bies.20261.

Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases.
Cell. 2010;141:1117-34. https://doi.org/10.1016/J.CELL.2010.06.011.
Eswarakumar VP, Lax |, Schlessinger J. Cellular signaling by fibroblast
growth factor receptors. Cytokine Growth Factor Rev. 2005;16:139-49.
https://doi.org/10.1016/J.CYTOGFR.2005.01.001.

Ornitz DM, Itoh N. New developments in the biology of fibroblast growth
factors. WIREs Mech Disease. 2022. https://doi.org/10.1002/WSBM.1549.
Mohammadi M, Olsen SK, Ibrahimi OA. Structural basis for fibro-

blast growth factor receptor activation. Cytokine Growth Factor Rev.
2005;16:107-37. https://doi.org/10.1016/J.CYTOGFR.2005.01.008.
Goldfarb M. Fibroblast growth factor homologous factors: Evolution,
structure, and function. Cytokine Growth Factor Rev. 2005;16:215-20.
https://doi.org/10.1016/J.CYTOGFR.2005.02.002.

Olsen SK, Garbi M, Zampieri N, Eliseenkova A, Ornitz DM, Goldfarb M,

et al. Fibroblast growth factor (FGF) homologous factors share structural
but not functional homology with FGFs. J Biol Chem. 2003;278:34226-36.
https://doi.org/10.1074/JBC.M303183200.

Sochacka M, Opalinski L, Szymczyk J, Zimoch MB, Czyrek A, Krowar-

sch D, et al. FHF1 is a bona fide fibroblast growth factor that activates
cellular signaling in FGFR-dependent manner. Cell Commun Signal.
2020;18(1):69. https://doi.org/10.1186/512964-020-00573-2.

Lin H, Lu P, Zhou M, Wu F, Weng L, Meng K, et al. Purification of recom-
binant human fibroblast growth factor 13 in £. coli and its molecular
mechanism of mitogenesis. Appl Microbiol Biotechnol. 2019;103:7017-
27. https://doi.org/10.1007/5S00253-019-09973-Y/FIGURES/8.

. Pablo JL, Pitt GS. Fibroblast growth factor homologous factors (FHFs):

new roles in neuronal health and disease. Neuroscientist. 2016;22:19.
https://doi.org/10.1177/1073858414562217.

Ali SR, Singh AK, Laezza F. Identification of amino acid residues in
fibroblast growth factor 14 (FGF14) required for structure-function
interactions with voltage-gated sodium channel Nav1.6. J Biol Chem.
2016;291:11268-84. https://doi.org/10.1074/JBC.M115.703868.
Laezza F, Gerber BR, Lou JY, Kozel MA, Hartman H, Craig AM, et al.
The FGF14F145S mutation disrupts the interaction of FGF14 with


https://doi.org/10.1002/WDEV.176
https://doi.org/10.1002/bies.20261
https://doi.org/10.1002/bies.20261
https://doi.org/10.1016/J.CELL.2010.06.011
https://doi.org/10.1016/J.CYTOGFR.2005.01.001
https://doi.org/10.1002/WSBM.1549
https://doi.org/10.1016/J.CYTOGFR.2005.01.008
https://doi.org/10.1016/J.CYTOGFR.2005.02.002
https://doi.org/10.1074/JBC.M303183200
https://doi.org/10.1186/S12964-020-00573-2
https://doi.org/10.1007/S00253-019-09973-Y/FIGURES/8
https://doi.org/10.1177/1073858414562217
https://doi.org/10.1074/JBC.M115.703868

Sochacka et al. Cell Communication and Signaling

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2022) 20:182

voltage-gated Na+ channels and impairs neuronal wxcitability. J Neuro-
sci. 2007,27:12033-44. https://doi.org/10.1523/JNEUROSCI.2282-07.2007.
Bosch MK, Nerbonne JM, Townsend RR, Miyazaki H, Nukina N, Ornitz DM,
et al. Proteomic analysis of native cerebellar iFGF14 complexes. Channels.
2016;10:297-312. https://doi.org/10.1080/19336950.2016.1153203/
SUPPL_FILE/KCHL_A_1153203_SM5146.ZIP.

Lou JY, Laezza F, Gerber BR, Xiao M, Yamada KA, Hartmann H, et al.
Fibroblast growth factor 14 is an intracellular modulator of voltage-gated
sodium channels. J Physiol. 2005;569:179-93. https://doi.org/10.1113/
JPHYSIOL.2005.097220.

Wildburger NC, Ali SR, Hsu WCJ, Shavkunov AS, Nenov MN, Lichti CF,

et al. Quantitative proteomics reveals protein-protein interactions with
fibroblast growth factor 12 as a component of the voltage-gated sodium
channel 1.2 (nav1.2) macromolecular complex in Mammalian brain. Mol
Cell Proteomics. 2015;14:1288-300. https://doi.org/10.1074/MCPM114.
040055.

Hsu WCJ, Scala F, Nenov MN, Wildburger NC, Elferink H, Singh AK; et al.
CK2 activity is required for the interaction of FGF14 with voltage-gated
sodium channels and neuronal excitability. FASEB J. 2016;30:2171-86.
https://doi.org/10.1096/F).201500161.

Lee KW, Yim HS, Shin J, Lee C, Lee JH, Jeong JY. FGF11 induced by hypoxia
interacts with HIF-1a and enhances its stability. FEBS Lett. 2017;591:348—
57. https://doi.org/10.1002/1873-3468.12547.

Sun J,Niu C,Ye W, An N, Chen G, Huang X, et al. FGF13 Is a Novel
Regulatorof NF-kB and Potentiates Pathological Cardiac Hypertrophy.
IScience.2020;23:101627. https://doi.org/10.1016/j.isci.2020.101627
Wadsworth PA, Folorunso O, Nguyen N, Singh AK, D'amico D, Powell RT,
et al. High-throughput screening against protein: protein interaction
interfaces reveals anti-cancer therapeutics as potent modulators of the
voltage-gated Na+ channel complex. Sci Rep. 2019;9:16890. https://doi.
0rg/10.1038/541598-019-53110-8.

Wadsworth PA, Singh AK, Nguyen N, Dvorak NM, Tapia CM, Russell WK,
et al. JAK2 regulates Nav1.6 channel function via FGF14Y158 phospho-
rylation. Biochim Biophys Acta Mol Cell Res. 2020;1867:118786. https.//
doi.org/10.1016/J.BBAMCR.2020.118786.

Shavkunov AS, Wildburger NC, Nenov MN, James TF, Buzhdygan TP,
Panova-Elektronova NI, et al. The fibroblast growth factor 14-voltage-
gated sodium channel complex Is a new target of glycogen synthase
kinase 3 (GSK3). J Biol Chem. 2013;288:19370. https://doi.org/10.1074/
JBC.M112.445924.

Re J, Wadsworth PA, Laezza F. Intracellular fibroblast growth factor 14:
emerging risk factor for brain disorders. Front Cell Neurosci. 2017;11:103.
https://doi.org/10.3389/FNCEL.2017.00103/BIBTEX.

Hsu WC, Nenov MN, Shavkunov A, Panova N, Zhan M, Laezza F. Identify-
ing a kinase network regulating FGF14:Nav1.6 complex assembly using
split-Luciferase complementation. PLoS ONE. 2015;10:e0117246. https://
doi.org/10.1371/JOURNAL.PONE.0117246.

Elias JE, Haas W, Faherty BK, Gygi SP. Comparative evaluation of mass
spectrometry platforms used in large-scale proteomics investigations.
Nat Methods. 2005;2:667-75. https://doi.org/10.1038/NMETH785.
Nakayama F, Yasuda T, Umeda S, Asada M, Imamura T, Meineke V, et al.
Fibroblast growth factor-12 (FGF12) translocation into intestinal epithelial
cells is dependent on a novel cell-penetrating peptide domain: involve-
ment of internalization in the in vivo role of exogenous FGF12*. J Biol
Chem. 2011;286:25823. https://doi.org/10.1074/JBC.M110.198267.
Nakayama F, Mller K, Hagiwara A, Ridi R, Akashi M, Meineke V. Involve-
ment of intracellular expression of FGF12 in radiation-induced apoptosis
in mast cells. J Radiat Res. 2008,49:491-501. https://doi.org/10.1269/JRR.
08021.

Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld J.
Ultrasensitive proteome analysis using paramagnetic bead technology.
Mol Syst Biol. 2014;10:757. https://doi.org/10.15252/MSB.20145625.
Malinowska A, Kistowski M, Bakun M, Rubel T, Tkaczyk M, Mierzejewska

J, et al. Diffprot - software for non-parametric statistical analysis of dif-
ferential proteomics data. J Proteom. 2012;75:4062-73. https://doi.org/10.
1016/JJPROT.2012.05.030.

Wang C, Wang C, Hoch EG, Pitt GS. Identification of novel interac-

tion sites that determine specificity between fibroblast growth factor
homologous factors and voltage-gated sodium channels. J Biol Chem.
2011;286:24253-63. https://doi.org/10.1074/JBC.M111.245803.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 13 of 14

Seiffert S, Pendziwiat M, Bierhals T, Goel H, Schwarz N, Ven A, van der, et al.
Modulating effects of FGF12 variants on NaV1.2 and NaV1.6 associated
with developmental and epileptic encephalopathy and autism spectrum
disorder. BioRxiv 2021:2021.12.03.471090. https://doi.org/10.1101/2021.
12.03.471090.

Song SH, Kim K, Jo EK, Kim YW, Kwon JS, Bae SS, et al. Fibroblast growth
factor 12 is a novel regulator of vascular smooth muscle cell plasticity and
fate. Arterioscler Thromb Vasc Biol. 2016;36:1928-36. https://doi.org/10.
1161/ATVBAHA.116.308017.

Nakayama F, Yasuda T, Umeda S, Asada M, Imamura T, Meineke V, et al.
Fibroblast growth factor-12 (FGF12) translocation into intestinal epithelial
cells is dependent on a novel cell-penetrating peptide domain: involve-
ment of internalization in the in vivo role of exogenous FGF12. J Biol
Chem. 2011,286:25823-34. https://doi.org/10.1074/JBC.M110.198267.
Nakayama F, Umeda S, Yasuda T, Fujita M, Asada M, Meineke V, et al. Cel-
lular internalization of fibroblast growth factor-12 exerts radioprotective
effects on intestinal radiation damage independently of FGFR signaling.
Int J Radiat Oncol Biol Phys. 2014;88:377-84. https://doi.org/10.1016/J.
[JROBP2013.10.035.

Zhou M, Chen J, Meng K, Zhang Y, Zhang M, Lu P, et al. Production of
bioactive recombinant human fibroblast growth factor 12 using a new
transient expression vector in E. coli and its neuroprotective effects.

Appl Microbiol Biotechnol. 2021;105:5419-31. https://doi.org/10.1007/
S00253-021-11430-8.

Weeks SE, Metge BJ, Samant RS. The nucleolus: a central response

hub for the stressors that drive cancer progression. Cell Mol Life Sci.
2019;76:4511-24. https://doi.org/10.1007/500018-019-03231-0.

Alawi F, Lin P. Dyskerin is required for tumor cell growth through mecha-
nisms that are independent of its role in telomerase and only partially
related to its function in precursor rRNA processing. Mol Carcinog.
2011;50:334-45. https://doi.org/10.1002/MC.20715.

Heiss NS, Girod A, Salowsky R, Wiemann S, Pepperkok R, Poustka A. Dys-
kerin localizes to the nucleolus and its mislocalization is unlikely to play
arole in the pathogenesis of dyskeratosis congenita. Hum Mol Genet.
1999;8:2515-24. https://doi.org/10.1093/HMG/8.13.2515.

Veliskova J, Marra C, Liu Y, Shekhar A, Park DS, latckova V, et al. Early onset
epilepsy and sudden unexpected death in epilepsy with cardiac arrhyth-
mia in mice carrying the early infantile epileptic encephalopathy 47 gain-
of-function FHF1(FGF12) missense mutation. Epilepsia. 2021,62:1546-58.
https://doi.org/10.1111/EP1.16916.

Siekierska A, Isrie M, Liu Y, Scheldeman C, Vanthillo N, Lagae L, et al. Gain-
of-function FHF1 mutation causes early-onset epileptic encephalopathy
with cerebellar atrophy. Neurology. 2016;86:2162-70. https://doi.org/10.
1212/WNL.0000000000002752.

Al-Mehmadi S, Splitt M; For DDD Study group*, Ramesh 'V, DeBrosse S,
Dessoffy K, Xia F, Yang Y, Rosenfeld JA, Cossette P, Michaud JL, Hamdan
FF, Campeau PM, Minassian BA. FHF1 (FGF12) epileptic encephalopathy.
Neurol Genet. 2016,2(6):115. https://doi.org/10.1212/NXG.0000000000
000115.

Villeneuve N, Abidi A, Cacciagli P Mignon-Ravix C, Chabrol B, Villard L,

et al. Heterogeneity of FHF1 related phenotype: Novel case with early
onset severe attacks of apnea, partial mitochondrial respiratory chain
complex Il deficiency, neonatal onset seizures without neurodegenera-
tion. Eur J Paediatr Neurol. 2017;21:783-6. https://doi.org/10.1016/J.EJPN.
2017.04.001.

Takeguchi R, Haginoya K, UchiyamaY, Fujita A, Nagura M, Takeshita E,

et al. Two Japanese cases of epileptic encephalopathy associated with
an FGF12 mutation. Brain Dev. 2018;40:728-32. https://doi.org/10.1016/J.
BRAINDEV.2018.04.002.

Paprocka J, Jezela-Stanek A, Koppolu A, Rydzanicz M, Kosiriska J, Stawirski
P etal. FGF12p.Gly112Ser variant as a cause of phenytoin/phenobarbital
responsive epilepsy. Clin Genet. 2019;96:274-5. https://doi.org/10.1111/
CGE.13592.

Rochtus A, Olson HE, Smith L, Keith LG, el Achkar C, Taylor A, et al. Genetic
diagnoses in epilepsy: the impact of dynamic exome analysis in a pediat-
ric cohort. Epilepsia. 2020;61:249-58. https://doi.org/10.1111/EPL.16427.
Kim SY, Jang SS, Kim H, Hwang H, Choi JE, Chae JH, et al. Genetic
diagnosis of infantile-onset epilepsy in the clinic: application of whole-
exome sequencing following epilepsy gene panel testing. Clin Genet.
2021,99:418-24. https://doi.org/10.1111/CGE.13903.


https://doi.org/10.1523/JNEUROSCI.2282-07.2007
https://doi.org/10.1080/19336950.2016.1153203/SUPPL_FILE/KCHL_A_1153203_SM5146.ZIP
https://doi.org/10.1080/19336950.2016.1153203/SUPPL_FILE/KCHL_A_1153203_SM5146.ZIP
https://doi.org/10.1113/JPHYSIOL.2005.097220
https://doi.org/10.1113/JPHYSIOL.2005.097220
https://doi.org/10.1074/MCP.M114.040055
https://doi.org/10.1074/MCP.M114.040055
https://doi.org/10.1096/FJ.201500161
https://doi.org/10.1002/1873-3468.12547
https://doi.org/10.1038/s41598-019-53110-8
https://doi.org/10.1038/s41598-019-53110-8
https://doi.org/10.1016/J.BBAMCR.2020.118786
https://doi.org/10.1016/J.BBAMCR.2020.118786
https://doi.org/10.1074/JBC.M112.445924
https://doi.org/10.1074/JBC.M112.445924
https://doi.org/10.3389/FNCEL.2017.00103/BIBTEX
https://doi.org/10.1371/JOURNAL.PONE.0117246
https://doi.org/10.1371/JOURNAL.PONE.0117246
https://doi.org/10.1038/NMETH785
https://doi.org/10.1074/JBC.M110.198267
https://doi.org/10.1269/JRR.08021
https://doi.org/10.1269/JRR.08021
https://doi.org/10.15252/MSB.20145625
https://doi.org/10.1016/J.JPROT.2012.05.030
https://doi.org/10.1016/J.JPROT.2012.05.030
https://doi.org/10.1074/JBC.M111.245803
https://doi.org/10.1101/2021.12.03.471090
https://doi.org/10.1101/2021.12.03.471090
https://doi.org/10.1161/ATVBAHA.116.308017
https://doi.org/10.1161/ATVBAHA.116.308017
https://doi.org/10.1074/JBC.M110.198267
https://doi.org/10.1016/J.IJROBP.2013.10.035
https://doi.org/10.1016/J.IJROBP.2013.10.035
https://doi.org/10.1007/S00253-021-11430-8
https://doi.org/10.1007/S00253-021-11430-8
https://doi.org/10.1007/S00018-019-03231-0
https://doi.org/10.1002/MC.20715
https://doi.org/10.1093/HMG/8.13.2515
https://doi.org/10.1111/EPI.16916
https://doi.org/10.1212/WNL.0000000000002752
https://doi.org/10.1212/WNL.0000000000002752
https://doi.org/10.1212/NXG.0000000000000115
https://doi.org/10.1212/NXG.0000000000000115
https://doi.org/10.1016/J.EJPN.2017.04.001
https://doi.org/10.1016/J.EJPN.2017.04.001
https://doi.org/10.1016/J.BRAINDEV.2018.04.002
https://doi.org/10.1016/J.BRAINDEV.2018.04.002
https://doi.org/10.1111/CGE.13592
https://doi.org/10.1111/CGE.13592
https://doi.org/10.1111/EPI.16427
https://doi.org/10.1111/CGE.13903

Sochacka et al. Cell Communication and Signaling (2022) 20:182

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Guella |, Huh L, McKenzie MB, Toyota EB, Bebin EM, Thompson ML,
Cooper GM, Evans DM, Buerki SE, Adam S, Van Allen MI, Nelson TN, Con-
nolly MB, Farrer MJ, Demos M. De novo FGF12 mutation in 2 patients with
neonatal-onset epilepsy. Neurol Genet. 2016;2(6):e120. https://doi.org/10.
1212/NXG.0000000000000120.

Marin-Hernandez E, Reyes-Salcedo CA, Cardenas-Conejo A, Peregrino-
Bejarano L, Reyes-Cuayahuitl A, Rayo-Mares D, et al. Tumorous congenital
calcinosis cutis associated with early childhood epileptic encephalopa-
thy with a pathogenic FGF12 gene variant. Bol Med Hosp Infant Mex.
2020;77:331-6. https://doi.org/10.24875/BMHIM.20000030.

Willemsen MH, Goel H, Verhoeven JS, Braakman HMH, de Leeuw N,
Freeth A, et al. Epilepsy phenotype in individuals with chromosomal
duplication encompassing FGF12. Epilepsia Open. 2020;5:301-6. https://
doi.org/10.1002/EP14.12396.

Tian Q, Li H, Shu L, Wang H, Peng Y, Fang H, et al. Effective treatments for
FGF12-related early-onset epileptic encephalopathies patients. Brain Dev.
2021;43:851-6. https://doi.org/10.1016/J.BRAINDEV.2021.04.010.

Wang X, Tang H, Wei EQ, Wang Z, Yang J, Yang R, et al. Conditional
knockout of Fgf13 in murine hearts increases arrhythmia susceptibil-

ity and reveals novel ion channel modulatory roles. J Mol Cell Cardiol.
2017;104:63-74. https://doi.org/10.1016/J.YJMCC.2017.01.009.

Musa H, Kline CF, Sturm AC, Murphy N, Adelman S, Wang C, et al. SCN5A
variant that blocks fibroblast growth factor homologous factor regulation
causes human arrhythmia. Proc Natl Acad Sci U S A. 2015;112:12528-33.
https://doi.org/10.1073/PNAS.1516430112/SUPPL_FILE/PNAS.20151
6430SI.PDF.

Hennessey JA, Marcou CA, Wang C, Wei EQ, Wang C, Tester DJ, et al.
FGF12 is a candidate Brugada syndrome locus. Heart Rhythm Off J Heart
Rhythm Soc. 2013;10:1886-94. https://doi.org/10.1016/J.HRTHM.2013.09.
064.

Smallwood PM, Munoz-Sanjuan |, Tong P, Macke JP, Hendry SHC, Gilbert
DJ, et al. Fibroblast growth factor (FGF) homologous factors: new mem-
bers of the FGF family implicated in nervous system development. Proc
Natl Acad Sci U S A. 1996;93:9850-7. https://doi.org/10.1073/PNAS.93.18.
9850.

Mahling R, Rahlf CR, Hansen SC, Hayden MR, Shea MA. Ca 2+-saturated
calmodulin binds tightly to the N-terminal domain of A-type fibroblast
growth factor homologous factors. J Biol Chem. 2021;296:100458. https://
doi.org/10.1016/JJBC.2021.100458.

Goldfarb M, Schoorlemmer J, Williams A, Diwakar S, Wang Q, Huang X,

et al. Fibroblast growth factor homologous factors control neuronal excit-
ability through modulation of voltage-gated sodium channels. Neuron.
2007;55:449-63. https://doi.org/10.1016/JNEURON.2007.07.006.

Liu CJ, Dib-Hajj SD, Waxman SG. Fibroblast growth factor homologous
factor 1B binds to the C terminus of the tetrodotoxin-resistant sodium
channel rNav1.9a (NaN). J Biol Chem. 2001;276:18925-33. https://doi.org/
10.1074/JBC.M101606200.

Liu C, Dib-Hajj SD, Renganathan M, Cummins TR, Waxman SG. Modula-
tion of the cardiac sodium channel Nav1.5 by fibroblast growth factor
homologous factor 1B. J Biol Chem. 2003;278:1029-36. https://doi.org/10.
1074/JBC.M207074200.

JinY,Yu J, Yu YG. Identification of hNopp140 as a binding partner for dox-
orubicin with a phage display cloning method. Chem Biol. 2002;9:157-62.
https://doi.org/10.1016/51074-5521(02)00096-0.

Thomas Meier U, Blobel G. Nopp 140 shuttles on tracks between nucleo-
lus and cytoplasm. Cell. 1992;70:127-38. https://doi.org/10.1016/0092-
8674(92)90539-0.

Yuan F, Li G, Tong T. Nucleolar and coiled-body phosphoprotein 1
(NOLC1) regulates the nucleolar retention of TRF2. Cell Death Discovery
2017 3:1 2017;3:1-9. https://doi.org/10.1038/cddiscovery.2017.43.
Werner A, Iwasaki S, McGourty CA, Medina-Ruiz S, Teerikorpi N, Fedrigo |,
et al. Cell-fate determination by ubiquitin-dependent regulation of trans-
lation. Nat 2015. 2015;525:7570. https://doi.org/10.1038/nature 14978.
525:523-7.

Aspesi A, Ellis SR. Rare ribosomopathies: insights into mechanisms

of cancer. Nat Rev Cancer. 2019;19:228-38. https://doi.org/10.1038/
$41568-019-0105-0.

Chen H-K, Pai C-Y, Huang J-Y, Yeh N-H. Human Nopp140, which interacts
with RNA polymerase I: implications for rRNA gene transcription and
nucleolar structural organization. Mol Cell Biol. 1999;19:8536. https://doi.
0rg/10.1128/MCB.19.12.8536.

Page 14 of 14

65. Ciccia A, Huang JW, Izhar L, Sowa ME, Harper JW, Elledge SJ. Treacher Col-
lins syndrome TCOF1 protein cooperates with NBS1 in the DNA damage
response. Proc Natl Acad Sci U S A. 2014;111:18631-6. https://doi.org/10.
1073/PNAS.1422488112/-/DCSUPPLEMENTAL.

66. LiD, Thomas Meier U, Dobrowolska G, Krebs EG. Specific interaction
between casein kinase 2 and the nucleolar protein Nopp140. J Biol
Chem. 1997;272:3773-9. https://doi.org/10.1074/JBC.272.6.3773.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1212/NXG.0000000000000120
https://doi.org/10.1212/NXG.0000000000000120
https://doi.org/10.24875/BMHIM.20000030
https://doi.org/10.1002/EPI4.12396
https://doi.org/10.1002/EPI4.12396
https://doi.org/10.1016/J.BRAINDEV.2021.04.010
https://doi.org/10.1016/J.YJMCC.2017.01.009
https://doi.org/10.1073/PNAS.1516430112/SUPPL_FILE/PNAS.201516430SI.PDF
https://doi.org/10.1073/PNAS.1516430112/SUPPL_FILE/PNAS.201516430SI.PDF
https://doi.org/10.1016/J.HRTHM.2013.09.064
https://doi.org/10.1016/J.HRTHM.2013.09.064
https://doi.org/10.1073/PNAS.93.18.9850
https://doi.org/10.1073/PNAS.93.18.9850
https://doi.org/10.1016/J.JBC.2021.100458
https://doi.org/10.1016/J.JBC.2021.100458
https://doi.org/10.1016/J.NEURON.2007.07.006
https://doi.org/10.1074/JBC.M101606200
https://doi.org/10.1074/JBC.M101606200
https://doi.org/10.1074/JBC.M207074200
https://doi.org/10.1074/JBC.M207074200
https://doi.org/10.1016/S1074-5521(02)00096-0
https://doi.org/10.1016/0092-8674(92)90539-O
https://doi.org/10.1016/0092-8674(92)90539-O
https://doi.org/10.1038/cddiscovery.2017.43
https://doi.org/10.1038/nature14978
https://doi.org/10.1038/S41568-019-0105-0
https://doi.org/10.1038/S41568-019-0105-0
https://doi.org/10.1128/MCB.19.12.8536
https://doi.org/10.1128/MCB.19.12.8536
https://doi.org/10.1073/PNAS.1422488112/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.1422488112/-/DCSUPPLEMENTAL
https://doi.org/10.1074/JBC.272.6.3773

	FGF12 is a novel component of the nucleolar NOLC1TCOF1 ribosome biogenesis complex
	Abstract 
	Background
	Methods
	Antibodies and reagents
	Cells
	Recombinant proteins
	siRNA transfection
	Fluorescence microscopy
	Proximity ligation assay (PLA)
	Pull-down
	2D Blue nativeSDS-PAGE
	Cell fractionation
	FGFR1 activation and downstream signaling
	Mass spectrometry analysis

	Results
	FGF12 is a novel component of nucleolar protein complexes
	FGF12 interacts with NOLC1TCOF1 in a phosphorylation-dependent manner
	Complexes of NOLC1 and TCOF1 required FGF12 for their nucleolar localization

	Discussion
	Acknowledgements
	References


