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Nucleolin acts as the receptor for C1IQTNF4 and supports
C1QTNF4-mediated innate immunity modulation
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The Clq and TNF related 4 (C1QTNF4) protein is a struc-
turally unique member of the C1QTNF family, a family of
secreted proteins that have structural homology with both
complement Clq and the tumor necrosis factor superfamily.
C1QTNF4 has been linked to the autoimmune disease systemic
lupus erythematosus through genetic studies; however, its role
in immunity and inflammation remains poorly defined and a
cell surface receptor of CIQTNF4 has yet to be identified. Here
we report identification of nucleolin as a cell surface receptor
of C1QTNF4 using mass spectrometric analysis. Additionally,
we present evidence that the interaction between C1QTNF4
and nucleolin is mediated by the second Clq-like domain of
C1QTNF4 and the C terminus of nucleolin. We show that
monocytes and B cells are target cells of CIQTNF4 and observe
extensive binding to dead cells. Imaging flow cytometry ex-
periments in monocytes show that CIQTNF4 becomes actively
internalized upon cell binding. Our results suggest that
nucleolin may serve as a docking molecule for CIQTNF4 and
act in a context-dependent manner through coreceptors. Taken
together, these findings further our understanding of
C1QTNF4’s function in the healthy immune system and how
dysfunction may contribute to the development of systemic
lupus erythematosus.

Clq and tumor necrosis factor (TNF) related 4 (C1QTNF4)
is a member of the Clq and TNF related (CIQTNF) family, a
family of secreted proteins that were initially identified as
paralogs of adiponectin (1) and have structural homology with
both complement Clq and the TNF superfamily (2).
C1QTNF4 is structurally unique, comprising two Clqg-like
domains connected by a short linker and lacking a collagen-
like region. CIQTNEF4’s functions remain poorly understood,
with studies suggesting roles in cancer-related inflammation
(3, 4), virus-related inflammation (5), as well as metabolism
and food intake (6-8). To date, a receptor of CIQTNF4 has
not been identified and there are conflicting reports of func-
tion; proinflammatory properties of CIQTNF4 have been re-
ported in vitro (3), while anti-inflammatory properties have
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been observed in vivo (4). While both studies provide some
indication that CIQTNF4 may be involved in signaling path-
ways upstream of interleukin 6 (IL-6), the molecular mecha-
nisms underlying many of CI1QTNEF4’s reported functions
remain unknown.

Systemic lupus erythematosus (SLE) is an autoimmune in-
flammatory disease of complex genetic etiology that involves
both the innate and adaptive immune system. Genetic ad-
vances have implicated many pathogenic pathways, including
immune complex and waste clearance, interferon and toll-like
receptor (TLR) signaling, as well as aberrant lymphocyte
activation (9). A rare novel de novo mutation in CIQTNF4, a
histidine to glutamine missense variant (H198Q), was recently
discovered through exome sequencing of SLE family trios.
Mutant C1QTNF4 appeared to inhibit some TNF-mediated
cellular responses in vitro, including NF-kB activation and
TNE-induced cell death (10). Very recently this mutation was
further reported in a small cohort of Iranian SLE patients,
possibly a reflection of the local population structure (11).

Nucleolin is a multidomain shuttling protein with diverse
functions, found in the nucleus, cytoplasm, and on the surface
of some cells, including cancer cells (12), endothelial cells (13),
and monocytic cells (14). Ligands of cell surface nucleolin
include Fas (15), lactoferrin (16), growth factors such as
midkine (17), lipopolysaccharide (LPS) (18), and viruses such
as respiratory syncytial virus (RSV) (19).

Here, we describe the identification of nucleolin as a cell
surface receptor of CIQTNF4. We show that the second Clqg-
like domain in C1IQTNF4 is responsible for oligomerization
and receptor binding. Monocytes, and to a lesser extent B cells,
were found to be target cells of C1QTNF4, and extensive
binding of CIQTNF4 to dead cells was observed. CIQTNF4
appears to become internalized upon binding to its receptor.
Our data suggest that CIQTNF4 acts within the innate im-
mune system, likely in an anti-inflammatory capacity.

Results
Nucleolin is a cell surface receptor of C1QTNF4

To identify a cell surface receptor of CIQTNF4, we used a
recombinant GFP-C1QTNF4 fusion protein produced in

J. Biol. Chem. (2021) 296 100513 1

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2021.100513
https://orcid.org/0000-0002-4210-118X
mailto:timothy.vyse@kcl.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.100513&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Nucleolin is a receptor of C1QTNF4

E. coli as bait. Unfortunately, we were unable to produce
unaggregated full-length human C1QTNF4 in mammalian
HEK293 cells. Co-immunoprecipitation (co-IP) studies were
performed by GFP-Trap with the SK-N-AS neuroblastoma cell
line and samples were separated by SDS-PAGE and stained
with Coomassie. We identified a band at approximately
100 kDa that was unique to the GFP-C1QTNF4-treated
samples (Fig. 1A), which was excised and analyzed by liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
from three independent sample pools. Nucleolin was identified
as one of the top hits (Fig. 1B) and found to be present in all
three samples (Table 1). We confirmed the presence of
nucleolin in the co-immunoprecipitate by immunoblotting
with an anti-nucleolin antibody and found that nucleolin was
considerably more abundant in the GFP-C1QTNF4-treated
sample than in the negative control (Fig. 1C). The same
unique band at around 100 kDa was detected in SDS-PAGE
when co-IP was performed from HEK293 cell lysate
(Fig. S1A) and the presence of nucleolin could again be
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confirmed by immunoblot (Fig. S1B). While nucleolin has a
calculated molecular mass of 77 kDa, the protein is known to
migrate between 100 and 110 kDa in SDS-PAGE and is prone
to autoproteolytic degradation (20, 21). Cell binding of GFP-
C1QTNF4 occurred at low to medium affinity in the lower
micromolar range (Fig. S1C). In order to validate nucleolin as a
cell surface receptor of C1QTNF4, we performed siRNA
knockdown of nucleolin in HEK293 cells and observed a
moderate reduction in GFP-C1QTNF4 binding (Fig. 2, A and
B), which did not entirely mirror the knockdown efficiency
observed for nucleolin, both in total cell lysate and on the cell
surface (Fig. 2C). In contrast to this, knockdown in SK-N-AS
cells was not able to reduce GFP-C1QTNF4 binding (Fig. S2,
A-C). We recombinantly produced three soluble multido-
main constructs of nucleolin in E. coli (Fig. 2D) comprising
RNA-binding domains 1 to 4 (R1-4) and the glycine/arginine
rich (GAR) region, as appropriate, and used these for
competition cell-binding assays and in vitro co-IP experiments.
Both R1234G and R4G were able to compete out
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Figure 1. Identification of nucleolin as a cell surface receptor of C1QTNF4. A, representative image of co-immunoprecipitation reactions of GFP-
C1QTNF4 from SK-N-AS cell lysate separated by SDS-PAGE and stained with Coomassie. The band excised for mass spectrometric analysis is indicated
by a black arrowhead. NCBI reference sequence for C1QTNF4 is NP_114115.2. B, amino acid sequence of human nucleolin (NP_005372.2). Peptides detected
by mass spectrometry are shown in bold and underlined. C, immunoblot (IB) of co-immunoprecipitation reactions stained with anti-nucleolin.
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Table 1
Mass spectrometric results of receptor co-IP

Nucleolin is a receptor of C1QTNF4

Identified proteins

Accession no.

Unique peptide count/Total spectrum count (%

Nucleolin

Complement Clq tumor necrosis factor-related protein 4
Gem-associated protein 4

Probable ATP-dependent RNA helicase DDX20
Trifunctional enzyme subunit alpha, mitochondrial
Oxysterol-binding protein-related protein 1

Fatty acid synthase

Golgi apparatus protein 1

Oxysterol-binding protein-related protein 8
ATP-binding cassette subfamily F member 1

5’-3" exoribonuclease 2

Eukaryotic translation initiation factor 3 subunit C
Transcription intermediary factor 1-beta

General transcription factor 3C polypeptide 3

NUCL_HUMAN
C1QT4_HUMAN
GEMI4_HUMAN
DDX20_HUMAN
ECHA_HUMAN
OSBL1_HUMAN
FAS_HUMAN
GSLG1_HUMAN
OSBL8_HUMAN
ABCF1_HUMAN
XRN2_HUMAN
EIF3C_HUMAN
TIF1B_HUMAN
TF3C3_HUMAN

coverage)

MW (kDa) 1 2 3

77 kDa 8/8 (9.4%) 8/10 (9.2%) 11/18 (13.1%)
35 kDa 3/3 (10.9%) 6/8 (21.6%) 7/22 (26.4%)
120 kDa 6/7 (6.2%) 11/16 (10.9%)
92 kDa 8/10 (12.0%) 7/10 (10.0%)
83 kDa 5/5 (6.8%)
108 kDa 5/5 (5.3%)
273 kDa 4/4 (2.0%)
135 kDa 4/4 (4.2%)
101 kDa 4/4 (6.4%)
96 kDa 3/3 (5.3%)
109 kDa 3/3 (4.0%)
105 kDa 3/3 (4.7%)
89 kDa 3/3 (7.9%)
101 kDa 3/3 (4.5%)

Results shown for proteins identified by LC-MS/MS meeting the following criteria: protein threshold: 99.9%, minimum number of peptides detected: 3, peptide threshold: 95%.
Uniprot accession numbers (taxonomy of all identified proteins is Homo sapiens), molecular weight (MW, in kDa), unique peptide count, total spectrum count, and protein

sequence percent coverage (in brackets) of the identified proteins are provided.

GFP-C1QTNF4 binding to HEK293 cells (Fig. 2E), while R123
did not significantly reduce binding of GFP-C1QTNF4. These
results provided corroboration that nucleolin is a cell surface
receptor of CLQTNF4 and suggested that an interface within
RNA-binding domain 4 and the GAR region of nucleolin is
involved in the interaction with CI1QTNF4. Successful
competition of GFP-C1QTNF4 binding with R1234G and R4G
was also confirmed in SK-N-AS cells (Fig. S2D). To further
confirm the specificity of GFP-C1QTNF4’s cell binding to
nucleolin, we tested competition with the DNA aptamer
AS1411 targeting nucleolin (22), and were able to show that
GFP-C1QTNF4 binding was completely abrogated (Fig. S2E).
We performed in vitro co-IP between soluble nucleolin
construct R1234G and recombinant full-length C1QTNF4 and
were able to show direct interaction between nucleolin and
C1QTNF4 (Fig. 2F).

Domain 2 of C1QTNF4 mediates oligomerization

C1QTNF4 is unique within the CIQTNF and wider Clq-
like domain-containing family by being made up of two
Clq-like domains in tandem. To investigate the contributions
of the two domains, we produced single-domain constructs of
C1QTNF4 in E. coli (Fig. S3A). Domain 2 on its own tended to
precipitate, even more so than full-length C1QTNF4, and thus
GFP A206K-tagged constructs (Fig. S3B) were compared.
While GFP can form dimers at high concentrations (23), GFP
A206K has been engineered as a monomer, with a very high
micromolar dissociation constant (24) and therefore does not
contribute to oligomerization at the concentrations used here.
To determine the oligomerization state of CIQTNF4 con-
structs, we performed size-exclusion chromatography (SEC)
with multiangle laser light scattering (SEC-MALLS) experi-
ments. We observed that domain 1 of CIQTNF4 was mainly
present in monomeric form (Fig. 3A), while full-length
C1QTNF4 predominantly formed monomers and trimers,
but was also present as likely hexamers and higher-molecular-
weight species. Both GFP-tagged domain 1 and GFP-
C1QTNF4 showed similar behavior to their untagged
counterparts, although GFP-C1QTNF4 predominantly formed
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trimers and higher-molecular-weight species (Fig. S4A). GFP-
tagged domain 2 formed large oligomers, based on these and
further results possibly nonamers with distorting higher-
molecular-weight species present. Nevertheless, it is possible
that domain 2 forms multiple main oligomeric states. To test
whether domains 1 and 2 of CLQTNF4 interact, we performed
SEC of a 1:1 molar ratio of the two GFP-domain fusion con-
structs at 10 uM. However, we did not detect any interaction at
medium to high affinity, as would be discernible by SEC
(Fig. 3B). This suggests that oligomerization of CIQTNF4 is
driven by domain 2, as domain 1 was found in monomeric
form and there was no high affinity interaction between the
domains.

Domain 2 of C1QTNF4 is responsible for receptor binding

To investigate which of the domains is involved in binding
to C1QTNF4’s receptor, we performed cell-binding experi-
ments with the different GFP fusion constructs (Fig. 3C).
Neither the GFP A206K control nor the GFP-C1QTNF4
domain 1 bound to cells. However, GFP-C1QTNF4 domain
2 bound to cells but it was not able to reproduce full-length
GFP-C1QTNF4 binding, which could be due to differences
in oligomerization state. In vitro co-IP experiments between
GFP fusion constructs of CIQTNF4 and soluble nucleolin
constructs confirmed that domain 2 and R4G appeared to be
responsible for the interaction between C1QTNF4 and
nucleolin, respectively (Fig. 3D). CIQTNF family members
are known to form trimers as a basic structural unit (25) and
oligomer-dependent functions of adiponectin have been re-
ported (26, 27). While C1QTNF4 was found in different
oligomeric forms, we were unable to identify one single active
oligomeric species involved in receptor binding. Different
oligomeric states of GFP-C1QTNF4, with what are likely
trimeric, hexameric, and higher-molecular-weight species,
bound to the receptor similarly well (Fig. S4B). The binding of
monomeric GFP-C1QTNF4 was lower than oligomeric forms,
but this is likely due to a lack of avidity of the monomeric
form as well as a reduced overall fluorescence of the
monomer.
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Figure 2. Validation of nucleolin as a cell surface receptor of C1QTNF4. A, GFP-C1QTNF4 binding to HEK293 at 5 uM was quantified by flow cytometry
and MFI was plotted according to siRNA treatment. UT, untreated; NCL, nucleolin siRNA at 2 nM; neg: negative siRNA at 2 nM, n = 3 technical replicates. The
mean is represented as a horizontal bar, with the error bars above and below denoting the standard deviation. **p < 0.01, by ordinary one-way ANOVA with
Tukey’s multiple comparisons test. B, relative GFP-C1QTNF4-binding as a ratio of the mean of nucleolin and negative siRNA MFI for five binding experiments
performed in HEK293, each n = 3 technical replicates. C, relative nucleolin knockdown as a ratio of nucleolin and negative siRNA. Knockdown was assessed
by immunoblot (filled circles, ratio calculated from nucleolin/actin) or flow cytometric cell surface staining of nucleolin (empty circles) and performed
alongside all five binding experiments carried out in HEK293, each n = 1. D, schematic representation of full-length nucleolin and the three recombinantly
produced nucleolin constructs R1234G (aa 285-710), R123 (aa 285-561), and R4G (aa 566-710) in pET151. E, competition of GFP-C1QTNF4-binding with
nucleolin constructs R1234G (black circles), R123 (purple circles), and R4G (turquoise circles) using HEK293 cells. Mean shown with error bars denoting the
standard deviation, n = 3 technical replicates. ****p < 0.0001, n.s., nonsignificant, by unpaired t-test comparing lowest with highest concentration of each
nucleolin construct. F, in vitro co-immunoprecipitation of FLAG-tagged R1234G by anti-FLAG affinity resin. Immunoblot stained with anti-nucleolin and anti-
C1QTNF4. A.U,, arbitrary units; IB, immunoblot; MFI, median fluorescence intensity.

We investigated the impact of the HI198Q mutation Monocytes and B cells are target cells of C1QTNF4

discovered in SLE, which is located in the second Clqg-like To investigate the cellular target cells of CIQTNF4 and to
domain of CIQTNF4. We did not observe any differences ;qge55 the expression of cell surface nucleolin in immune cell
between the binding of wild-type and mutant H198Q  gybsets, we performed flow cytometric analysis of peripheral
GFP-C1QTNF4 in the cell-binding assays we performed pjood mononuclear cells (PBMCs) from a healthy female.
(Fig. S5A), within the limitations of the sensitivity of the Monocytes bound high levels of GFP-tagged C1QTNF4, while
binding assays conducted. Further, we detected no obvious , gubset of B cells and a very small percentage of T cells
impact of the H198Q mutation on the oligomerization ca- (approximately 1%) were positive for CIQTNF4 binding
pacity of GFP-CIQTNF4 (Fig. S5B), with only small differ- (Fig. 4A). This mirrored the cell surface expression pattern
ences in oligomeric proportions observed, possibly due to  ghserved for nucleolin, with monocytes uniformly expressing
batch effects, which confirms what has previously been re- ,ycleolin on their cell surface, a subset of B cells (here
ported for C1IQTNF4 expressed in mammalian cells (10). approximately 29%) and a very small subset of T cells (1-2%)
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Figure 3. Oligomerization and domain binding of C1QTNF4. A, SEC-MALLS chromatograms of C1QTNF4 domain 1 (C1QTNF4-d1), full-length C1QTNF4,
and GFP-C1QTNF4 domain 2 (GFP-d2). The Y-axes indicate refractive index (shown in black) and molecular mass (in kDa shown in turquoise or green), with
ticks in monomeric molecular mass. B, chromatogram showing 10 uM GFP-C1QTNF4 domain 1 (GFP-d1) and GFP-C1QTNF4 domain 2 (GFP-d2) individually
or at 1:1 molar ratio to assess interaction of the two domains. C, MFI values of GFP-C1QTNF4 constructs binding to HEK293 are plotted, with error bars
denoting the interquartile range. Top plateau and ECs, values were fit, with 95% confidence intervals shown in square brackets. Data points for GFP A206K
are obscured by near-identical data points for GFP-d1. D, immunoprecipitation of GFP fusion constructs of C1QTNF4 by GFP-Trap Agarose. Immunoblot
showing autofluorescence of GFP constructs and stained with anti-FLAG to detect nucleolin constructs. A.U., arbitrary units; A280, absorbance at 280 nm; FL,

autofluorescence; IB, immunoblot; MFI, median fluorescence intensity.

staining positive for cell surface nucleolin (Fig. 4B and Fig. S6A
for gating strategy).

C1QTNF4 extensively binds to dead cells

Interestingly, we observed binding of CIQTNF4 to dead
cells. Failure to clear apoptotic cells is one of the pathways that
can underlie SLE pathogenesis (28), and Clq itself is known to
directly bind to apoptotic cells via its globular head domain
and to be involved in their clearance (29-31). Furthermore,
nucleolin on the surface of macrophages can bind to early
apoptotic Jurkat T cells through carbohydrate chains on cap-
ped CD43 (14). To investigate whether CIQTNF4 is involved

SASBMB

in apoptotic cell clearance, we tested binding of GFP-
C1QTNF4 to staurosporine-induced apoptotic Jurkat T cells.
Little binding of GFP-C1QTNF4 was observed to live or early
apoptotic Jurkat T cells (Fig 5A and Fig. S6B for gating strat-
egy), and this was mirrored with little cell surface staining seen
for nucleolin on these subsets (Fig. 5B). In contrast, dead (late
apoptotic) cells strongly and uniformly bound C1QTNF4.
While dead cells are known to be “sticky” and thus routinely
excluded from flow cytometric analysis, we observed binding
of GFP-C1QTNF4 considerably above what was observed for
GEFP alone, suggesting a functional role. Nucleolin staining on
these cells was also extensive, suggesting that nucleolin is

J. Biol. Chem. (2021) 296 100513 5
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Figure 4. GFP-C1QTNF4 binding and nucleolin cell surface expression on PBMC subsets. A, GFP-C1QTNF4 binding to CD14+ monocytes, CD19+ B cells,
and CD3+ T cells. Untreated (black), 5 um GFP A206K control (green), and 5 uM GFP-C1QTNF4 (turquoise). B, nucleolin surface staining in CD14+ monocytes,
CD19+ B cells, and CD3+ T cells. Untreated (black), isotype control (gray), anti-nucleolin (red).

accessible on dead cells and possibly an immunologically
relevant target of CIQTNF4.

Internalization of C1QTNF4

Ligands of nucleolin have been reported to become actively
internalized upon receptor binding, including lactoferrin (16).
We assessed internalization of GFP-C1QTNF4 in CD14+
monocytes by imaging flow cytometry, comparing incubation
on ice with incubation at 37 °C. GFP-C1QTNF4 localized to
the membrane of monocytes after incubation on ice (Fig. 64),
while pronounced intracellular GFP-C1QTNF4 localization
was observed after incubation at 37 °C (Fig. 6B), with a higher
internalization score calculated (Fig. 6C). We performed similar
experiments in HEK293 cells by microscopy and again found
that GFP-C1QTNF4 localized to the cell membrane after

6 . Biol. Chem. (2021) 296 100513

incubation on ice (Fig. S7A), while highly fluorescent punctae
were observed after incubation at 37 °C (Fig. S7B). No binding
or internalization was observed for control GFP A206K (Fig. S7,
C and D). These results suggest that C1QTNF4 becomes
actively internalized as a result of receptor binding.

Relationship to inflammation

As we were able to show that CIQTNF4 interacts with the
C-terminal region of nucleolin, which has been implicated in
ligand binding of many other molecules, including lactoferrin
(16), midkine (32), and Fas (15), we wanted to explore whether
lactoferrin and CIQTNF4 compete for binding. We found that
lactoferrin was able to completely abrogate binding of GFP-
C1QTNF4 to ex vivo monocytes (Fig. 6D) and HEK293 cells
(Fig. S8A), suggesting that the two ligands compete for the
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Figure 5. Exploring a link to apoptotic cell clearance. A, GFP-C1QTNF4 binding to live, early apoptotic, and dead cells. Untreated (black), 5 pm GFP A206K
control (green), and 5 pM GFP-C1QTNF4 (turquoise). B, nucleolin surface staining in live, early apoptotic, and dead cells. Untreated (black), isotype control

(gray), anti-nucleolin (red).

same binding site on nucleolin. LPS, a reported ligand of
nucleolin (18), was not able to compete with GFP-C1QTNF4
for binding (Fig. S8B), suggesting either a differential binding
interface or competition by C1QTNF4.

Discussion

As a crucial aspect to understanding CIQTNF4’s functions, a
cell surface receptor of C1QTNF4 had hitherto not been
discovered. In this study, we identify nucleolin as a cell surface
receptor of CIQTNF4, which can be found on monocytes and
some B cells, among other cells. Nucleolin lacks a trans-
membrane domain, and it is currently unclear how it associates
with the plasma membrane. Nucleolin may thus serve as a
docking molecule for CIQTNF4, acting in a context-dependent
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manner through coreceptors. This might account for the dif-
ferences in GFP-C1QTNF4 binding observed in different cell
types upon nucleolin knockdown, as competition with soluble
nucleolin effectively reduced cell binding in both HEK293 and
SK-N-AS cells. The interaction between C1QTNF4 and
nucleolin seems to be mediated by the C terminus of nucleolin
and appears to be of low to medium affinity; this is in accor-
dance with what has been described for other ligands of
nucleolin, including lactoferrin (16), midkine (32), and pleio-
trophin (33). In contrast to some of these other nucleolin li-
gands, which have additional high-affinity receptors, GFP-
C1QTNF4 binding was much reduced by soluble nucleolin
and completely abrogated by both lactoferrin and the DNA
aptamer AS1411. It is currently unclear whether and how
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Figure 6. Internalization of GFP-C1QTNF4 in monocytes. A and B, CD14+ monocytes (red) were imaged after incubation with 1.25 pM GFP-C1QTNF4
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C1QTNF4 impacts on functions of other nucleolin ligands, and
vice versa. Nucleolin has been identified as part of a multi-
protein signaling complex containing annexin A2, calreticulin,
and TLR4 on the surface of endothelial cells (34), as well as in
complex with heat shock proteins (including HSPA1A), TLR2,
and TLR4 on the cell surface of THP-1 cells (35). Further, TLR4:
may act as a coreceptor of nucleolin in cellular entry of RSV
(36, 37). Both nucleolin (18) and TLR4 in conjunction with
MD-2 and CD14 (38) have been reported or are known to bind
LPS, and engagement of TLR4 can stimulate IL-6 and TNF-a
production (39, 40). Interestingly, lactoferrin has been shown to
bind to nucleolin (16) and reported to act through TLR4, both
independently and in an LPS-dependent manner (41). While
there is currently no evidence that CIQTNF4 signals directly
through TLR4, this is an avenue that warrants further explo-
ration, as TLR4 could be a potential candidate for mediating
C1QTNF4’s functions into the cell. There are conflicting re-
ports concerning C1QTNF4’s functions. Overexpression of
C1QTNF4 in HEK293T cells upregulates NF-«B activity, and
C1QTNF4 has been reported to increase the expression of
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proinflammatory molecules such as IL-6 and TNF-a in HepG2
cells (3), while CIQTNF4 has been shown to reduce LPS-
mediated IL-6 and TNF-« production in murine macrophages
(4). Furthermore, C1QTNF4 appears to compete with LPS for
binding to its receptors on macrophages, and Clgtnf4 knockout
mice are more susceptible to LPS-induced systemic inflam-
mation (42). Based on the results presented here, CIQTNF4
may act in a coreceptor-, context-, or oligomer-dependent
manner after binding to nucleolin, likely facilitating anti-
inflammatory actions within the innate immune system.
While receptors for some C1QTNF family members have been
identified, no other CIQTNF molecule has been described to
bind to nucleolin. However, CIQTNF3 and C1QTNF9 have
been reported to bind to TLR4/MD-2, acting as LPS antago-
nists (43, 44). Both nucleolin (12) and TLR4 (45) can become
actively internalized upon ligand binding and here we could
show that CIQTNF4 becomes internalized as part of an active
process. Furthermore, it has very recently been suggested that
C1QTNF4 affects TLR4 endocytosis (42). C1QTNF4 might
therefore perform direct signaling functions and indirectly act
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by blocking or removing the nucleolin receptor complex for
proinflammatory ligands. CIQTNF4 might further have anti-
viral properties by preventing the binding of viruses such as
RSV to nucleolin for cellular entry. While CIQTNF4 does not
appear to be directly involved in early apoptotic cell clearance, it
may modulate nucleolin’s function on the surface of macro-
phages where it has been reported to bind to early apoptotic
cells through carbohydrate chains on capped CD43 (14). It will
be of future interest to explore whether C1IQTNF4 is involved
in the clearance of dead cells.

Previously, the roles of the individual domains of
C1QTNF4 had not been examined and we were able to show
that the second Clqg-like domain mediated C1QTNF4’s
oligomerization and receptor-binding functions, while the
contribution of domain 1 to function remained unclear.
Byerly et al. (6) had previously assessed oligomerization of
murine full-length C1QTNF4 produced in HEK293T cells
and showed that C1QTNF4 was present in multiple species,
likely trimers, hexamers, and higher-molecular-weight spe-
cies. While we were not able to produce unaggregated human
C1QTNF4 in mammalian HEK293 cells, our results for
C1QTNF4 produced in bacterial cells were similar; however,
monomeric CIQTNF4 could also be detected. In order to
assess the impact of a H198Q mutation within the second
Clq-like domain, initially discovered in a single SLE patient
(10) and further identified in an Iranian SLE cohort (11), we
compared cell binding between wild-type and mutant
C1QTNF4. Within the limitations of the experiments con-
ducted, we were not able to detect obvious differences be-
tween wild-type and mutant GFP-C1QTNF4 H198Q. While
this mutation was never proved to be causal, it is likely that
downstream events following receptor binding are instead
impacted. Other CIQTNF family members have been
implicated in autoimmunity, including C1QTNF1 (46),
CIQTNF3 (47), and C1IQTNF6 (48-51), which also has a
suggestive association with SLE (52). Interestingly, both
C1QTNEF3 and C1QTNF6 appear to be protective toward
autoimmunity. Taken together, this suggests that loss of
function of CIQTNF4 may predispose to autoimmunity.

While there is some uncertainty as to the cellular source of
human C1QTNF4, there is a consensus that CIQTNF4 is
expressed in the brain (6), with GTEx RNA sequencing data
(53) and BioGPS microarray data (54—56) corroborating this,
and CI1QTNF4 may be expressed in adipose tissue (6). Further,
CIQTNF4 appears to be expressed in hematopoietic stem and
progenitor cells (54, 57, 58) and coexpressed with CD34 in
COEXPRESdb Hsa microarray data (59). Interestingly, nucle-
olin is enriched in CD34+ hematopoietic stem and progenitor
cells (60, 61), and overexpression of nucleolin in these cells
leads to transcriptional downregulation of genes associated with
immunity and inflammation (62). While CIQTNF4 is highly
conserved among vertebrates, there appears to be a marked
difference between human and mouse tissue expression of
C1QTNF4, with mouse CIQTNF#4 abundant in the testis, kid-
ney, and brain (6), but no expression reported in hematopoietic
progenitor cells in BioGPS microarray data (54). Knockout of
Clgtnf4 in a mouse model does not affect immune cell
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composition, suggesting that C1QTNF4 is not required for
normal development of the murine immune system. Interest-
ingly, C1QTNF4 appears to have sex-dependent physiological
actions relating to food intake and metabolism (8). It remains
unclear whether the mouse is an appropriate model organism
to study C1QTNF4’s immune-related functions in humans.
Interestingly, GTEx RNA sequencing data suggest that in
humans, CIQTNF4 is expressed at higher levels in males than
females (53). Taken together, sexually dimorphic actions of
C1QTNF4 may be of functional relevance for a disease such as
SLE that has a striking female-biased sex imbalance. Note-
worthy, an intracellular C1QTNF4 orthologue has been
described in red-lip mullet fish, which showed highest expres-
sion in peripheral blood cells and was upregulated in response
to bacteria and pathogen-associated molecular patterns,
including LPS and may thus be part of the innate immune
response (63). Our data further support CIQTNF4 as an actor
within the innate immune system in humans, likely in an anti-
inflammatory capacity.

Despite the recent emergence of putative roles relating to
cancer and metabolism, CIQTNF4’s physiological functions
have remained poorly studied. This study provides a further
step to understanding CIQTNF4’s function in the healthy
immune system and how dysfunction may contribute to the
development of SLE.

Experimental procedures
Protein expression and purification

Amino acids 17 to 329 (full-length), 17 to 167 (domain 1),
and 168 to 329 (domain 2) of human C1QTNF4 were cloned
into pET151 (Thermo Fisher Scientific). They were further
cloned as GFP-C1QTNF4 fusion constructs into pET151
containing an N-terminal eGFP A206K domain followed by a
short serine-glycine linker using polymerase incomplete
primer extension cloning (64), named GFP-CIQTNF4 (aa
17-329), GFP-dl (aa 17-167), and GFP-d2 (aa 168-329).
eGFP A206K was also separately expressed in pET151. Site-
directed mutagenesis for H198Q was performed using a
QuikChange Lightning Kit (Agilent) according to the manu-
facturer’s instructions with 5-GGGCCGCGGCAGCAAC-
CACTCGC-3’ (Integrated DNA Technologies). Three
constructs of human nucleolin, codon-optimized for E. coli
(GeneArt), were cloned into pET151 with an additional C-
terminal GSSDYKDDDDK tag: R1234G (aa 285-710), R123
(aa 285-561), and R4G (aa 566—710). Constructs and muta-
tions were verified by Sanger sequencing (Eurofins Genomics).
Proteins were expressed in BL21 Star DE3 E. coli (Thermo
Fisher Scientific) grown in ZYP-5052 autoinduction medium
(65) at 18 °C. They were purified via their hexahistidine tags
with HisTrap FF Crude columns (Cytiva) and where appro-
priate further purified by SEC using a Superdex 200 Increase
10/300 GL column (Cytiva).

Cell culture and siRNA transfection

The HEK293 cell line was cultured in DMEM containing
2 mM L-glutamine supplemented with 10% heat-inactivated
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fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin. The neuroblastoma SK-N-AS cell line was
cultured in RPMI-1640 medium containing 2 mM L-gluta-
mine, 10% heat-inactivated FBS, 100 U/ml penicillin,
100 pg/ml streptomycin (all Thermo Fisher Scientific), and
1 mM sodium pyruvate (Sigma-Aldrich). The cells were grown
in a humidified incubator at 37 °C with 5% CO, and routinely
passaged with trypsin/EDTA (Sigma-Aldrich). For binding
experiments, cells were instead harvested with 0.526 mM
EDTA in Dulbecco’s PBS.

Knockdown of nucleolin was performed using Silencer
Select $9312 against nucleolin (sense 5-GGAUAGUUACU-
GACCGGGALt-3’) and Silencer Select Negative Control No. 1
siRNA (both Thermo Fisher Scientific). Cells were seeded 24 h
before transfection with INTERFERin (Polyplus Transfection)
according to the manufacturer’s instructions. Cells were har-
vested 72 h post transfection.

Receptor identification by co-immunoprecipitation

Per reaction, 5 to 10 x 10" SK-N-AS cells were used for re-
ceptor identification, with exogenously added GFP-C1QTNF4
or control GFP A206K used as bait. Cells were lysed in 25 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 5% glycerol,
supplemented with 1X protease inhibitor (Roche) at 4 °C, and
co-IP from cleared lysate performed by incubation with 10 pl
washed GFP-Trap Agarose (ChromoTek) for 2 h at 4 °C. Beads
were washed three times in 25 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% Triton X-100, 5% glycerol, and bound proteins were
eluted by boiling in reducing 2X Laemmli sample buffer. Samples
were separated on a 4 to 15% Mini-PROTEAN TGX gel (Bio-
Rad), stained with InstantBlue Coomassie stain (Expedeon),
relevant bands excised and analyzed by LC-MS/MS.

LC-MS/MS
Enzymatic digestion

In-gel reduction, alkylation, and digestion with trypsin were
performed on selected gel bands prior to subsequent analysis
by mass spectrometry. Cysteine residues were reduced with
dithiothreitol and derivatized by treatment with iodoacetamide
to form stable carbamidomethyl derivatives. Trypsin digestion
was carried out overnight at room temperature after initial
incubation at 37 °C for 2 h.

LC-MS/MS

Peptides were extracted from the gel pieces by a series of
acetonitrile and aqueous washes. The extract was pooled with
the initial supernatant and lyophilized. The sample was then
resuspended in 40 pl of resuspension buffer (2% acetonitrile in
0.05% formic acid) and analyzed by LC-MS/MS (10 pl).
Chromatographic separation was performed using a U3000
UHPLC NanoLC system (Thermo Fisher Scientific). Peptides
were resolved by reversed-phase chromatography on a 75 pm
C18 Pepmap column (50 cm length) using a three-step linear
gradient of 80% acetonitrile in 0.1% formic acid. The gradient
was delivered to elute the peptides at a flow rate of 250 nl/min
over 60 min starting at 5% B (0—5 min) and increasing solvent
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to 40% B (5—40 min) prior to a wash step at 99% B (40—45 min)
followed by an equilibration step at 5% B (45-60 min). The
eluate was ionized by electrospray ionization using an Orbitrap
Fusion Lumos (Thermo Fisher Scientific) operating under
Xcalibur v4.1.5. The instrument was first programmed to ac-
quire using an Orbitrap-Ion Trap method by defining a 3 s
cycle time between a full MS scan and MS/MS fragmentation.
Orbitrap spectra (FTMS1) were collected at a resolution of
120,000 over a scan range of m/z 375 to 1500 with an auto-
matic gain control setting of 4.0e5 with a maximum injection
time of 35 ms. Monoisotopic precursor ions were filtered using
charge state (+2 to +7) with an intensity threshold set between
5.0e3 and 1.0e20 and a dynamic exclusion window of
35 s +10 ppm. MS2 precursor ions were isolated in the
quadrupole set to a mass width filter of 1.6 m/z. Ion trap
fragmentation spectra (ITMS2) were collected with an auto-
matic gain control target setting of 1.0e4 with a maximum
injection time of 35 ms with CID collision energy set at 35%.

Data processing

Raw mass spectrometry data were processed using Proteome
Discoverer v2.2 and the data searched against the Human
Taxonomy Uniprot database (release 2018_06, 20,293 entries
and release 2019_08, 20,368 entries) using the Mascot v2.6.0
(Matrix Science) and Sequest (66) search algorithms. Trypsin
specifically cuts at lysine and arginine residues, and a maximum
of two missed tryptic cleavages were permitted. Carbamido-
methyl on cysteine residues was considered as a fixed modifi-
cation, and oxidation on methionine residues was considered as
a variable modification. Searching was performed with a frag-
ment ion mass tolerance of 0.60 Da and a parent ion tolerance
of 10.0 ppm. Protein identifications in Scaffold v4.8.4 were re-
ported at a threshold of 99.0%, with a minimum of three pep-
tides assigned per protein, at a peptide threshold of 95%. The
Prophet false discovery rate was estimated at 0.8% for peptides.

In vitro co-immunoprecipitation

In vitro co-IP was performed for purified CIQTNF4 and
purified nucleolin constructs to assess direct interaction. For IP
with FLAG affinity resin, 50 nM R1234G was mixed with
200 nM C1QTNF4 and incubated overnight at 4 °C on an end-
to-end rotator. For IP by GFP-Trap Agarose, 50 nM C1QTNF4
constructs were mixed with 200 nM nucleolin constructs in
25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 5%
glycerol and incubated for 2 h at 4 °C on an end-to-end rotator.
In total, 10 pl washed anti-FLAG affinity resin (Sigma-Aldrich)
or 5 ul washed GFP-Trap Agarose was added and incubated for
a further 2 h at 4 °C. The beads were collected and washed
three times in 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1%
Triton X-100, 5% glycerol. Bound protein was eluted by boiling
in reducing 2X Laemmli sample buffer at 95 °C for 10 min.
Samples were analyzed by immunoblot.

Immunoblot

HEK293 and SK-N-AS cell lysates were prepared in 25 mM
Tris-HCl pH 7.4, 150 mM NacCl, 1% Triton X-100, 5% glycerol,
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supplemented with 1X protease inhibitor (Roche). Cells were
incubated in lysis buffer on ice, then scraped and centrifuged
for 10 min at 20,000g and 4 °C to remove cellular debris.
Samples were separated on a 4 to 15% Mini-PROTEAN TGX
gel (Bio-Rad), the proteins transferred onto a nitrocellulose
membrane (Cytiva) and blocked in 5% milk in PBS. Primary
antibody detection was performed in 1% milk in 0.05% Tween
in PBS at 4 °C and secondary detection at room temperature.
Blots were developed using Luminata Crescendo Western
HRP substrate (Merck Millipore) and imaged using an iBright
FL1000 Imaging System (Thermo Fisher Scientific). Primary
antibodies used were rabbit anti-C1QTNF4 (Abcam, ab36871)
at 1:1000, mouse anti-nucleolin H-6 (Santa Cruz Biotech-
nology, sc-55486) at 1:1000, mouse anti-B-actin (Santa Cruz
Biotechnology, sc-47778) at 1:4000, and mouse anti-FLAG M2
(Sigma-Aldrich, F1804) at 1:1000. Secondary antibodies used
were highly cross-adsorbed goat anti-rabbit IgG HRP at
1:10,000 (Thermo Fisher Scientific, A16110) and goat anti-
mouse I1gG HRP (Abcam, ab97023) at 1:10,000. For fluores-
cent detection, membranes were incubated in primary anti-
nucleolin H-6 PE (Santa Cruz Biotechnology, sc-55486 PE)
at 1:1000 and imaged directly after washing.

PBMC and monocyte isolation

PBMCs were separated from whole blood using
Histopaque-1077 Hybri-Max (Sigma-Aldrich) density centri-
fugation in Leucosep tubes (Greiner). The human Pan
Monocyte Isolation Kit (Miltenyi Biotec) was used to isolate
monocytes from PBMCs. This study was approved by the
research ethics committee (UK multicentre ethics approval
REC 07/H0718/49) and abides by the principles of the
Declaration of Helsinki.

Flow cytometry

Experiments were carried out using HEPES binding buffer
(10 mM HEPES, 140 mM NacCl, 2.5 mM CaCl,, pH 7.4), sup-
plemented with 2% BSA after viability staining. Cells were
stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain
(Thermo Fisher Scientific). PBMCs were Fc receptor blocked
with Human TruStain FcX (BioLegend) and then surface
stained with anti-CD3 PerCP-Cy5.5 (OKT3), anti-CD4 FITC
(OKT4), anti-CD8a BV421 (RPA-TS8), anti-CD19 BV421
(HIB19), anti-CD14 FITC (M5E2), anti-CD14 PerCP-Cy5.5
(HCD14), or anti-CD16 APC (3GS8, all BioLegend) in panels as
appropriate, with 1:25 anti-nucleolin PE (H-6) and IgG2a PE
isotype control (both Santa Cruz Biotechnologies) or 5 uM GEP-
C1QTNF4 and GFP A206K for 40 min on ice protected from
light. PBMCs were fixed in 4% formaldehyde (Thermo Fisher
Scientific) for 20 min on ice. For binding assays, cells were
incubated with GFP-C1QTNF4 for 1 h on ice. For competition
assays, nucleolin constructs R1234G, R123, and R4G, LPS from
E. coli O111:B4 (Sigma-Aldrich), human recombinant iron-
saturated lactoferrin (Sigma-Aldrich) or the DNA aptamer
AS1411  (5-GGTGGTGGTGGTTGTGGTGGTGGTGG-3,
Integrated DNA Technologies) were added prior to GFP-
C1QTNF4 and incubated together for 1 h on ice. Cell-binding
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data were acquired on a BD FACSCanto II or BD LSRFortessa
using BD FACSDiva Software v8.0.1 (all BD Biosciences), where
compensation was also performed. Data were analyzed in
FlowJo Software v10 (BD Biosciences) and median fluorescence
intensity (MFI) was calculated. Visualization of MFI, curve
fitting, as well as calculation of maximum binding (plateau) and
half-maximal effective concentration (ECsy) by nonlinear
regression were performed in Prism 8 (GraphPad).

Apoptosis induction and annexin staining

Jurkat T cells were cultured at 5 x 10° cells/ml in RPMI-
1640 medium containing 2 mM L-glutamine, 10% heat-
inactivated FBS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin supplemented with 1 pM staurosporine (Cell Guidance
Systems) for 4 h at 37 °C and 5% CO, to induce apoptosis.
After GFP-C1QTNF4 binding, staining with Annexin V APC
in 1X binding buffer (Thermo Fisher Scientific) was performed
for 10 min at room temperature protected from light. Samples
were washed and resuspended in 1X binding buffer for data
acquisition by flow cytometry.

Imaging flow cytometry

PBMCs were incubated in 1.25 pM GFP-C1QTNF4 in
RPMI-1640 medium containing 2 mM L-glutamine, 10% heat-
inactivated FBS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin for 30 min on ice or at 37 °C and 5% CO,. Washes in-
between steps were carried out with Dulbecco’s PBS contain-
ing 2% BSA and 2 mM EDTA. Cells were Fc receptor blocked
with Human TruStain FcX and stained with anti-CD14 PerCP-
Cy5.5 (HCD14) for 20 min on ice. Fixation was performed with
BD Cytofix Fixation Buffer (BD Biosciences) for 20 min on ice.
Cells were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) for 30 min on ice to facilitate staining with 1.8 pM
DAPI (BioLegend) prior to acquisition. Cells were acquired on
an Amnis ImageStream™ Mk II imaging flow cytometer using
INSPIRE software. Compensation and analysis were performed
in IDEAS software v6.1 (all Luminex). The Internalization
feature was used to compare internalization at 37 °C versus
incubation on ice, with images of approximately 10,000 CD14+
monocytes used for analysis.

Microscopy

HEK293 cells were seeded onto coverslips coated with
poly-L-lysine (Sigma-Aldrich). Cells were incubated in 2.5 uM
GFP-C1QTNF4 in complete medium for 1.5 h on ice or at 37
°C and 5% CO,, then rested in complete medium for a further
0.5 h. Cells were fixed in 4% formaldehyde for 20 min, per-
meabilized with 0.1% Triton X-100 for 15 min, and coun-
terstained with 600 nM DAPI for 5 min at room temperature.
Coverslips were mounted in ProLong Glass Antifade
Mountant (Thermo Fisher Scientific). Images were acquired
using an Axioplan2 microscope (Zeiss) with a 40x/0.75
objective, fitted with an Infinity 3 camera, and data acquisi-
tion was managed in Infinity Analyze v6.5.4 (both Lumenera).
Image processing was performed using Icy image analysis
software v1.9.9.1.
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SEC-MALLS

SEC-MALLS was performed using a Superdex 200 Increase
5/150 GL column (Cytiva) at a flow rate of 0.3 ml/min using a
miniDAWN light-scattering detector and an Optilab DSP
Interferometric Refractometer (both Wyatt Technology) at
room temperature. Samples were injected at a volume of 50 pl
and at the following concentrations: CIQTNF4-d1 at 3 mg/ml,
GFP A206K at 2 mg/ml, GFP-d1 at 1.1 mg/ml, GFP-d2 at
1.3 mg/ml and GFP-C1QTNF4 at 1.1 mg/ml in 50 mM Tris,
150 mM NaCl, 4 mM CaCl,, 0.1% NaN3, pH 7.4; CIQTNF4 at
1.4 mg/ml in 50 mM Tris, 500 mM NaCl, 4 mM CaCl,, 0.1%
NaNs, pH 8.55. The data were collected and analyzed using the
ASTRA 4.9 software (Wyatt Technology). The data for
refractive index and molecular mass were visualized by plot-
ting in Prism 8 (GraphPad).

Statistical analysis

Statistical analysis was performed in Prism 8 (GraphPad).
An unpaired ¢-test or an ordinary one-way ANOVA with
Tukey’s multiple comparisons test was performed as indicated.

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE
partner repository (67) with the data set identifier PXD023088
and are accessible at https://www.ebi.ac.uk/pride/.
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