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Abstract

Purpose: The study aimed to examine the nuclear localization of propiece interleukin
(IL)-1a (ppIL-1a) and extracellular release rates of pplIL-1a, precursor IL-1a (pIL-1a),
and mature IL-1a (mIL-1a).

Methods: The subcellular localization of IL-1a molecules was observed in HeLa cells
transfected with green fluorescence protein (GFP)-tagged IL-1a. Extracellular release
efficiency was examined using N-terminal HiBiT-tagged IL-1a. The nuclear localization
status of ppIL-1a was examined by incubating ppIL-1a transfectants with 0.1% Triton X-
100 solution or with complete medium on ice.

Results: The results indicated the diffuse cytoplasmic and nuclear localization for m
and p and pplIL-1, respectively. All IL-1a forms were released from the cells even in the
steady state, and the release efficiency was 25%, 13%, and 8% for mIL-1a, pIL-1a, and
pplL-1a, respectively. Under oxidative stress condition, GFP-mIL-1a was totally
diminished, but weak fluorescence of GFP-pIL-la and GFP-pplIL-la was detected,
nuclear localization of GFP-ppIL-1a was completely abolished by 0.1% Triton X-100
treatment, however, it remained in the nucleus after culture in complete medium on ice.

Conclusion: The results of this study showed that ppIL-1a was localized in the nucleus
and released extracellularly even in the steady state. Moreover, its nuclear localization is

not firm, and it is presumed to be floating in the nucleoplasm.



Introduction

Alarmin, a molecule released by damaged cells [1], functions as a "warning signal"
that induces an inflammatory response in the surrounding tissues and activates the innate
and acquired immune systems in the body. Interleukin (IL)-1a is a representative alarmin
released under hypoxic, oxidative, and heat conditions [2], and is involved in various
activities, such as angiogenesis and wound healing, among others. IL-1a is produced in
the cytoplasm as a 34 kDa precursor (pIL-1a), and is, subsequently, cleaved by enzymes
such as calpain (Ca? *-dependent proteolytic enzyme) [3-5], granzyme B (GzmB) [6], and
thrombin [7]. The enzymatic cleavage results in the generation of N-terminal propiece
IL-1a (ppIL-1a) and C-terminal mature IL-1a (mIL-1a) [8,9]. pIL-1a and mIL-1a are
extracellularly secreted and exert their functions through the same IL-1 receptor type I
[10]. Furthermore, pIL-1a and ppIL-1a are translocated to the nucleus due to the existence
of the nuclear localization sequence (NLS) [11] and contribute to the transcriptional
control of their target genes [8,12]. Additionally, pIL-1a is reported to bind to nuclear
chromatin [13,14] and other nuclear proteins [15]. However, studies on the existence of
intracellular ppIL-1la and the extracellular functions of ppIL-1la are lacking. Therefore,
the aim of this study was to examine the nuclear localization of pplL-la and the

extracellular release rates of ppIL-1a, pIL-1a, and mIL-1a.



Materials and Methods

Cells

The experiments were performed using HeLa cells (fibroblasts derived from human
uterine cancer cells) obtained from the Health Science Research Resources Bank in Osaka,
Japan. The cells were maintained in Dulbecco's minimum essential medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 50 ug/mL streptomycin, and 50 U/mL

penicillin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C and 5% COa.

Plasmid construction

Expression vectors (HiBiT-pIL-1a, HiBiT-mIL-1a, and HiBiT-ppIL-1a) carrying the
N-terminal HiBiT-tag (11 amino acids [VSGWRLFKKIS]) were constructed using the
Quick-Change site-directed mutagenesis kit (Invitrogen, Carlsbad, CA, USA) and the
pcDNA-pIL-1a vector [16] as a template. Each IL-1a was inserted into the pEGF-vector
and fused to the N-terminal green fluorescence protein (GFP) tag in frame (GFP-pIL-1a,
GFP-mlIL-1a, and GFP-pplL-la vectors) (Fig.1). H2BmCherry expression vector
carrying histone H2B tagged with mCherry was purchased from Addgene (Watertown,
MA, USA). The NLS-deletion mutant of ppIL-1a (ANLS) was generated using the Quick-
Change site-directed mutagenesis kit (Invitrogen) and the GFP-pplIL-la vector as a
template. The primer sequence used was as follows: forward- 5'-
GTAGCAACCAACGGGAGTTTAAGCCAATCC-3', reverse- 5'-
GGATTGGCTTAAACTCCCGTTGGTTGCTAC-3'". For transfection, each plasmid

(125 ng) was dissolved in 25 pL of OPTI-MEM (GE Healthcare, Chicago, IL, USA) and



mixed with Plus reagent (0.75 puL) (Thermo Fisher Scientific, Waltham, MA, USA).
Alternatively, lipofectamine LTX (0.75 uL) (Thermo Fisher Scientific) was dissolved in
25 uL of OPTI-MEM (GE Healthcare). Both solutions were mixed and allowed to react
at room temperature for 10 min following which, the transfection mixture was added to

the culture medium and cultured for 18 h.

Coverslip experiments

HeLa cells (5 x 10%/well) were seeded on coverslips (diameter, 10 mm; Matsunami,
Tokyo, Japan) plated in a 24-well plate. After 18 h, the cells were transfected with GFP-
pIL-1a, GFP-mIL-1a, and GFP-ppIL-1a. Another 18 h later, the coverslips were washed
with phosphate buffer saline (PBS) and fixed with 2% paraformaldehyde. GFP-pIL-1a,
pplL-1a, and mCherry were co-transfected into the HeLa cells to examine the nuclear
localization of IL-1a; the unfixed transfectants were treated with 0.1% Triton X-100/ PBS
solution for 5 min on ice. After the treatment, the cells were washed with PBS (warmed
to 37°C) and fixed with 2% paraformaldehyde. After further washing with PBS, the
coverslips were mounted with DAPI-Fluoromount-G (Southern Biotech, AL, USA). An
all-in-one fluorescence microscope (BZ-X810, KEYENCE, Osaka, Japan) was used to
observe and capture the images. For oxidative stress experiment, the transfectants were
cultured in the presence or absence of 10 mM hydrogen peroxide solution (H202; Fujifilm
Wako Pure Chemical Industries, Osaka, Japan) for 6 h. The transfectants were also
cultured with or without 10 nM importazole (Ann Arbor, MI, USA) for 6 h to investigate

energy-dependent ppIL-1a nuclear import.

The HiBiT system and enzyme-linked immunosorbent assay



HeLa cells (1 x 10%well) were seeded on a 48-well plate and transfected with the
HiBiT-tagged IL-1a vectors. The cells were cultured for 3 h in the presence or absence
of 10 mM H>O» (Fujifilm Wako). The culture supernatant and cell lysate (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, and 0.5% Triton X-100) were collected and the expression
levels of HiBiT were measured. The secretion efficiency was calculated using the
following formula: [culture supernatant/ (culture supernatant + cytolysis) x 100 (%)].
HiBiT expression level was quantified using the Nano-Glo HiBiT Lytic Detection System
(Promega, WI, USA). Nano-Glo HiBiT Lytic Substrate and LgBiT protein were diluted
with Nano-Glo HiBiT Lytic Buffer (x 50, x 100). Subsequently, the HiBiT/LgBiT buffer
and the samples were mixed well and allowed to stand at room temperature for 10 min.
The GloMax 20/20 Luminometer (Promega) was used to measure luciferase activity. The
cell lysates and the culture supernatants were harvested and subjected to IL-1a enzyme-
linked immunosorbent assay (ELISA) using the DuoSet ELISA Development System (R
& D Systems, Tokyo, Japan). A microplate reader (model 3550; Bio-Rad, Tokyo, Japan)

was used for the measurements.

Statistical analysis

The expression level of HiBiT (Fig. 3) and ELISA (Fig. 4) data were set to N = 6 for
both samples. The normality test was performed using the Shapiro-Wilk test. The results
showed a non-normal distribution (P = 0.498 (Fig. 3), P = 0.116 (Fig. 4)). In addition,
homoscedasticity check was performed by Levene test. (P = 0.490 (Fig. 3), P = 0.129
(Fig. 4)). Then, parametric analysis was conducted using t-test and one-way analysis of
variance (ANOVA) followed by Tukey's test. The results are expressed as mean =+

standard deviation. P values less than 0.05 were considered statistically significant. All



of the analyses are conducted using R version 4.0.1 (R Core Team (2020). R: A language
and environment for statistical computing. R Foundation for Statistical Computing,

Vienna, Austria, http://www.R-project.org/).



Results

Intracellular localization of IL-1a

The intracellular localization of the three types of IL-1a molecules was examined
using the GFP-pIL-la, GFP-ppIL-la, and GFP-mIL-1a transfectants. mIL-la was
diffusely distributed in the cytoplasm, whereas pIL-1a and ppIL-1a were mainly localized
in the nucleus (Fig. 2A). The culture of transfectants in the presence of H,O> for 3 h
resulted in the complete disappearance of fluorescence in the case of GFP-mIL-1a. In the
cases of GFP-pIL-1a and GFP-ppIL-1a, most of the fluorescence was diminished, but
some nuclear fluorescence was observed even after the oxidative stress (Fig. 2B). NLS-
deletion mutant (ANLS) was not localized in the nucleus; hence, NLS was confirmed to

be an indispensable motif for nuclear localization of ppIL-1a (Fig. 2C).

Extracellular release of IL-1a

The HiBiT-tagged vectors were transfected into the HeLa cells, and the luciferase
activity in the culture supernatants and lysates was measured after 18 h of culture to
examine the possible spontaneous secretions of pIL-la, mlIL-la, and pplL-la.
Consequently, 12.9% + 4.6%, 25.5% =+ 2.6% and, 7.6% + 4.6% of pIL-1a, mIL-10, and
ppIL-1la were released extracellularly; mIL-1a presented with the highest percentage of
extracellular release. Surprisingly, both pIL-1a and pplL-1a were constitutively secreted
into the culture supernatant (Fig. 3). To examine whether IL-1a release was augmented
under oxidative stress conditions, the concentrations of pIL-lo and mlIL-la were

measured by ELISA. The amount of IL-1a released under non-oxidative stress was 337.9



+ 51.3 pg/mL in the culture supernatant and 488.1 + 98.1 pg/mL in the cell lysate; on the
other hand, the corresponding values under oxidative stress were 358.9 = 51.1 pg/mL and

103.9 + 30.9 pg/mL, respectively (Fig. 4).

Nuclear localization of ppIL-1a

The results obtained by the HiBiT-tagged vector transfectants indicated that nuclear
localization of both pIL-1a and ppIL-1a might be weak. The treatment of the cells in the
presence of 0.1% Triton X-100 resulted in the release of weakly associated nuclear
proteins from the nucleus. GFP-pplIL-1a or GFP-pIL-1a was co-transfected with H2B-
mCherry into the HeLa cells and treated with or without 0.1% triton X-100 solution. The
localization of both GFP-ppIL-1a and GFP-pIL-1a in the nucleus disappeared completely
within 5 min of the treatment. On the other hand, H2B-mCherry remained in the nucleus
(Fig. 5A). Furthermore, in order to investigate whether the nuclear translocation of ppIL-
la was energy-dependent, the transfectants incubated in the culture medium were placed
on ice for 10 min. The nuclear localization of GFP-ppIL-1a and H2B-mCherry were
maintained even after the treatment (Fig. 5B). To further examine energy-dependent
nuclear import of ppIL-1a, the transfectants were pre-incubated with importin B-inhibitor,
importazole. As shown in Figure 5C, the treatment did not affect the nuclear localization

of GFP-ppIL-1a (Fig. 5C).



Discussion

The use of GFP-tagged IL-1a expression plasmids in this study revealed that mIL-1a
was diffusely distributed in the cytoplasm, whereas pIL-1a and ppIL-1a were localized
in the nucleus. These results were consistent with that in a previous report, where N- and
C-terminal tagging to the IL-1a molecules did not alter the intracellular localization and
functions of IL-10 molecules [12]. The nuclear localization was abolished by deleting the
NLS, thus demonstrating the indispensable role of NLS for nuclear localization in the
current study (Fig. 2C). Although the mechanisms underlying the nuclear translocation
of IL-1a have not been elucidated so far, Luheshi et al. postulated a Ran (small G protein)-
dependent IL-1a translocation to the nucleus [17]. If that is the case, IL-1a must bind to
the importin family protein. Attempts to elucidate the partner molecule that binds to IL-
la are currently being made.

Besides the nucleus, pIL-1a is known to localize in the cell membrane. This notion is
originated from the discovery that IL-1a activity is present in the cell membrane fraction
[18]; however, the mechanism involved has not been clarified yet. IL-1a can be modified
by phosphorylation or myristoylation [19-22], but the relationship between these
modifications and cell membrane localization remains unclear.

HiBiT-tagged IL-1a molecules were forcefully expressed in HeLa cells to determine
the rate of secretion of IL-1a. Interestingly, ppIL-1a, in addition to mIL-1a and pIL-1a,
was secreted spontaneously in the culture medium (Fig. 3). The GFP-tagged IL-1a
molecules were diminished in the presence of oxidative stress; therefore, attempts were

made to measure the rate of IL-1a secretion after H2O» treatment. However, the attempt



proved unsuccessful, probably due to the presence of H>O» in the culture medium. The
addition of H»O; to IL-la did not seem to affect the measurements. Using the
commercially available ELISA kit, which can measure only the pIL-la and mIL-1a
concentrations, a drastic reduction in intracellular IL-1a concentration was observed in
response to H>O». In contrast, the concentration of IL-1a in the culture media was not
increased. The presence of H2O: in the culture media did not seem to affect the
measurement. The reason for the inability to detect an increase in IL- la in the culture
supernatants in the current study is not clear.

pIL-1a and mIL-1a can transmit signals via the same IL-1 receptor (IL-1R) expressed
on the cell surface of target cells [10]. The results obtained in the current study
demonstrated the spontaneous, albeit very low, efficiency in ppIL-1la secretion (Fig. 3).
IL-1a is produced as pIL-1a inside the cells and cleaved to generate both pplL-la and
mlIL-1a. Theoretically, the molecular ratio of ppIL-1a produced is equal to that of mIL-
la. Moreover, pIL-1a is cleaved by various enzymes, such as granzyme B and thrombin
[6]. Thus, ppIL-1a might be generated if the secreted pIL-1a comes in contact with these
enzymes extracellularly. Nonetheless, there are no reports on the existence or functions
of ppIL-la in vivo. Based on these backgrounds, the attempt was made to detect the
presence of pplL-la in the body using recombinant pplL-la in E. coli by others.
Furthermore, a polyclonal antibody was generated and the sandwich ELISA system was
established [16]. However, the existence of pplL-la in the body fluids could not be
demonstrated due to the low sensitivity of the method used. Further investigations are
needed to demonstrate the presence of ppIL-1a in the body.

Spontaneous secretion of pplL-la was observed in the present study; therefore, the

nuclear localization status of ppIL-1a was expected to be weak. The experimental method
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developed by Imamoto et al. was used to explore the nuclear localization of ppIL-1a [23,
24]. The cells were consecutively treated with detergent or high salt-containing solutions.
The protein of interest is released from its original location based on the mode of
localization in the organelle. In the present study, the pplL-la transfectants were
incubated with Triton X-100 solution. The nuclear localization of pplL-la was
completely abolished within 5 min of treatment (Fig. 5A), whereas that of co-transfected
H2B-mCherry was not affected. These findings indicated that ppIL-1a was localized in
the nucleus in a relatively weak manner. To further investigate the energy-dependent
nuclear import of ppIL-1a, the transfectant was cultured in the medium on ice for 10 min
(Fig. 5B). Generally, the shuttling of proteins between the nucleus and the cytoplasm,
which occurs in an energy-independent manner, is diminished in the nucleus after on ice
treatment. However, it did not seem to affect the nuclear localization of pplL-1la.
Although the mechanisms underlying the nuclear translocation of IL-1a have not been
elucidated so far, Luheshi et al. postulated a Ran (small G protein)-dependent IL-1a
translocation to the nucleus [17]. If that is the case, IL-1a must bind to the importin family
protein, especially importin . Based on these assumptions, the transfectants were further
incubated with importin B-inhibitor, however, the nuclear localization was not affected
(Fig. 5C). Attempts to elucidate the partner molecule that binds to IL-1a are currently
being made. ppIL-1a has been shown to contribute to the gene expression of various
proteins [12]. Moreover, IL-1a interact with its partner proteins in the nucleus [14,25,26].
The results of present study suggested that ppIL-1a might be floating in the nucleoplasm.
Thus, it could be speculated that ppIL-1a forms a complex with some proteins in response
to the extracellular stimuli. These results of this study suggest that ppIL-1a might exert

its extracellular functions. If this is the case, the receptor for pplL-la should be
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determined. Identification of ppIL-1a receptor might further understanding about the role
of IL-1a in adaptive immunity.

In the present study, ppIL-1a was found to have a weak nuclear localization due to
which, it was spontaneously secreted. Additional studies are required to evaluate the

existence and function of ppIL-1a in the extracellular space.
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Conclusion

Based on these results, it was concluded that ppIL-1a was localized in the nucleus and
released extracellularly even in the steady state. ppIL-1a nuclear localization is not firm,

and it could be floating in the nucleoplasm.
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Fig. 1 Structure of IL-1a

IL-1a is produced intracellularly as precursor IL-1a (pIL-1a) (1-271). pIL-1a is cleaved
to generate ppIL-la (N-terminal 1-112) and mIL-1a (C-terminal 113-271). The nuclear
localization sequence (NLS) is located at 79-86. The position of the amino acids were

indicated by the numbers.
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Fig. 2 Intracellular localization of IL-1a
HeLa cells were transfected with GFP-pIL-1a, GFP-mIL-1a, and GFP-ppIL-1a. (A) After

transfection, the cells were observed with a fluorescence microscope (Scale bar; 20 um).

Scale bar; 20 pm

(B) The transfectants were cultured in the presence (+; lower panel) or absence (-; upper
panel) of 10 mM HxO> for 3 h and images were obtained. Arrows indicate the GFP
fluorescence positive cells. (C) NLS-deficient mutant (ANLS) plasmid was transfected
and the intracellular localization was observed. DAPI was used for the nuclear staining
(Scale bar; 20 um).
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Fig. 3 Bar graph showing the release rate of IL-1a

HeLa cells were transfected with HiBiT-pIL-1a, HiBiT-mIL-1a, and HiBiT-ppIL-1a.
After transfection, the cells were further cultured for 18 h and the culture supernatants
and cell lysates were collected, and the amount of HiBiT released was measured. The
vertical axis of the graph represents (%), and the horizontal axis represents the sample
name. The secretion efficiency was calculated by the following formula. [Culture
supernatant / (culture supernatant + cytolysis)] x 100 (%) (n = 6). *P = 0.012, **P =
0.001.
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Fig. 4 Bar graph showing the effect of oxidative stress

HeLa cells were transfected with HiBiT-pIL-1a, cultured with or without H2O: for 3 h.
The culture supernatants and cell lysates were collected. IL-lo concentration was
measured by the ELISA (n = 6). The amount of IL-1a concentration in the cell lysate was
drastically reduced. On the other hand, IL-1a concentration in the culture supernatant was
not increased with H20- treatment. **P = 0.002.
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Fig. 5 Nuclear localization of ppIL-1a

HeLa cells were co-transfected with GFP-ppIL-la or GFP-pIL-1a along with H2B-
mCherry. The transfectants were treated with 0.1% Triton X-100/PBS solution on ice for
5 min and washed with PBS. (A) Arrows indicate the GFP-ppIL-1a or GFP-pIL-1a
positive cells. (B) The GFP-ppIL-1a transfectant was incubated with 10% FCS-DMEM
on ice for 10 min (Scale bar; 20 um). Arrows indicate the cells positive for both GFP-
ppIL-1a and H2B-mCherry overlapped with DAPI. (C) GFP-pplIL-1a transfectants were
treated with (lower) or without (upper) importin B-inhibitor, importazole (10 nM) for 6 h.

(Scale bar; 10 um). The representative images of at least three independent experiments

were shown for (A), (B) and (C).
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