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Interleukin 34 (IL-34) cell-surface localization regulated by
the molecular chaperone 78-kDa glucose-regulated protein
facilitates the differentiation of monocytic cells
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Interleukin 34 (IL-34) constitutes a cytokine that shares a
common receptor, colony-stimulating factor-1 receptor (CSF-
1R), with CSF-1. We recently identified a novel type of mono-
cytic cell termed follicular dendritic cell-induced monocytic
cells (FDMCs), whose differentiation depended on CSF-1R sig-
naling through the IL-34 produced from a follicular dendritic
cellline, FL-Y. Here, we report the functional mechanisms of the
IL-34 —mediated CSF-1R signaling underlying FDMC differen-
tiation. CRIPSR/Cas9-mediated knockout of the 1134 gene con-
firmed that the ability of FL-Y cells to induce FDMCs completely
depends on the IL-34 expressed by FL-Y cells. Transwell culture
experiments revealed that FDMC differentiation requires a sig-
nal from a membrane-anchored form of IL-34 on the FL-Y cell
surface, but not from a secreted form, in a direct interaction
between FDMC precursor cells and FL-Y cells. Furthermore,
flow cytometric analysis using an anti—IL-34 antibody indicated
that IL-34 was also expressed on the FL-Y cell surface. Thus, we
explored proteins interacting with IL-34 in FL-Y cells. Mass
spectrometry analysis and pulldown assay identified that IL-34
was associated with the molecular chaperone 78-kDa glucose-
regulated protein (GRP78) in the plasma membrane fraction of
FL-Y cells. Consistent with this finding, GRP78-heterozygous
FL-Y cells expressed a lower level of IL-34 protein on their cell
surface and exhibited a reduced competency to induce FDMC
differentiation compared with the original FL-Y cells. These
results indicated a novel GRP78-dependent localization and
specific function of IL-34 in FL-Y cells related to monocytic cell
differentiation.
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Colony-stimulating factor-1 receptor (CSF-1R)? activation
promotes the proliferation, survival, and differentiation of
mononuclear phagocytes, such as macrophages, Langerhans
cells, and osteoclasts (1-4). Specifically, binding of CSF-1 to
CSF-1R can induce the activation of the tyrosine kinase activity
of CSF-1R through the phosphorylation of seven tyrosine resi-
dues (Tyr559, Tyr697, Tyr706, Tyr721, Tyr807, Tyrgzl, and Tyrgm)
of the cytoplasmic domain, followed by activation of signal
transduction cascades including Src/Pyk2 and PI3K pathways
(5, 6). Accordingly, CSF1°?/°? mice bearing a null mutation in
the CsfI gene exhibit osteoperitrotic phenotypes including tooth-
lessness, skeletal defects, and impaired development of macro-
phages and osteoclasts (7). However, the phenotype of CSF-1R-
deficient mice is more severe than that of the CSF1°?/°” mice; for
example, Langerhans cells and microglia are completely absent in
CSF-1R- deficient mice (8, 9).

Interleukin 34 (IL-34) has been identified as an alternative
ligand for CSE-1R (10). IL-34 exhibits a similar stimulating
activity for CSF-1R as the primary identified ligand, CSF-1 (11),
although these two proteins share no sequence homology.
Moreover, 1134 gene expression driven by the CsfI promoter
was shown to rescue the bone, osteoclast, tissue macrophage,
and fertility defects of CSF1°7”°” mice; thus, IL-34 is considered
to have redundant function with CSF-1 (2). Two groups have
established IL-34—knockout (KO) mice, in which a LacZ
reporter gene was inserted in exon 3 of the //34 gene, resulting
in a defect in the expression of functional IL-34 protein (12, 13).
In these reports, disruption of IL-34 resulted in a selective
defect of maintenance and differentiation of Langerhans cells
and microglia. These studies therefore concluded that the IL-34
dependence of Langerhans and microglial cell differentiation
was a result of the spatiotemporal difference between IL-34 and

2 The abbreviations used are: CSF-1, colony-stimulating factor-1; CSF-1R, col-
ony-stimulating factor-1 receptor; GC, germinal center; KO, knockout;
GRP78, 78-kDa glucose-regulated protein; FDC, follicular dendritic cell;
FDMC, FDC-induced monocytic cell; TNF, tumor necrosis factor; gRNA,
guide RNA; ER, endoplasmicreticulum; TGF, transforming growth factor; IL,
interleukin; Ag, antigen; LTBR, lymphotoxin 3 receptor; PFA, paraformal-
dehyde; GST, glutathione S-transferase; SLE, systemic lupus erythemato-
sus; BSR, blasticidin S-resistance; HRP, horseradish peroxidase; MFI, mean
fluorescence intensity.
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CSEF-1 expression in the microenvironments during develop-
ment of these cell lineages. However, it remains controversial
whether IL-34 and CSF-1 exhibit identical activity with regard
to CSE-1R signaling, because the binding affinity of IL-34 for
CSF-1R is higher than that of CSF-1 (11), different phosphory-
lation patterns at intracellular tyrosine residues of CSF-1R are
induced by IL-34 and CSF-1 binding to CSF-1R (14), and these
cytokines induce different types of macrophage differentiation
(14, 15).

Germinal centers (GCs) comprise transiently formed
microenvironments in secondary lymphoid tissues after immu-
nization, which are mainly composed of antigen (Ag)-activated
B cells, follicular helper T cells, and follicular dendritic cells
(FDCs). In GCs, Ag-activated B cells introduce somatic hyper-
mutation in their Ig variable gene, and subsequently high-affin-
ity B cells for a given antigen are clonally selected by the inter-
action with FDC and/or follicular helper T cells (16-18).
Although several lines of evidence have shown a crucial role of
FDCs for GC reactions, the detailed molecular mechanisms
leading Ag-activated B cells to form GCs and the role of FDCs in
plasma or memory phenotype B cell differentiation remain
unclear (19-21). Toward this end, we previously established a
mouse FDC line, FL-Y, from the lymph nodes of Ag-primed
mice (22). FL-Y cells express major FDC markers, including
FDC-M1, FcyRIIB, and complement receptor, and proliferate
in response to tumor necrosis factor (TNF)-« and an agonistic
anti-lymphotoxin f receptor (LTBR) antibody. FL-Y cells are
also capable of supporting the viability of GC B cells, thereby
constituting a useful tool for analyzing GC reactions in vitro
(23). Furthermore, we established a manipulated FL-Y line,
termed FL-YB, which was transfected with an expression vector
for B cell-activating factor belonging to the TNF family
(BAFF), and exhibits enhanced activity for supporting GC-phe-
notype B cell viability (24). Moreover, Zhang et al. (25) demon-
strated that cultured B cells stimulated with anti-IgM plus IL-4/
IL-21 strongly proliferated and maintained the expression of
BCL6 in the presence of FL-YB cells, indicating that FL-YB cells
are capable of reconstituting GC environments.

Previously, we also found that FL-Y cells induced the differ-
entiation of a novel class of monocytic cells, termed FDC-in-
duced monocytic cells (FDMCs), from the population of T cell—
and B cell-depleted c-kit*CD11b~ splenocytes in vitro (26).
Notably, FDMCs accelerated the proliferation of GC-pheno-
type B cells in anti-CD40 mAb-stimulated B cells. Furthermore,
using RNAi-mediated knockdown of I/34 mRNA expression
and Ab-mediated blockage of IL-34 and CSF-1R functions, we
identified that IL-34, but not CSF-1, was a critical cytokine for
stimulating FDMC differentiation, although FL-Y produced both
IL-34 and CSF-1 (26). However, the specific function of IL-34
underlying FDMC differentiation remained unclear. Therefore, in
the present study we explored the functional mechanisms of the
IL-34 produced by FL-Y cells for FDMC differentiation.

Results
IL-34 plays a critical role in FDMC differentiation

To further confirm the IL-34—dependent differentiation of
FDMC s, we first established IL-34 KO FL-Y cells by using the
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CRISPER/Cas9 system to eliminate IL-34 expression. A small
transacting guide RNA (gRNA) and a targeting vector for dis-
rupting the I/34 gene were designed against exon 3 of the /34
gene, in which the LacZ gene was inserted for generating IL-34
KO mice as in the previous reports (Fig. 14) (12, 13). FL-Y cells
were transfected simultaneously with expression vectors for the
gRNA and Cas9, along with IL-34 —targeting vectors, and the
successful replacement of exon 3 with the targeting vector was
determined using genomic PCR. We established three indepen-
dent clones in which a puromycin-resistance (clone 1) or blas-
ticidin S—resistance gene (clone 2), respectively, was inserted
into a single 1/34 allele by a single transfection and wherein
these two drug-resistance marker genes were inserted in both
1i34 alleles by sequential transfection (clone 3). As shown in Fig.
1B, genomic PCR products indicated successful knockout of
the 1134 allele by drug-resistance genes in IL-34 KO FL-Y cells.
Sequencing analysis of genomic PCR products (F/R) in clones 1
and 2 showed that another allele was also inactivated by a 197-
or 57-bp deletion in the vicinity of the gRNA-binding site,
respectively (Fig. S1A). RT-PCR analysis using a primer pair
(E/R) for amplifying the coding region of /34 showed that
expression of functional 7134 mRNA was undetectable in IL-34
KO FL-Y lines, whereas smaller DNA fragments were amplified
in all clones (clones 1-3) (Fig. 1C). Sequencing analysis of
smaller fragments amplified from clones 1, 2, and 3 cDNAs
showed that 7/34 mRNA in clones 1, 2, and 3 did not include
exon 3, resulting in an encoded nonfunctional protein (Fig.
S1B). Consistent with this, no PCR products were amplified by
using the exon 3—specific primer (ex3F) in IL-34 KO clones
(clones 1-3). In contrast, CsfI mRNA expression levels in IL-34
KO FL-Y lines were comparable with that in the original FL-Y
cells (Fig. 1C).

To explore the ability of IL-34 KO FL-Y cell lines to induce
FDMCs, we cultured T cell-depleted splenocytes on an IL-34
KO FL-Y cell layer. After 9 days, the number of CD11b™ cells
induced on the IL-34 KO FL-Y cell lines was significantly
decreased compared with that on the original FL-Y cell line
(Fig. 1, D and E). Furthermore, because receptor-type protein-
tyrosine phosphatase ¢ and syndecan-1 were found to function
as additional IL-34 receptors (27, 28), we used a selective ATP-
competitive CSF-1R inhibitor (GW2580) to evaluate the signif-
icance of CSF-1R signaling through IL-34 in FDMC differen-
tiation, as previously reported (26). Notably, when GW2580
was added to the culture for FDMC induction, the genera-
tion of CD11b™ cells was completely suppressed (Fig. 1F).
These data strongly supported that CSF-1R signaling
through the IL-34 expressed by FL-Y plays a critical role in
FDMC differentiation and that IL-34 KO FL-Y lines repre-
sent useful tools to study the functional mechanisms of IL-34
underlying FDMC differentiation.

In addition, the IL-34 — dependent differentiation and immu-
nological significance of FDMCs in vivo were confirmed by
immunizing IL-34 KO mice with 4-hydroxy-3-nitrophenyl
acetyl-conjugated chicken vy globulin plus alum, and the
number of CD11b"CD115" cells in the CD3e B2207I-
Ad~CD11c™ population was examined because this population
contained the in vivo counterpart of FDMCs in the spleen of
immunized mice as previously described (26). Flow cytometric
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Figure 1. Role of IL-34 in FDMC differentiation. A, gene targeting strategy for establishing IL-34 KO FL-Y cells. Exon 3 of the /|34 gene was replaced with the
puromycin-resistance marker gene (puro’) and the blasticidin S-resistance gene (BSR). Open arrowheads show primer pairs used for detecting successful
recombination. B, genomic PCR analysis of the //34 allele in FL-Y cells. Genome DNA was prepared from IL-34 KO FL-Y cells and analyzed by PCR. /134 KO alleles
were identified using indicated primer pairs (F/puro or F/BSR2). Closed arrowheads on the right show PCR products with the expected sizes. C, RT-PCR analysis
of 134 mRNA expression in IL-34 KO FL-Y cells. mRNA was isolated from WT FL-Y and IL-34 KO FL-Y cells (clones 1-3), and //34 transcript was amplified by RT-PCR.
Alternatively, an exon 3-specific primer (ex3F) was also used to amplify the //34 transcripts. Closed arrowheads on the right show a PCR product with the
expected size. The open arrowhead shows smaller PCR products than the expected one. D, T cell- and adherent cell-depleted splenocytes (1 X 10°) from
BALB/c mice were cultured with 1 X 10% cells of FL-Y or IL-34 KO FL-Y or without FL-Y (—) for 10 days. Cultured cells were collected and analyzed by flow
cytometry after staining for CD11b. The percentage of CD11b™ cells is indicated. E, the number of generated FDMCs in each culture was calculated from the
percentage of CD11b™ cells in the total number of viable cellsin D. F, T cell- and adherent cell- depleted splenocytes (1 X 10°) from BALB/c mice were cultured
with 1 X 10 cells of FL-Y in the presence or absence of GW2580 (1 um). The number of CD11b™ cells was determined as shown in D and E. The data are
presented as the means = S.D. of triplicate cultures. The data are representative of at least three independent experiments. Statistical differences are marked:

** p < 0.01 versus FL-Y; *** p < 0.005 versus the DMSO control.

analysis showed that the number of CD11b"CD115" cells
among the splenocytes of IL-34 KO mice was significantly
decreased compared with that in WT mice (Fig. S2, A and B).
Furthermore, anti-NP IgG titer in the sera of IL-34 KO mice
was lower than that of WT mice, although IgM titer was com-
parable between WT and IL-34 KO mice (Fig. S2C). These
results suggested that IL-34 might be involved in the antibody
response associated with the class switch recombination.

Cell surface-anchored IL-34 is involved in FDMC
differentiation

To explore the IL-34—dependent mechanisms underlying
FDMC differentiation on the FL-Y cell layer, we first used a
Transwell culture system to block the cell-cell contact of
FDMC precursor cells with FL-Y cells. When FL-Y cells were
physically separated from the FDMC precursor cells by a Tran-
swell membrane, the number of CD11b™ cells generated was
significantly reduced to a level comparable with that on IL-34
KO FL-Y cells (Fig. 2A4). We next treated FL-Y and IL-34 KO
FL-Y cells with 0.1% paraformaldehyde (PFA). PFA treatment
of living cells can block the transport of newly translated intra-
cellular proteins to extracellular compartments by cross-link-
ing the molecules expressed on the cell surface (29). Notably,
CD11b™ cells were still generated on the PFA-treated FL-Y cell
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line, indicating that the ability of FL-Y to induce FDMCs was
maintained in the absence of secreted IL-34 molecules pro-
duced from FL-Y cells (Fig. 2B). Moreover, culture superna-
tants of PFA-treated FL-Y cells exhibited no stimulating activ-
ity for the M-NFS 60 cell line, whose cell growth depended on
CSE-1R signaling (Fig. S3A). To further ascertain the potential
role of soluble IL-34 secreted from FL-Y cells in FDMC differ-
entiation, secreted IL-34 protein purified from the culture
supernatant of FL-Y cells overexpressing IL-34 was added to
the culture for FDMC induction. However, generation of
CD11b™ cells cultured on the original FL-Y cells was not
increased by the addition of purified IL-34, suggesting no addi-
tive effects of soluble IL-34 on FDMC differentiation (Fig. S3B).
These results indicated that there is little or no contribution of
secreted IL-34 to FDMC differentiation and that another form
of IL-34 in FL-Y cells might function in this regard.

Next, we analyzed IL-34 localization on the FL-Y cell surface
because FDMC differentiation was observed on PFA-treated
FL-Y cells that were deficient in IL-34 secretion. When FL-Y
cells were stained with an anti-mouse IL-34 Ab, an IL-34 signal
was slightly detected on the cell surface of FL-Y cells, whereas
signal was completely abolished on IL-34 KO FL-Y cells (Fig.

20).
SASBMB
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Figure 2. Involvement of cell-surface IL-34 in FDMC differentiation. A, in the Transwell culture, 1 X 10% FL-Y cells were seeded to the lower chamber, and
T cell- and adherent cell-depleted splenocytes (1 X 10° cells) from BALB/c mice were added to the upper chamber separated by a 0.45-um-pore size
membrane. After 9 days, the number of CD11b ™ cells in the upper chamber was estimated by flow cytometry. The data are presented as the means = S.D. of
triplicate cultures. Statistical differences are marked: *, p < 0.05 versus intact culture condition for FDMC induction of FL-Y cells. B, T cell- and adherent
cell-depleted splenocytes (1 X 10°) from BALB/c mice were cultured with 2 X 10° cells of the original FL-Y (FL-Y) or IL-34 KO FL-Y (IL-34 KO) cells, each of which
was pretreated with (+) or without (—) 0.1% PFA. After 10 days, the cultured cells were analyzed by flow cytometry after staining for CD11b. The data are
presented as the means = S.D. of triplicate cultures. Statistical differences are marked: **, p < 0.01 versus the original FL-Y treated with PFA. C, IL-34 expression
on the cell surface of the FL-Y cell line was determined by flow cytometry (left panels) after staining with isotype IgG (shaded) or anti-IL-34 antibody (red line).
The level of IL-34 surface expression is indicated as the AMFI value, which was calculated by subtracting the MFl value of the isotype-matched control from that

of each sample (right panel). The data are representative of at least three independent experiments. Max, maximum.

Establishment of FL-Y cells expressing Strep-tagged IL-34

It has been reported that the differentiation and growth of
mononuclear phagocytes are stimulated by the soluble form of
IL-34 because of the absence of the membrane-spanning
domain in the IL-34 amino acid sequence (10). In contrast, flow
cytometric analysis of FL-Y cells showed a detectable level of
cell-surface localization of IL-34, although it is difficult to ana-
lyze how IL-34 is anchored on the cell surface because only an
extremely small amount of IL-34 is expressed in FL-Y cells.
Therefore, we generated an FL-Y cell line expressing twin-
Strep-tagged IL-34 to identify the molecule(s) regulating IL-34
expression on the FL-Y cell surface. The twin-Strep-tag, com-
posed of two Strep-tag peptides (WSHPQFEK) connected by a
short linker (GGGSGGGSGGSA), is useful for detecting and
purifying target molecules by using anti—Strep-tag mAb and
Strep-Tactin— conjugated resin, respectively (30). The twin-
Strep-tag sequence was inserted between the signal sequence
and the mature protein sequence of IL-34, and the N-terminal
twin-Strep-tagged IL-34 was introduced to FL-Y cells by retro-
viral transduction (FL-Y-IL-34 —Nst). Western blotting analy-
ses using an anti—IL-34 Ab and an anti—Strep-tag mAb showed
that Strep-tagged IL-34 protein was detectable in the cell lysate
of FL-Y-IL-34—Nst cells but not in the lysates of the original
FL-Y and IL-34 KO FL-Y cells (Fig. 34). In comparison, the
endogenous IL-34 signal was not detected by Western blotting
with the anti—IL-34 Ab, likely because FL-Y cells express intra-
cellular and cell surface IL-34 at extremely low levels (Fig. 34).
Flow cytometric analysis showed that the IL-34—Nst protein
was detectable on the cell surface of FL-Y-IL-34—Nst cells
using either the anti—IL-34 Ab or anti—Strep-tag mAb and that
the expression level of IL-34 on FL-Y-IL-34—Nst cells was sig-
nificantly higher than that on the original FL-Y cells (Fig. 3B).

To determine the biological activity of IL-34—Nst protein,
IL-34—-Nst in the conditioned medium collected from FL-Y—
IL-34—-Nst culture was purified by using Strep-Tactin—

SASBMB

conjugated Sepharose and applied for stimulation of the
M-NEFS60 cell line (Fig. S4A). Purified IL-34 —Nst protein pre-
pared from the FL-Y-IL-34 —Nst culture exhibited a biological
activity for stimulating CSF-1R signaling in a dose-dependent
manner (Fig. S4B). Furthermore, soluble IL-34—Nst protein
was highly glycosylated at levels comparable with those of the
commercially available rIL-34 protein (Fig. S4, C and D). Next,
to examine whether FL-Y-IL-34-Nst cells exhibited an
enhanced activity to induce FDMCs, we performed culture for
FDMC induction under PFA-treated conditions. As shown in
Fig. 3C, the FDMC-inducing activity of FL-Y-IL-34—Nist cells
was significantly higher than that of the original FL-Y cells,
indicating that cell surface IL-34—Nst was involved in FDMC
differentiation.

Identification of GRP78 as an IL-34-binding molecule in the
plasma membrane of FL-Y cells

To determine how IL-34 was anchored on the cell surface of
FL-Y cells, we purified the plasma membrane fraction from
FL-Y-IL-34—Nst cells. Consistent with the data from flow
cytometric analysis, Western blotting analysis showed that
IL-34—Nst protein was detectable in the plasma membrane
fraction of FL-Y-IL-34—Nst cells but not in that of IL-34 KO
FL-Y cells (Fig. 44). Notably, the molecular mass of the IL-34—
Nst protein in the plasma membrane fraction of FL-Y was
mainly about 35 kDa, whereas higher molecular mass forms of
IL-34 —Nst were also detected in the whole cell lysate (Fig. 4A).
Next, we performed protein identification of IL-34 —associated
molecules in the plasma membrane fraction prepared from
FL-Y-IL-34 —Nst cells. The purified plasma membrane fraction
was reacted with Strep-Tactin resin to obtain Strep-tagged
IL-34 and molecules bound to IL-34—Nst. After extensive
washing, molecules bound to the resin were sequentially eluted
with the elution buffer containing desthiobiotin, a competitor
to the Strep-tag, and the SDS-PAGE sample buffer. Molecules
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Figure 3. Establishment of FL-Y cells expressing Strep-tagged IL-34. A,
immunoblot analysis of IL-34 in FL-Y, FL-Y-IL-34 -Nst (/L-34-Nst), and IL-34 KO
FL-Y (IL-34 KO) cells. Whole cell lysates were subjected to Western blotting
analysis using anti-IL-34, anti-Strep-tag, and anti—B-actin Abs. B-Actin was
used as an internal control. The blots are representative of at least three inde-
pendent experiments. Arrows indicate IL-34-Nst. B, flow cytometric analysis
of FL-Y cells after staining with anti-IL-34 or anti-Strep-tag Abs (red line).
Negative controls that were stained with an isotype-matched control Ab are
shown in gray histograms. C, T cell- and adherent cell-depleted splenocytes
(1 X 10°) from BALB/c mice were cultured with 2 X 10° cells of WT FL-Y,
FL-Y-IL-34-Nst (/L-34-Nst), and IL-34 KO FL-Y (IL-34 KO) cells that were pre-
treated with 0.1% paraformaldehyde. After 8 days, the cultured cells were
analyzed by flow cytometry after staining for CD11b. The data are represen-
tative of at least three independent experiments. The data are presented as
the means = S.D. of triplicate cultures. Statistical differences are marked: **,
p < 0.01 versus FL-Y; *, p < 0.05 versus FL-Y.

pulled down with IL-34 —Nst in the plasma membrane fraction
of FL-Y-IL-34—Nist cells were identified by using LC-MS/MS
analysis (Fig. 4B). Among some of the specific signals detected
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in FL-Y-IL-34 —Nst cells, but not in FL-Y—IL-34 cells that were
transduced with an untagged IL-34 expression vector, a 35-kDa
protein was identified by LC-MS/MS analysis as the IL-34 that
was used as bait, suggesting that the pulldown experiment was
efficient. The ~75-kDa band specifically bound to IL-34 —Nst
was subjected to LC-MS/MS analysis and identified as GRP78
(Fig. 4B, Table 1, and Fig. S5). GRP78, also known as binding
immunoglobulin protein or heat shock protein A5, is involved
in protein folding and unfolded protein responses at intracellu-
lar compartments (31).

Considering that there is no report of binding between IL-34
and GRP78 on the cell surface, we first performed a pulldown
assay of the plasma membrane fraction prepared from FL-Y—
IL-34—Nst cells using Strep-Tactin Sepharose. The pulldown
assay showed that IL-34 —Nst and GRP78 were co-precipitated
with the Strep-Tactin Sepharose resin but not the control Sep-
harose (Fig. 4C). To rule out the possibility of nonspecific bind-
ing of GRP78 and IL-34 on the Strep-Tactin Sepharose, we used
the plasma membrane fraction prepared from FL-Y-IL-34
cells. To further assess whether IL-34 was able to interact
with GRP78, we used recombinant glutathione S-transferase
(GST)-GRP78 that was expressed in Escherichia coli cells and
purified with glutathione-Sepharose. When GST-GRP78 was
reacted with total cell lysates prepared from FL-Y—IL-34 —Nst
cells, GST-GRP78 and IL-34 —Nst were co-precipitated by glu-
tathione-Sepharose, which further supported the specific bind-
ing of GRP78 to IL-34 (Fig. 4E).

GRP78 regulates IL-34 expression on the cell surface and
FDMC differentiation

To determine the role for GRP78 in IL-34 expression on the
cell surface and subsequent FDMC differentiation, we estab-
lished GRP78-heterozygous FL-Y cells by using the CRISPER/
Cas9 system. A targeting vector for the GRP78 locus was con-
structed against exon 2 of the Grp78 gene that contains the
translational start codon (Fig. 5A4). FL-Y cells were transfected
with expression vectors for a gRNA specific to exon 2 of the
Grp78 gene and for Cas9, along with the targeting vectors, from
which we obtained two-independent GRP78-heterozygous
clones (Fig. 5B). RT-PCR analysis showed that Grp78 mRNA
expression was decreased by 20-70% in GRP78-heterozygus
cells compared with that in the original cell line (Fig. 5C). Fur-
thermore, GRP78 protein expression in the GRP78-heterozy-
gous FL-Y line was also reduced to ~50% of that in the original
FL-Y cells (Fig. 5D). Notably, we observed that the expression
level of cell surface—expressing IL-34 in two independent
GRP78-heterozygous clones was reduced to ~20% relative to
that in the original FL-Y cells (Fig. 5E). The reduction of IL-34
cell-surface expression was also observed in GRP78-heterozy-
gous FL-Y-IL-34-Nst cells, even though excess IL-34 was
expressed (Fig. S6). To examine whether the reduced expres-
sion of GRP78 abrogates FL-Y—induced FDMC differentiation,
we cultured T cell-depleted splenocytes on PFA-treated FL-Y
cells for 12 days to induce FDMCs. The number of CD11b™"
cells generated on GRP78-heterozygous FL-Y cells was reduced
to approximately half of that on WT FL-Y cells (Fig. 5F). These
results clearly indicated that GRP78 promotes IL-34 expression
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Figure 4. Interaction of IL-34 with GRP78 in the plasma membrane of FL-Y cells. A,immunoblot analysis of the plasma membrane fraction prepared from
FL-Y-IL-34 -Nst (/L-34-Nst) and IL-34 KO FL-Y (IL-34 KO) cells. Plasma membrane fractions extracted from the indicated cells were subjected to Western blotting
analysis using anti-IL-34 and anti-Strep-tag Abs. VCAM was used as an internal control. Arrows indicate IL-34-Nst. B, silver staining of IL-34 and proteins
associated with IL-34. IL-34 -Nst proteins in the plasma membrane fraction prepared from FL-Y-IL-34 (IL-34) and FL-Y-IL-34 -Nst (/L-34-Nst) cells were pulled
down by using the Strep-Tactin Sepharose resin and eluted by 2.5 mm desthiobiotin. Plasma membrane fractions (Input), eluted fractions with desthiobiotin
(EF), and residual fractions on the resin (RF) were subjected to SDS-PAGE. C, GRP78 was bound to IL-34-Nst in the plasma membrane fraction. The plasma
membrane fraction of FL-Y-IL-34-Nst cells was mixed with control (Cont) or Strep-Tactin (ST) Sepharose, and bound molecules were eluted with SDS-PAGE
sample buffer for Western blotting with anti-GRP78 Ab. D, plasma membrane fraction of FL-Y-IL-34 (/L-34) and FL-Y-IL-34 -Nst (/L-34-Nst) cells was reacted with
Strep-Tactin Sepharose, and binding molecules were eluted with SDS-PAGE sample buffer for Western blotting with anti-GRP78 Ab. E, recombinant GST or
GST-GRP78 was mixed with the whole cell lysate of FL-Y-IL-34-Nst cells and precipitated with glutathione-Sepharose. Eluted fractions were subjected to
SDS-PAGE and Western blotting analysis.

Table 1 exhibit a stimulating activity through CSF-1R. IL-34 has been

Amilno'acid sequences of the GRP78 peptides identified by LC-MS/MS  thought to constitute a secreted molecule, because of the

analysts : absence of a membrane-spanning domain in the primary struc-
Residues Peptide sequence seon ture of IL-34. However, flow cytometric analysis showed that
3397 NOLTSNPENTVFDAK 74 WT but not IL-34 KO FL-Y cells expressed a detectable level of
83-98 NQLTSNPENTVFDAKR 16 cell-surface IL-34 (Figs. 2C and 3B). Moreover, overexpression
125-139 TKPYIQVDIGGGQTK 10 £ L34 vi L-34—Nst retroviral : ¢
140153 TFAPERT SAMULTK 28 o -34 via an IL-34-Nst retroviral expression vector
187-198 DAGTIAGLNVMR 51 enhanced not only IL-34 expression levels on the FL-Y cell sur-
ggg:ggg Zg?gg?{;i\]msm ég face, but also monocytic cell differentiation, further supporting
449-465 SQIFSTASDNQPTVTIK 50 the conclusion that cell-surface IL-34 contributes to the induc-
ggi:gii’ ig;gl&)ggl& gg tion of monocytic cell differentiation in a dose-dependent
564-574 NELESYAYSLK 71 manner.
623-634 ELEEIVQPIISK 36

We also identified for the first time that the cell-surface local-
ization of IL-34 is regulated in a GRP78-dependent manner.
GRP78, a member of the heat shock protein 70 family, is mainly
localized to the endoplasmic reticulum (ER) and comprises the
most abundant molecular chaperone regulating protein
folding, preventing protein aggregation, and facilitating the

on the FL-Y cell surface and contributes to inducing FDMC
differentiation.

Discussion

In this study, we found that a membrane-anchored form, but
not a secreted from, of IL-34 produced from FL-Y cells was
involved in monocytic cell differentiation, although the
secreted form of IL-34 detected in culture medium could also

SASBMB

unfolded protein response (31). Although GRP78 is mainly
found in the ER lumen, it has been reported that GRP78 is
redistributed to the nucleus, mitochondria, and cytoplasm
under some circumstances (32-34). In addition, several reports
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Figure 5. GRP78-heterozygous FL-Y cells exhibit reduced FDMC-inducing activity. A, gene targeting strategy for establishing GRP78-heterozygous FL-Y
cells. Open arrowheads show primer pairs used for detecting successful recombination. B, genomic PCR analysis of the Grp78 gene in WT (+/+) and GRP78-
heterozygous (+/—) FL-Y cells. Genome DNA was prepared from GRP78-heterozygous FL-Y cells (clones 1 and 2) and amplified by PCR. The Grp78 KO allele was
identified using indicated primer pairs (F/puro and r-plox/R). C, RT-PCR analysis of Grp78 mRNA expression in GRP78-heterozygous FL-Y cells (clones 1 and 2).
RNA was isolated from WT and GRP78-heterozygous FL-Y cells (clones 1 and 2), and the Grp78 transcript was amplified by RT-PCR. D, Western blotting analysis
of GRP78 expressed in FL-Y and GRP78-heterozygous FL-Y cells (clones 1 and 2). Whole cell lysates prepared from FL-Y and GRP78-heterozygous FL-Y cells
(clones 1 and 2) were separated by SDS-PAGE and subjected to Western blotting. £, IL-34 expression on the cell surface of the GRP78-heterozygous FL-Y cell line
was determined by flow cytometry after staining with an anti-IL-34 antibody as shown in Fig. 2C. The level of IL-34 cell-surface expression is indicated as
described for Fig. 2C (AMFI). F, competency of GRP78-heterozygous FL-Y cells for inducing FDMC differentiation. T cell- and adherent cell-depleted spleno-
cytes (1 X 10°) from BALB/c mice were cultured with FL-Y and GRP78-heterozygous (+) FL-Y (clones 1 and 2) that were pretreated with 0.1% paraformaldehyde
as shown in Fig. 2B. Cultured cells were collected and analyzed by flow cytometry after staining for CD11b. The data are presented as the means = S.D. of
triplicate cultures. The data are representative of at least three independent experiments. Statistical differences are marked: *, p < 0.05 versus original FL-Y

(+/4+).

have revealed that GRP78 is also located on the cell surface of
several cell lines including leukemias, lymphomas, and cancer
cells derived from prostate, breast, ovarian, and brain tissues
(35—37), as well as on normal cells, such as CD4"CD25™" T cells
and hematopoietic stem cells (38, 39). Furthermore, GRP78
expression level on the cell surface was enhanced by ER stress
and hypoxia conditions to decrease ER stress-induced cell
death (40, 41). Accumulating data have revealed that cell-sur-
face GRP78 can form complexes with several proteins and func-
tions as a multifunctional receptor for a wide variety of ligands.
Binding of a ligand or an agonistic Ab to cell-surface GRP78
also triggers the activation of intracellular signal transduction
cascades through the PI3K/Akt pathway as well as NF-«B-de-
pendent mechanisms, resulting in the induction of protein syn-
thesis, DNA synthesis, and proliferation. For example, cell-sur-
face GRP78 serves as a receptor for activated a2-macroglobulin
and triggers intracellular signal transduction (42, 43), leading to
the cell proliferation and metastasis of prostate cancer cells
(44). Cripto, also known as teratocarcinoma-derived growth
factor 1, forms complexes with GRP78 at the cell surface to
inhibit transforming growth factor B (TGF-B) signaling and
enhance cell proliferation (45). High expression levels of cell-
surface GRP78 have thereby been implicated in cancer growth,
metastasis, and resistance to chemotherapy. Alternatively,
GRP78 is also shown to act as a receptor for several types of
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viruses and plays an important role for viral entry into animal
cells (46, 47). It might thus be important for understanding
FDC functions to determine whether IL-34 is able to trigger
signal transduction through binding to GRP78.

Previously, it was reported that GRP78 binds to TGF-B/LAP
and regulates its cell surface expression. Notably, the TGF-f in
complex with GRP78 contains a high-glycosylated and furin-
processed latent form, which differs from the secreted and the
intracellular form of TGF-3 (38). Thus, cell-surface IL-34 mol-
ecules that are anchored and/or regulated by GRP78 might
have an unconventional structure or glycosylation pattern.
Consistent with this conjecture, in the present study we found
that the molecular mass of cell-surface IL-34 (~35 kDa) is dif-
ferent from that of the secreted form of IL-34 (high molecular
mass) or a recombinant IL-34 expressed in E. coli (low molec-
ular mass) (Fig. S4D).

We further found that GRP78 could be detected in the
plasma membrane fraction of the mouse FDC line, FL-Y (Fig. 4,
Cand D), and plays a critical role in regulating IL-34 expression
on the cell surface. Although it is still not clear whether the
GRP78 expressed in FL-Y cells functions as an anchor protein at
the plasma membrane to present IL-34 and/or as receptor that
can trigger autocrine intracellular signal transduction, a para-
crine CSF-1R signaling via cell-surface IL-34 appears to be
important for FDMC differentiation because this process was
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completely blocked by treatment with the CSF-1R inhibitor
GW2580.

In a prior study, we reported that the level of 7/34 mRNA in
FL-Y cells was enhanced by stimulation with TNF-« plus an
agonistic anti-LT SR mAb or during FDMC induction culture,
indicating that IL-34 expression was enhanced by activation
signals for FDC (26). Although little has been reported regard-
ing the effects of IL-34 on acquired immunity including GC
reactions, the IL-34 produced from FDC might regulate Ab
responses in vivo because TNF receptor and LT BR-mediated
signals have been shown to be important for secondary lymph-
oid organ development, FDC differentiation, and host immune
responses including GC formation and the affinity maturation
of Abs (48 —51). Several groups have reported that the level of
IL-34 expression correlates with the severity of autoimmune
diseases including rheumatoid arthritis (52, 53), systemic lupus
erythematosus (SLE) (54), and Sjogren’s syndrome (55). In
patients with rheumatoid arthritis, abundant IL-34 expression
that was mainly produced by synovial fibroblasts can be
observed in the sera and synovia (52) and is associated with
pathogenesis (53). Serum IL-34 levels also correlate with anti-
dsDNA Ab titer and SLE disease activity index in patients with
SLE. Notably, serum IL-34 levels were significantly decreased
after successful treatment for SLE (54), suggesting that IL-34
may be useful as a biomarker for autoimmune diseases, as well
as a target for treatments. Thus, it may be important to
determine the regulatory mechanism of cell-surface forms,
as well as secreted forms, of IL-34 in inflammatory condi-
tions for understanding the development and severity of
autoimmune diseases.

In conclusion, in this study we revealed that CSF-1R signal-
ing triggered by cell-surface IL-34 is involved in the develop-
ment of a specific type of monocytic cells. However, the detailed
functions of the cell-surface IL-34 underlying FDMC differen-
tiation remain unclear. Thus, further studies are required to
confirm the specific functions of IL-34 on the cell surface. Nev-
ertheless, these findings provide a foundation for understand-
ing the new regulatory mechanisms of monocyte differentia-
tion by GRP78-dependent cell-surface IL-34.

Experimental procedures
Animals

Male BALB/c mice were purchased from Japan Charles River
Breeding Laboratories (Kanagawa, Japan). All mice were
treated in accordance with the guidelines approved by the
Committee of Laboratory Animal Care of Okayama University
and usually used at 7-12 weeks of age.

Cell line

The mouse FDC line, FL-Y, was established from the long-
term culture of primary FDCs derived from immunized
BALB/c mice as described previously (22). The FL-Y cell line
was maintained in culture medium consisting of a 1:1 mixture
of Dulbecco’s modified Eagle’s medium (Nissui Pharmaceuti-
cals, Tokyo, Japan) and RPMI 1640 medium (Nissui Pharma-
ceuticals) supplemented with 10% fetal bovine serum (Nichirei
Biosciences, Tokyo, Japan), 2 mm glutamine, 1 mMm pyruvic acid,
100 ug/ml penicillin G, 50 wg/ml streptomycin, and 50 um
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2-mercaptoethanol, in the presence of 5 ng/ml TNF-« (Pepro-
Tech, Rocky Hill, NJ). The M-NFS-60 cell line was kindly pro-
vided by Prof. Shinya Suzu at Kumamoto University (56) and
maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum in the presence of 100 ng/ml human macro-
phage colony-stimulating factor (57).

Establishment of IL-34 and GRP78 KO FL-Y lines

To generate targeting vectors for 7/34 gene knockout, 5" and
3’ DNA fragments flanking exon 3 of the /34 gene were ampli-
fied with primer pairs, IL-34—1st-F with IL-34-1st-R and
IL-34-2nd-F with IL-34-2nd-R, respectively (Table S1). PCR
was carried out using KOD FX neo DNA polymerase (Toyobo,
Osaka, Japan). Each DNA fragment was cloned in the pCR-
Blunt vector (Invitrogen) and confirmed by sequencing analysis
using BigDye 1.1 and the ABI310 genetic analyzer (Applied Bio-
systems, Foster City, CA) according to the manufacturer’s
instruction. 5" and 3’ DNA fragments were subcloned stepwise
between Notl and Clal sites in the pBluescript SK (+) vector.
Blasticidin S—resistance (BSR) or puromycin-resistance cas-
settes excised from pLox-BSR or pLox-puro vector, respec-
tively, were inserted into the BamHI site between two DNA
fragments (58). For constructing gRNA expression vectors, we
designed two guide sequences (T1 and T2) targeting exon 3 of
the 1134 gene. Two annealed complementary oligonucleotides
as listed in Table S1 were cloned into the gRNA expression
vector (catalog no. 41824; Addgene, Cambridge, MA).

To generate a targeting vector for the GRP78 knockout, 5’
and 3’ DNA fragments flanking exon 2 of the Grp78 gene were
amplified with primer pairs GRP78 —1st-F and GRP78 —1st-R
for the 5" DNA fragment and GRP78-2nd-F and GRP78-
2nd-R for the 3" DNA fragment. Primers used for construction
are listed in Table S1.

FL-Y cells were treated for 24 h with a targeting vector (1 ug),
a gRNA vector (1 ug), and Cas9 expression vector (1 ug) (cat-
alog no. 41815; Addgene) that were mixed with X-tremeGENE
HP DNA transfection reagents (2 ul) (Roche Diagnostics,
Mannheim, Germany) in 200 ul of Opti-MEM (Invitrogen)
according to the manufacturer’s instructions. Stably trans-
fected clones were selected in culture medium containing 2
pg/ml puromycin or 10 pg/ml blasticidin S hydrochloride
(Kaken Pharmaceutical, Tokyo, Japan) for 2-3 weeks. After
limiting dilution of drug-resistant cells, isolated clones were
examined for successful knockout of /134 and Grp78 genes by
genomic PCR, RT-PCR, and Western blotting. Primers used for
successful recombination are listed in Table S1.

Retroviral transduction of the FL-Y line for IL-34
overexpression

The 1134 cDNA fragment was amplified by RT-PCR using the
primer pair as listed in Table S1 using KOD-FX Neo DNA po-
lymerase (Toyobo) and cloned into the pCR-Blunt vector (pCR-
Blunt-IL-34). An /34 DNA fragment encoding IL-34 tagged
with a twin-Strep-tag between the signal sequence (residue
1-20) and the mature peptide chain was constructed by two-
step PCR amplification and subcloned into the pCR-Blunt vec-
tor (pCR-Blunt-IL-34—Nst). For constructing IL-34 and
IL-34—Nst expression shuttle vectors, the EcoRI DNA frag-
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ments of the /134 and 1/34—Nst gene was elicited from pCR—
Blunt-IL-34 and pCR-Blunt-IL-34—Nst, respectively, and
cloned in the EcoRI site of the pQCXIP vector (Clontech).

Culture supernatants containing a recombinant retrovirus
were prepared using the GP2-293 packaging cell line trans-
fected transiently with each shuttle vector and the pVSV-G
plasmid vector (Clontech). FL-Y cells were transduced with
each retrovirus in the presence of 4 ug/ml Polybrene and 5 mm
HEPES (pH 7.4). Stably puromycin-resistant FL-Y cells were
selected with puromycin (4 ug/ml) (Sigma—Aldrich).

FDMC induction culture

Culture for the induction of FDMC differentiation was per-
formed as described previously (26). Briefly, each well in
24-well culture plates was coated with 5 X 10% or 1 X 10* FL-Y
cell lines by incubating the cells overnight in 1 ml of the culture
medium. After removing the culture medium, 1 X 10° spleen
cells that were depleted of T cells and adherent cells in 1 ml of
the culture medium were added into each FL-Y- coated well.
The cells were cultured at 37 °C under a humidified atmosphere
of 95% air and 5% CO,,. T cell- and adherent cell- depleted cells
were prepared from BALB/c spleen cells by lysing red blood
cells and removing adherent cells by panning with plastic cul-
ture plates and depleting T cells using Dynabeads Mouse PanT
(Thyl.2) (Invitrogen) or CD90.2 (Thyl.2) Magnetic Parti-
cles-DM (BD Biosciences, San Jose, CA). After culture for 7—12
days, viable cells were enumerated by trypan blue dye exclusion,
and the frequency of CD11b™" cells was estimated by flow
cytometry. To block CSF-1R signaling during FDMC differen-
tiation, 1 uM GW2580 (Abcam) was added on day 0.

Flow cytometric analysis

The cells were treated with normal rat IgG (10 ng/ml) for 30
min to block nonspecific binding of labeled Abs and subse-
quently stained with phycoerythrin-labeled anti-CD11b mAb
(M1/70; BioLegend, San Diego, CA) in a staining buffer (PBS
containing 0.2% (w/v) BSA and 0.1% (w/v) NaN,) at 4 °C for 30
min. After washing three times with the staining buffer, labeled
cells were analyzed using a FACSCalibur flow cytometer (BD
Biosciences) and FlowJo software (Tree Star, Ashland, OR). For
IL-34 staining, FL-Y cells were fixed with 4% formaldehyde for
10 min and stained with sheep anti—IL-34 Ab (AF5195; R&D
Systems, Minneapolis, MN) at 4 °C for 1 h. After washing, these
cells were incubated with biotinylated anti-sheep IgG (Vector
Laboratories, Burlingame, CA), followed by streptavidin-con-
jugated phycoerythrin—Cy5 (BioLegend).

Western blotting

Cell lysates were prepared in SDS-PAGE sample buffer and
subjected to SDS-PAGE and Western blotting. Membranes
were probed with sheep anti-mouse IL-34 Ab (AF5195; R&D
Systems), mouse anti—Strep-tag mAb (Strep Mab Classic) (IBA,
Gottingen, Germany), or rabbit anti-GRP78 Ab (N-20, Santa
Cruz Biotechnology, Dallas, TX; and GL-19, Sigma—Aldrich).
The antibody binding was detected using a combination with
rabbit HRP-anti-sheep IgG (Invitrogen), HRP-anti-mouse
IgG1 (Southern Biotechnology Associates, Birmingham, AL),
or HRP-anti-rabbit IgG (GE Healthcare, London, UK) with
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ECL Plus or ECL Pro (PerkinElmer Life Sciences), respectively.
Anti—B-actin Ab (sc-47778; Santa Cruz Biotechnology) was
used as a loading control.

Extraction of membrane-bound protein and pulldown assay

Cell membrane fractions in FL-Y, FL-Y-IL-34, FL-Y-IL-34 —
Nst, and IL-34 KO FL-Y cells were purified using a plasma
membrane extraction kit (BioVision, Mountain View, CA)
according to the manufacturer’s instruction. Cultured FL-Y
cells were washed with PBS and detached with a cell scraper
from culture plates. Plasma membrane fractions prepared from
several FL-Y lines were solubilized with radioimmune precipi-
tation assay buffer (150 mm NaCl, 20 mm HEPES, pH 7.4, 1%
NP-40, 0.1% SDS) at 4 °C overnight and subsequently centri-
fuged at 21,880 X g for 10 min at 4 °C. The supernatants were
used as the plasma membrane fractions. For pulldown assay,
the plasma membrane fractions were diluted with a 10-fold
volume of NP buffer (50 mm NaH,PO,, 300 mm NaCl, pH 8.0)
to apply the Strep-Tactin Sepharose resin (IBA). After washing
with NP buffer, proteins bound to the resin were eluted with
elution buffer (NP buffer containing 2.5 mm desthiobiotin
(Sigma—Aldrich)) and analyzed by SDS-PAGE and Western
blotting.

Mass spectrometry analysis

Purified plasma membrane fractions prepared from FL-Y—
IL-34—Nst cells (1 X 10® cells) were suspended in 40 ml of NP
buffer and incubated with 40 ul of the Strep-Tactin Sepharose
resin at 4 °C overnight. After washing with NP buffer, proteins
bound to the resin were eluted with 20 ul of elution buffer.
Eluate was separated by SDS-PAGE and stained using a silver
staining kit (Invitrogen), followed by in-gel digestion with 10
pg/ml sequencing grade modified trypsin (Promega, Madison,
WI) overnight at 37 °C (59). The digested peptides were eluted
with 0.1% formic acid and subjected to LC-MS/MS analysis on
an LC-MS-IT-TOF instrument (Shimadzu, Kyoto, Japan)
interfaced with a nano reverse-phase LC system (Shimadzu), as
described previously (60). MS/MS data were acquired in the
datum-dependent mode using LC-MS solution software (Shi-
madzu) and converted to a single text file (containing the
observed precursor peptide m/z, fragment ion m1/z, and inten-
sity values) using Mascot Distiller (Matrix Science, London,
UK). MS/MS data were obtained independently and merged for
the Mascot analysis. The file was analyzed using Mascot
(Matrixscience) MS/MS ion search to search and assign the
obtained peptides to the SwissProt database. The search
parameter was as follows: database, SwissProt 2017_05; taxon-
omy, all; enzyme, trypsin; variable modifications, carbamidom-
ethyl (C), oxidation (M), propionamid (C); peptide tol., = 0.05
Da; and MS/MS tol., = 0.05 Da.

Preparation of recombinant GST-GRP78 protein and
pulldown assay

GST-tagged GRP78 was constructed using a pGEX-KG-PreS
vector (61) and expressed in E. coli BL21 Star (DE3), followed by
purification via glutathione-Sepharose chromatography (GE
Healthcare). To obtain whole cell lysate, FL-Y—-IL-34 —Nst cells
(6 X 10° cells) were lysed in 200 pl of radioimmune precipita-
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tion assay buffer and centrifuged at 1560 X g for 5 min after
sonication. GST and GST-GRP78 protein (40 ug) was mixed
with 100 ul of whole cell lysate. Subsequently, 20 ul of glutathi-
one-Sepharose was reacted with the sample overnight at 4 °C.
After extensive washing, proteins bound to Sepharose were
eluted with 30 ul of SDS sample buffer. The eluate was sub-
jected to SDS-PAGE followed by Western blotting.

Author contributions—S. O., N. K, N. H,, H. T., and M. M. supervi-
sion; S. O. and M. M. funding acquisition; S. O., Y. M., M. T., K. M.,
F.Y,EK,S Y, K H,NK,N. H, H T, and M. M. investigation;
S. 0. and M. M. writing-original draft; S. O. and M. M. project
administration; S. O., N. K., N. H,, H. T., and M. M. writing-review
and editing.
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