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Article Info Abstract
Substances released outside of the cells during cell necrosis are collectively called danger-associated molecu-
BY

lar patterns (DAMPS) or alarmins. A pro-inflammatory cytokine, interleukin-1a (IL-1a) is known as a typical

alarmin. IL-1o transmits signals by binding to IL-1 receptor 1 (IL-1R1), type I protein, expressed on the cell
membrane of target cells, but detection of IL-1R1 at the protein and mRNA levels is difficult. Although the
reasons are not elucidated, we attempted to add the HiBiT-tag to the N-terminus (N'-R1) or C-terminus (C'-R1)
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Received: January 18, 2024 of IL-1R1 to examine whether the detection sensitivity can be augmented. Increase in detection sensitivity will
Accepted: October 07, 2024 allow the investigation of its function and subcellular localization much further. Using uterine cervical cancer-
Published: October 31, 2024 derived HeLa cells and its derivative CR-R1-4 cells lacking IL-1R1, C'-R1 was demonstrated to significantly

increase the detection sensitivity of IL-1R1. Furthermore, the signal transduction function of neither N'-R1 nor

Use your device to scan and read | (1R was affected. Immunofluorescence cell staining revealed that wild-type IL-1R1 is mainly localized in

the article online the nucleus, whereas C'-R1 is localized both in the nucleus and the cytoplasm. The above results showed that
adding a tag to the C-terminus of IL-1R1 increases detection sensitivity while maintaining its function. In the
future, we would like to further investigate the relationship between changes in the intracellular localization of

C'-R1 and increases in detection sensitivity.
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1. Introduction extremely important for signal transduction.

Substances released outside cells during cell necrosis The prototype of the TIR domain is the insect protein
are collectively called danger-associated molecular pat- Toll [4, 5]. Toll is responsible for the innate immunity of
terns (DAMPS) or alarmins [1]. Interleukin-1o (IL-1a) is adult flies and regulates the expression of the Cecropin
a typical alarmin, which is produced in cells as a precursor ~ gene [6]. Since the discovery of Toll, a series of mamma-
(pIL-10) and then cleaved by various enzymes to form an  lian Tolls have been identified [7] Among them, MyD8§
N-terminal propiece IL-la (pplL-la) and mature IL-lac  encompassing an N-terminal death domain and a C-ter-
(mIL-10a) on the C-terminal side. Of these three molecular minal TIR domain [4, 8], plays am intrinsic role in IL-1/
species, pIL-la and mIL-la are secreted extracellularly IL-1R1 signaling [8, 9].
and transmit signals by binding to type 1 IL-1 receptor On the other hand, IL-1R2 is considered a decoy recep-
(IL-1R1) expressed on the cell membrane of target cells tor because it does not have a TIR domain in the cyto-
[2, 3]. IL-1R1 has three immunoglobulin-like domains in  plasm [10, 11] and cannot transmit a signal even if the
the extracellular region and a toll/IL-1 receptor (TIR) do- ligand IL-1a binds to it. Therefore, IL-1R1 is an essential
main in the cytoplasm [3]. When pIL-1a or mIL-1a binds  molecule for IL-1a signal transduction. However, IL-1R1
to IL-1R1, it recruits IL-1R3, and as a result, the TIR do- is expressed in extremely small numbers on the cell sur-
mains of both receptors associate, thereby transmitting a  face, making it difficult to detect using methods such as
signal. Based on this, the TIR domain is considered to be flow cytometry [12]. Furthermore, detecting IL-1R1 by
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western blot using the commercially available antibodies
and IL-1R1-transfected cell lysate was also extremely dif-
ficult in our hands. Therefore, we wondered if it would be
possible to increase the detection sensitivity of IL-1R1 and
enable more detailed analysis of its function and subcel-
lular localization by adding a tag to IL-1R1. In this study,
we aimed to improve detection sensitivity by attaching a
HiBiT-tag, a peptide tag of 11 amino acids (GTGAGCG-
GCTGGCGGCTGTTCAAGAAGATTAGC), developed
by Promega (WI, USA), to IL-1R1, and also investigated
its localization and function.

2. Materials and Methods
2. 1. Cell Culture and ELISA

Human uterine cervical cancer -derived HelLa cells
were obtained from the Health Science Research Resource
Bank (Osaka, Japan). Cells were grown at 37°C in Dul-
becco's Modified Eagle's Medium (DMEM, Thermo Fi-
sher Scientific, Waltham, MA, USA) supplemented with
10% fetal calf serum (FCS, Serana Europe GmbH, Bran-
denburg, Germany), 50 pg/ml streptomycin, and 50 U/ml
penicillin (Sigma-Aldrich, St. Louis, MO, USA) in a 5%
CO, incubator. Additionally, a cell line lacking IL-1R1
(CR-R1-4 cells [13]) was established using the CRISP/
Cas9 system and cultured under the same conditions.

Cell reactivity to IL-1B was determined by culturing
the cells (5 x 10* cells / 24 wells) in the presence or ab-
sence of recombinant IL-1B (10 ng/ml, PeproTech, Cran-
bury, NJ, USA) for 3 h. After incubation, the culture super-
natant was collected and centrifuged (14,000 x g, 1 min) to
remove the cell debris. The supernatants were transferred
to new tubes and then subjected to IL-8 measurement with
IL-8 ELISA Kit (R&D Systems, Minneapolis, MN, USA).

2. 2. Plasmid construction and transfection

IL-1R1 full-length cDNA was purchased from the Ins-
titute of Physical and Chemical Research (Saitama, Japan).
Using this as a template, the full length was amplified by
PCR, and inserted into the EcoRI site of the pMKIT-neo
vector using the Gibson Assembly system (pMKIT-R1,
New England Biolabs, Ipswich, MA, USA). Furthermore,
a HiBiT- tag was inserted directly below the N-terminal
signal peptide using the quick change site-directed mu-
tagenesis method (Agilent Technologies, Santa Clara, CA,
USA) (Figure 1A). This vector was designated as the N'-
R1 vector. On the other hand, a plasmid with a HiBiT tag
inserted just above the stop codon at the C-terminus of IL-
1R1 was used in the experiment as C'-R1 (Figure 1A). For
functional analysis of IL-1R1, the transmembrane region
of pMKIT-R1 vector was deleted using the quick change
site-directed mutagenesis method (Agilent Technologies,
Santa Clara, CA, USA). These vectors were designated
as ATM-R1 and used for transfection experiment (Figure
1B).

Transfection was performed using Lipofectamin 3000
(0.75 wl) (Thermo Fisher Scientific, Waltham, MA, USA).
Briefly, each plasmid (250 ng) and Plus reagent (0.75 pl)
were dissolved in OPTI-MEM (25 pl, GE Healthcare,
Chicago, IL, USA) in one tube. In the other tube, Plus
3000 reagent (Thermo Fisher Scientific, Waltham, MA,
USA) was mixed with OPTI-MEM (25 ul). Both solutions
were mixed and reacted for 15 min at room temperature,
then added to the culture medium and incubated at 37°C
for 18 h.

2. 3. Fluorescent immunostaining

HeLa cells or CR-R1-4 cells (5 x 10 cells / well) [13]
were seeded on a cover slip (10 mm in diameter: Matsuna-
mi Glass, Osaka, Japan) in a 24-well plate. After culturing
at 37°C for 18 h, transfection was conducted as descri-
bed above. After transfection, the cells were washed with
phosphate-buffered saline (PBS, Takara Bio, Shiga, Japan)
warmed to 37°C and fixed with 2% paraformaldehyde
(FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan). Permeabilization was performed with 1% triton
X-100 (Nacalai Tesque, Kyoto Japan) / PBS for 10 min at
room temperature. After washing with PBS, the coverslip
was incubated with 1% bovine serum albumin-containing
PBS (1% BSA-PBS) for 15 min at room temperature.
After blocking, the cells were incubated with mouse anti-
human IL-1R1 (1/3,000, Abcam, Cambridge, CB2 0AX,
UK) or mouse anti-HiBiT antibody (1/1,000, Promega,
Madison, WI, USA) for 18 h. After washing with PBS,
the coverlslips were further incubated with FITC-conju-
gated goat anti-mouse IgG antibody (Proteintech, Rose-
mont, IL, USA) for 1 h in the dark. After further washing
with PBS, coverslips were mounted on a glass slide using
DAPI-Fluoromount-G (Southern Biotech, Birmingham,
AL, USA). An all-in-one fluorescence microscope (All-in-
one Fluorescence Microscope BZ-X810, Keyence, Osaka,
Japan) was used for observation and image capture.

2. 4. Western blotting (WB)

CR-R1-4 cells were transfected with pMKIT-R1, N’-
R1, C’-R1 or pMKIT-neo. For WB, the cells were lysed
with 100 pl of cell lysis solution (50 mM Tris-HCI, pH
7.5, 150 mM NacCl, 0.5% Triton X-100). The samples
were collected and centrifuged (14,000 x g, 3 min at 4°C).
The supernatants were transferred to the new tubes and
total protein concentration was measured using the Bio-
Rad protein assay kit (Bio-Rad, California, USA). Fifty ng
of protein was electrophoresed using 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to Immobilon-P (Sigma-Aldrich, Tokyo,
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Fig. 1. Expression vector used in the experiment. IL-1R1 was inser-
ted into the EcoRlI site of the pMKIT-neo vector (pMKIT-R1) using
the Gibson Assembly method. Using pMKIT-R1 as a template, a Hi-
BiT-tag was inserted directly below the N- terminal signal peptide by
the quick change site-directed mutagenesis method (N’-R1 vector).
Similarly, a HiBiT-tag was inserted just above the C-terminal stop
codon (C’-R1). The transmembrane region of IL-1R1 was deleted by
site-directed mutagenesis and designated as ATM-R1 vector.
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Japan). WB was performed according to the previously
reported method [14]. Briefly, the membrane was incuba-
ted with 1% BSA-PBST (0.5% Tween 20 containing 1%
BSA-PBS) for 1 h at room temperature. After blocking,
the membrane was further incubated with the primary
antibody. As the primary antibody, mouse anti-HiBiT anti-
body (Promega, Madison, WI, USA) was diluted (1/1,000)
with 1% BSA-PBST and incubated for 1 h at room tempe-
rature. A horseradish peroxidase (HRP)-labeled goat anti-
mouse IgG (H+L) antibody (Jackson ImmunoResearch,
West Grove, PA, USA; 1/5,000) was used as the secon-
dary antibody, and the reaction was performed at room
temperature for 1 h. GAPDH was used as an endogenous
control. Rabbit anti-human GAPDH antibody (1/10,000,
Proteintech, Rosemont, IL, USA) was used as the primary
antibody, and HRP-labeled goat anti-rabbit IgG (H+L) an-
tibody (Jackson ImmunoResearch, West Grove, PA, USA;
1/6,000) was used as the secondary antibody.

For the analysis of intracellular localization, the cyto-
plasmic and nuclear extracts were purified using NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Waltham, MA, USA). CR-R1-4
cells were transfected with pMKIT-R1, C’-R1. Total pro-
tein concentration was estimated as described above and
50 ng of protein was subjected to WB. Lamin B was used
as anuclear endogenous control. Rabbit anti-human Lamin
B antibody (Proteintech, Rosemont, 1L, USA; 1/1,000)
was used as the primary antibody, and HRP-labeled goat
anti-rabbit IgG (H+L) antibody (Jackson ImmunoRe-
search, West Grove, PA, USA; 1/6,000) was used as the
secondary antibody. GAPDH was used as an endogenous
control. Mouse anti-human GAPDH antibody (1/10,000,
Santa Cruz Biotechnology, Heidelberg, Germany) was
used as the primary antibody, and HRP-labeled goat anti-
mouse IgG (H+L) antibody (Jackson ImmunoResearch,
West Grove, PA, USA; 1/6,000) was used as the third an-
tibody. The bands were detected using a Clarity Western
ECL Substrate (Bio-Rad, California, USA). The data were
incorporated and analyzed with iBright imaging system
(Thermo Fisher Scientific, Waltham, MA, USA).

2. 5. Statistics

Statistically significant differences were determined
by two-tailed Student's t-test and Tukey's test. A p-value
<0.05 was considered significant. All data were plotted as
mean + standard deviation (SD).

3. Results
3. 1. Importance of cell membrane-spanning region

The reactivity of HeLa cells to IL-1 was examined. In
the presence of IL-1B, HeLa cells were induced to secrete
2962.1 + 281.3 pg/mL of IL-8 to the culture supernatant.
In contrast, in the absence of IL-1f, IL-8 secretion was
less than 5 pg/mL (Figure 2A). This indicated that IL-1R1
was functionally expressed in HeLa cells. Next, the IL-15
reactivity of the IL-1R1-deficient cell line CR-R1-4 cells
[13] was examined. Irrespective of the existence of IL-1,
CR-R1-4 cells did not secrete IL-8 (Figure 2B). When the
IL-1R1 was forced expressed in CR-R1-4 cells, significant
IL-8 secretion (2882.2 + 830.4 pg/mL) was observed in
response to IL-1p (Figure 2C) compared to pMKIT-neo
vector transfectant (control, 808.8 + 99.8 pg/mL).

Next, we examined the importance of transmembrane
region of IL-1R1 for IL-1p reactivity. CR-R1-4 cells were

transfected with ATM-R1 and stimulated with or without
IL-1B. As shown in Figure 2C, reactivity to IL-1p was
completely abolished indicating the indispensable role of
transmembrane region for IL-1p reactivity.

3. 2. Detection of IL-1R1

Next, we attempted to detect IL-1R1 at the protein le-
vel using a cell lysate of IL-1R1 transfectant in CR-R1-4
cells. In WB, a slight band around 75 kDa could be detec-
ted in the transfectant, and no IL-1R1 band could be de-
tected in the control (Figure 3A). We further attempted to
detect IL-1R1 with commercially available IL-1R1 ELISA
kit. However, IL-1R1 was not detected (data not shown).
Based on these data, we attempted to increase detection
sensitivity of IL-1R1 by adding the HiBiT-tag.

The results of WB were shown in Figure 3B. The clear
75 kDa band was only detected in C’-R1 transfectant.
However, the band could be detected neither’in N'-R1
nor pMKIT-R1 transfectant. These results indicated that
IL-1R1 detection sensitivity was augmented only when
HiBiT-tag was added to C-terminus of IL-1R1.

3. 3. Functional comparison between N- or C-terminus
tagging

Next, we investigated changes in receptor function
between N- and C-terminus HiBiT-tagging on IL-1RI.
When CR-R1-4 cells was transfected with pMKIT-neo,

A

T8 fpep'mdl |
Z 4

[]

Lom

[ EF

T8 g il b

&

i

FUKIT-R LikiE] | pMKIT-em

A T IF

Fig. 2. TL-1p reactivity of HeLa cells. (A) HeLa cells (5 x 10*
cells/24 wells) were cultured for 3 h in the presence (+) or absence
(-) of recombinant IL-1B (10 ng/mL), and the IL-8 concentration in
the culture supernatant was measured by ELISA. Each data was ex-
pressed as mean + SD *P<0.05 (n = 3). (B) CR-R1-4 cells (5 x 10*
cells/24 wells) were cultured for 3 h in the presence (+) or absence (-)
of recombinant IL-1f (10 ng/mL), and IL-8 in the culture supernatant
was measured by ELISA. (n = 3). © CR-R1-4 cells were transfected
with pMKIT-R1, ATM-R1, and pMKIT-neo vectors. The transfectants
were cultured for 3 h in the presence (+) or absence (-) of recombinant
IL-1B (10 ng/mL). The IL-8 concentration in the culture supernatants
was measured by ELISA. Each data was expressed as mean + SD
*P<0.05 (n=3).
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the cells did not respond to IL-1p (IL-8 in secretion; IL-13
(-) 600.4 = 49.1 pg/mL vs IL-1P (+) 653.6 + 49.4 pg/mL).
In contrast, pMKIT-R1 (1528.7 + 113.4 pg/m’), N'-R1
(1695.4 = 67.2 pg/mL), 'nd C'-R1 transfectants (1381.1
+ 9.9 pg/mL) showed significant IL-1f response (Figure
3C). The results indicated that neither N- nor C-terminus
tagging affected IL-1R1 function. Based on these results,
we focused on "he C'-R1 transfectant for further study.

3. 4. Subcellular localization of C’-R1

To examine the C-terminus HiBiT-tagging on the sub-
cellular localization of IL-1R1, C’-R1 and pMKIT-R1
were transfected to CR-R1-4 cells. The nuclear or cyto-
plasmic extracts were obtained and subjected to WB. In
pMKIT-R1 transfectant, IL-1R1 was detected as a faint
75 kDa band in nuclear extract (Figure 4 left upper row)
but not in the cytoplasmic extract. In contrast, with the
C'-R1 transfectant, IL-1R1 reactivity was significantly
augmented. IL-1R1 was detected in both nuclear and cy-
toplasmic extracts, however, the band in the cytoplasmic
extract was extremely stronger than that of nuclear extract
(Figure 4, right upper row). The results suggested that ad-
ding HiBiT-tag to the C-terminus of IL-1R1 may augment
the detection sensitivity of IL-1R1.

We next examined the subcellular localization of IL-
1R1 with immunofluorescence cell staining.

When the pMKIT-R1 transfectant was observed, signi-
ficantly weak fluorescence was mainly detected in the cell
nuclei (Figure 5 upper row). In the C’-R1 transfectant,
however, fluorescence could be observed not only in the
nucleus but also in the cytoplasm (Figure 5, lower row).
This suggested that the localization of IL-1R1 may be
changed by adding an HiBiT-tag to the C-terminus.

4. Discussion

It has already been shown that HeLa cells enhance IL-8
production in response to IL-1 stimulation [15], and we
obtained similar results in this study. This indicated that
IL-1R1 and IL-1R3, which are essential for IL-1 signal
transduction, are expressed in HeLa cells while maintai-
ning their functions [2]. Therefore, we attempted to detect
the expression of endogenous IL-1R1 in HeLa cells using
several types of commercially available antibodies. Al-
though IL-1R1 has been reported to be detected in various
organs of mice and rats by immunohistochemical tech-
niques [16-18], we observed extremely weak fluorescence
only in nuclei of IL-1R1-transfected, but non-transfected,
HeLa cells by immunofluorescent staining. However,
it could not be detected by WB or ELISA using whole-
cell lysate. Our results are in consistent with the previous
reports. Although mouse pre-B lymphoblast cells (70Z/3)
can transduce IL-1 signal, detection of IL-1R1 at the pro-
tein and mRNA levels [19] using conventional methods is
extremely difficult. The difficulty might be due to the fact
that only about 20 IL-1R1 molecules on the cell surface is
sufficient to transduce the IL-1-binding signal [12]. These
facts prompted us to examine if it would be possible to
increase the detection sensitivity by adding a tag to IL-
IR1. For this purpose, we added HiBiT-tag to either N-
or C-termini of IL-1R1. The results revealed that only the
C-terminus tagging improves the detection sensitivity of
IL-1R1. Liu et al. [19] created special genetically modi-
fied mice and searched for differences in IL-1R1 function
among cell types in the brain. In consistent with our data,
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Fig. 3. Detection of IL-1R1 in CR-R1-4 cells. (A) pMKIT-R1 (left)
or pMKIT-neo (right) were transfected into CR-R1-4 cells. The cell
lysates were subjected to WB. GAPDH was used as an endogenous
control. The representative data are shown. (n = 5). (B) CR-R1-4
cells were transfected with pMKIT-R1 (lane 1), N’-R1(lane 2), C’-R1
(lane 3) or pMKIT-neo (lane 4), and the cell lysates were subjected
to WB with anti-HiBiT antibody. GAPDH was used as an endoge-
nous control. The representative data are shown. (n=3). (C) CR-R1-4
cells (5 x 10* cells/24 wells) were transfected with pMKIT-R1, N’-
R1, C’-R1, or pMKIT-neo, and cultured in the presence or absence of
recombinant IL-13 (10 ng /mL) for 3 h. The culture supernatant was
harvested and subjected to IL-8 ELISA. Each data was expressed as
mean = SD *p<0.05 (n = 3).
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Fig. 4. Comparison of subcellular localization between wild-type
IL-1R1 and C’-R1. Cytoplasmic and nuclear fractions were extracted
from pMKIT-R1 (left) or C’-R1-transfected CR-R1-4 cells (right) and
subjected to WB using anti-IL-1R1 or anti-HiBiT antibodies. GAPDH
and LaminB1 were used as internal controls. The representative data
are shown. (n = 3).
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Fig. 4. Comparison of subcellular localization between wild-type

IL-1R1 and C’-R1. Cytoplasmic and nuclear fractions were extracted
from pMKIT-R1 (left) or C’-R1-transfected CR-R1-4 cells (right) and
subjected to WB using anti-IL-1R1 or anti-HiBiT antibodies. GAPDH
and LaminB1 were used as internal controls. The representative data
are shown. (n = 3).
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only C-terminus tagging resulted in the successful IL-1R1
detection. Over expression of C’-R1 to CR-R1-4 cells re-
covered the reactivity to IL-1f indicating the functional
integrity of C’-R1 molecule. Unexpected result was the
changes in intracellular localization of C’-R1. IL-1R1 is
localized primarily in the nucleus, but C’-R1 moves to the
cytoplasmic space.

What is the relationship between changes in the intra-
cellular localization of IL-1R1 and improved detection
sensitivity? The intracellular region of IL-1R1 encom-
passes the TIR domain [20], which is composed of three
important regions, box-1, 2 and 3. Both box-1 and 2 are
reported to be indispensable for the IL-1R1 signaling [21].
Box-3 is speculated to be important for the adaptor mole-
cule interaction [22]. The change in intracellular localiza-
tion might be due to the conformational change of IL-1R1
without affecting the signaling function.

Additionally, the fact that signal transduction was not
inhibited by adding HiBiT-tag to the C-terminus indicates
that it does not significantly affect the association with
adapter molecules such as MyD88. IL-1R1 undergoes
intramembrane proteolysis (RIP) by presenilin-dependent
y-secretase [23], and the extracellular region is released
outside the cell. As a result, plasma membrane and cyto-
plasmic region, termed the C-terminal domain (CTD), is
generated and this CTD has been suggested to be involved
in intracellular and nuclear signaling [24]. The increased
detection sensitivity of C'-R1 in this study may be due to
inhibition of RIP by the HiBiT-tag. This possibility is only
confirmed by examining whether CTD-mediated signaling
is affected in C’-R1 transfectant or not.

In this study, we were also unable to detect endogenous
IL-1R1 mRNA in HeLa. This may be due to mRNA stabi-
lity [25, 26]. Although there are no reports regarding the
stability of IL-1R1 mRNA, it has been reported that the
RNA-binding protein tristetraprolin (TTP) is involved in
the stability of the ligand IL-1 mRNA [27]. We also in-
vestigated the involvement of the intracellular proteolytic
system [28] and confirmed that pretreatment with MG132,
a proteasome inhibitor, did not affect the detection sen-
sitivity of IL-1R1. (data not shown). IL-1R1 turnover is
reported to takes approximately 11 h [29], and this time
frame is considered to be sufficient for IL-1R1 detection at
the protein level. The CR-R-1-4 cells used to confirm the
intracellular localization of IL-1R1 were cells in which IL-
1R1 was knocked out using the CRISP/Cas9 system [13].
A higher amount of IL-8 was secreted by CR-R1-4 cells
compared to parental HeLa cells. Although the biological
function of IL-1R1 nuclear localization is not clarified,
this may suggest the involvement of IL-1R1 in gene trans-
cription activity, and we would like to investigate this in
the future, as well as why it is difficult to detect IL-1R1
biochemically.

As mentioned above, IL-1R1 was mainly localized in
the nucleus in HeLa cell. It has been reported that IL-1
bound to IL-1R1 on the cell surface is internalized and
translocated to the nucleus [29-31]. Some of these reports
suggest that nuclear localization of IL-1R1 is dependent
on a nuclear localization signal present in the N-terminal
region of IL-1a, since the nuclear localization of IL-1R1
is not confirmed in the absence of IL-1a [32]. However,
in patients with dermatomyositis, IL-1R1 is expressed in
the nucleus of skeletal muscle cells [33], and Kuno et al.
[34] also found that IL-1R1 has an amino acid sequence

extremely similar to NLS at its C-terminus. Using the cell
fractionation experiment, nuclear IL-1R1 was partially
translocated to the cytoplasm by adding HiBiT-tag to the
C-terminus. This suggested the possibility that the above
sequence functions as an NLS, and that its function was
inhibited by the addition of the HiBiT-tag. The meaning
of IL-1R1 nuclear localization and its function should be
clarified in future research.
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