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Human mature IL-33 is a member of the IL-1 family and a
potent regulator of immunity through its pro-T helper cell 2
activity. Its precursor form, full-length interleukin-33 (FLIL33),
is an intranuclear protein in many cell types, including fibro-
blasts, and its intracellular levels can change in response to stim-
uli. However, the mechanisms controlling the nuclear localiza-
tion of FLIL33 or its stability in cells are not understood. Here,
we identified importin-5 (IPO5), a member of the importin fam-
ily of nuclear transport proteins, as an intracellular binding
partner of FLIL33. By overexpressing various FLIL33 protein
segments and variants in primary human lung fibroblasts and
HEK293T cells, we show that FLIL33, but not mature interleu-
kin-33, physically interacts with IPO5 and that this interaction
localizes to a cluster of charged amino acids (positions 46 –56)
but not to an adjacent segment (positions 61– 67) in the FLIL33
N-terminal region. siRNA-mediated IPO5 knockdown in cell
culture did not affect nuclear localization of FLIL33. However,
the IPO5 knockdown significantly decreased the intracellular
levels of overexpressed FLIL33, reversed by treatment with the
20S proteasome inhibitor bortezomib. Furthermore, FLIL33
variants deficient in IPO5 binding remained intranuclear and
exhibited decreased levels, which were also restored by the bort-
ezomib treatment. These results indicate that the interaction
between FLIL33 and IPO5 is localized to a specific segment of
the FLIL33 protein, is not required for nuclear localization of
FLIL33, and protects FLIL33 from proteasome-dependent deg-
radation.

IL-33 is a member of the IL-1 family of cytokines that has
been implicated as a major regulator of immune homeostasis
and a contributor to pathologic inflammatory and fibrotic pro-

cesses (1, 2). Increased levels of IL-33 have been shown in
asthma (3–5), chronic obstructive pulmonary disease (6, 7), and
idiopathic pulmonary fibrosis (8, 9). Receptor-mediated cyto-
kine activity of IL-33 is driven by its C-terminal region, termed
mature IL-33 (MIL33),2 which is released as a proteolytic prod-
uct of the precursor, or full-length IL-33 (FLIL33). Both FLIL33
and MIL33 can bind to the T1/ST2 receptor (3, 10, 11), but
MIL33 binds with much higher affinity and is a far more potent
inducer of Th2 responses (12). The majority of IL-33 research
has focused on MIL33, but many of the diseases in which IL-33
has been implicated are not mediated by Th2-type inflamma-
tion. Intracellular FLIL33 is quantitatively predominant in tis-
sues and is constitutively expressed in a wide variety of cell
types, with increasing evidence suggesting a role in Th2-inde-
pendent processes (1, 2, 8, 9, 12–14).

At the molecular level, nuclear FLIL33 can bind to histones
and is associated with euchromatin and heterochromatin (13,
15–17). FLIL33 can also bind to NF-�B, interfering with pro-
inflammatory intracellular signaling (13). At the cellular level,
studies report that FLIL33 mediates the mechanoresponsive-
ness of fibroblasts (4) and contributes to non-Th2-mediated
fibrosis in vivo (8, 12). Additionally, the N-terminal domain of
the protein targets FLIL33 to the nucleus and contains the tar-
get sites for proteolytic enzymes, cleaving FLIL33 into MIL33
(18). Genetically modified mice that express IL-33 lacking the
N-terminal domain have markedly elevated systemic levels of
IL-33 and die of massive sterile inflammation (19). More
recently, alternatively spliced variants of IL-33 lacking seg-
ments of the N terminus were primarily localized to the cyto-
plasm, secreted extracellularly, and retained the capacity for
receptor binding and immunologic effects. Increased levels of
these transcripts were found in the airways of asthma patients
with type 2 inflammation (20). We have recently reported that
intracellular levels of FLIL33 protein are regulated by Th1 and
Th2 cytokines post-translationally through proteasomal degra-
dation (21). Given the complexities of subcellular distribution,
proteolytic processing, and the differential biological effects of
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FLIL33 and MIL33, in-depth investigations into the intracellu-
lar regulation of FLIL33 through its N-terminal domain are
warranted.

Importins are chaperone proteins primarily involved in the
delivery of macromolecules across the nuclear pore complex
through recognition of a nuclear localization sequence on their
cargoes (22). Importins are also known to perform other func-
tions, such as regulation of intracellular stability of proteins (23)
or protein secretion (24). Importin-5 (IPO5, also referred to as
karyopherin �3 (KPNB3) and Ras-related nuclear protein-
binding protein 5 (RANBP5)) is one of these carriers and is a
member of the importin-� superfamily (24 –30). Here, we dem-
onstrate that IPO5 is a novel intracellular binding partner of
FLIL33 but is not required for its nuclear localization and does
not control its secretion. Rather, we show that the interaction
between IPO5 and FLIL33 results in stabilization of the intra-
cellular FLIL33 protein by protecting it from proteasome-de-
pendent degradation.

Results

FLIL33 interacts with IPO5

To identify intracellular partners of IL-33, the human FLIL33
gene was delivered to primary adult human pulmonary fibro-
blasts using infection with FLIL33-encoding recombinant rep-
lication-deficient adenovirus (AdV) or electroporations with
FLIL33-encoding recombinant plasmids. Similar constructs
with the same AdV backbone or plasmid backbone but encod-
ing full-length precursor form of human IL-37 (FLIL37, a mem-
ber of the IL-1 family) were used as controls. In all of these
constructs, the encoded proteins were fused to an HA tag
through a flexible peptide linker on the C terminus of the mole-
cule. The resulting fusion proteins are referred to as FLIL33HA
and FLIL37HA. Following overexpression of these HA-tagged
proteins in deidentified adult primary normal human lung
fibroblast (NHLF) cell cultures, cell lysates were incubated with
anti-HA antibody covalently immobilized to magnetic beads. In
a set of six preliminary experiments, eluates from the beads
used to capture FLIL33HA or FLIL37HA were analyzed by LC-
MS/MS. The results suggested that FLIL33HA but not
FLIL37HA co-immunoprecipitated with IPO5. To validate
these observations, Western blotting assays of the co-immuno-
precipitates were performed, confirming that FLIL33HA, but
not FLIL37HA, bound IPO5 (Fig. 1, A and B). Identical experi-
ments were performed with FLIL33HA- and FLIL37HA-over-
expressing HEK293T cells with similar results (Fig. 1C). As an
additional control, Western blots of the same immunoprecipi-
tates for selected other importins did not show an association
with FLIL33HA. These included blots probed with an antibody
against importin �1 and an antibody reactive to importins �1,
�3, �5, and �7.

Separate plasmid constructs were prepared that encoded
N-terminal (aa 1–111) and C-terminal (aa 112–270) segments
of FLIL33; the encoded proteins were tagged with HA similarly
to FLIL33HA and FLIL37HA. The aa 112–270 construct
encoding mature IL-33 was synonymically designated as
MIL33HA. Co-immunoprecipitation experiments revealed that
the N-terminal segment interacts with IPO5 similarly to

FLIL33HA, whereas MIL33HA showed no detectable binding
of IPO5 in HEK293T cells (Fig. 1D). In all of these experiments,
intracellular interaction with IPO5 was assessed. An additional
experiment was performed to determine whether IL-33 can
bind IPO5 in vitro. HEK293T cells were electroporated with a
non-coding control NULL plasmid or MIL33HA- or FLIL33-
encoding plasmids, and the proteins were immunoprecipitated
from cells lysates utilizing anti-HA antibody immobilized on
magnetic beads. Separately, HEK293T cells were electropo-
rated with a plasmid encoding an IPO5-Myc fusion construct,
which was then immunoprecipitated from cell lysates using
anti-Myc antibody immobilized on agarose beads. Following
elution of IPO5-Myc from the beads, the eluent was applied to
magnetic beads coated with MIL33HA or FLIL33HA prepared
as described above. The resulting protein complexes were
eluted from the magnetic beads and analyzed by Western blot-
ting for Myc and HA. It was found that, similar to their intra-
cellular interactions, FLIL33HA but not MIL33HA binds IPO5
(Fig. 1E). A conclusion was made that FLIL33 interacts with
IPO5 through its N-terminal segment in living cells and in vitro.

Interaction with IPO5 localizes to the N terminus of FLIL33

Having observed that FLIL33 and its N-terminal segment,
but not MIL33, binds IPO5, we sought to narrow down the
IPO5-binding region within the N-terminal segment of FLIL33.

Figure 1. IPO5 co-immunoprecipitates with FLIL33. Overexpression of
FLIL33HA, FLIL37HA, MIL33HA (aa 112–270), or HA-tagged N-terminal seg-
ment of FLIL33 (aa 1–111, N-term) was achieved in cultured NHLF (A and B) or
HEK293T cells (C–E) using electroporations with plasmids (A, D, and E) or infec-
tions with recombinant replication-deficient AdV (B and C), as indicated. Non-
coding plasmid and AdV vehicles were used as controls (NULL). Cell lysates
were loaded whole (W) or after IP, and Western blots were developed with
antibodies against IPO5 or HA, as indicated (A–D). In E, IPO5-Myc was immu-
noprecipitated with anti-Myc antibody and incubated with anti-HA beads
loaded with MIL33HA, FLIL33HA, or control beads (NULL) for 1 h at room
temperature. The beads were then washed, and the eluates were analyzed by
Western blotting using antibodies against Myc or HA, as indicated. The exper-
iments in NHLF were performed on 10 separate occasions with each plasmid-
based and AdV gene delivery utilizing primary cell cultured from four sepa-
rate adult healthy lungs, with consistent results. Experiments in HEK293T cells
were repeated on multiple independent occasions (at least three and for
some experiments up to nine times) with selected results shown in C–E and
subsequent figures.
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To localize the site(s) of interaction with IPO5 to a specific area
of FLIL33, recombinant plasmids encoding truncated segments of
FLIL33 were constructed. All of the segments were HA-tagged
on the C terminus through the peptide linker identical to that in
the constructs described above. Electroporations of HEK293T
cells with the constructs were performed followed by immuno-
precipitation for HA and Western blotting for IPO5 and HA.
Electroporation of unmanipulated HEK293T cells with the con-
structs encoding the truncated segments of FLIL33 were not
detectable by Western blotting, suggesting their rapid protea-
somal degradation. Indeed, HEK293T cells treated with the
proteasome inhibitor bortezomib readily expressed all of the
FLIL33 segments (Fig. 2). It was observed that aa 1–90 and
45–135 fragments co-immunoprecipitated IPO5 (Fig. 2A), con-
firming its binding to the N-terminal segment of FLIL33 and
suggesting that the aa 45–90 region of IL-33 may be sufficient
for IPO5 binding. To more precisely localize IPO5 binding
within the N-terminal segment of FLIL33, shorter peptide frag-
ments were similarly overexpressed and co-immunoprecipi-
tated with IPO5, revealing that fragment aa 45–90, but not frag-
ment aa 67–113, bound IPO5 (Fig. 2B). These findings
indicated that IPO5 is likely to bind within the aa 45– 67 region
(Fig. 2C). Overexpression of the aa 1–90 fragment containing a
mutated nuclear localization sequence (15) was still able to co-
immunoprecipitate IPO5 (Fig. 2D).

FLIL33 nuclear localization or secretion is not affected by IPO5
knockdown

Based on the well known predominant nuclear localization of
FLIL33 and the main function of IPO5 as an importin, it was
hypothesized that the interaction of FLIL33 with IPO5 facili-
tates nuclear import of FLIL33. To investigate this possibility,
IPO5 levels were attenuated using RNA interference in
HEK293T cells and NHLFs. Additional attempts to fully abro-
gate IPO5 using commercially available shRNA or clustered
regularly interspaced short palindromic repeats (CRISPR)/
Cas9 constructs were unsuccessful in that the cells became
non-viable in the absence of IPO5. This observation is not sur-
prising considering that IPO5 is a highly conserved protein that
participates in indispensable cell function.

Cultured cells were electroporated with either non-targeting
siRNA control or with IPO5-targeting siRNA. After 48 h,
recombinant FLIL33HA plasmid was additionally introduced
by electroporation. Nuclear and cytoplasmic extracts were pre-
pared, and Western blots were performed. Despite robust
depletion of IPO5 in HEK293T cells (Fig. 3A), no difference was
seen in the nuclear fraction of FLIL33HA between cells treated
with non-targeting siRNA and IPO5-specific siRNA as visual-
ized by Western blot probed with anti-HA antibody (Fig. 3B).
These findings were confirmed by performing similar experi-
ments in NHLFs. IPO5 levels were attenuated using IPO5-spe-
cific siRNA with subsequent introduction of FLIL33HA (Fig.
3C). Western blot analysis of nuclear and cytoplasmic extracts
probed with anti-HA antibody revealed unchanged nuclear
predominance in the setting of attenuated IPO5 (Fig. 3D).
Retained nuclear localization of FLIL33HA was confirmed
using immunofluorescence in HEK293T cells transfected with
either non-targeting or IPO5-specific siRNA and probed with
anti-HA antibody (Fig. 3E). Thus, substantial attenuation of
IPO5 levels did not affect nuclear localization of FLIL33.

Importins, including IPO5, perform other functions in addi-
tion to facilitating nuclear import of their cargo. One report
found that IPO5 is responsible for the secretion of apolipopro-
tein A1 from cells (24). A possibility was evaluated that IPO5
may control FLIL33 secretion from cells, which is normally
minimal (12). ELISA of cell lysates and supernatants of
HEK293T cells and NHLFs transfected with the FLIL33HA-
encoding plasmid revealed no difference in the levels of
secreted IL-33 with or without IPO5-specific siRNA delivery.

IPO5 protects FLIL33 from degradation

The observations that attenuation of IPO5 levels did not alter
subcellular localization or secretion of FLIL33 prompted an
additional consideration that IPO5 binding may control intra-
cellular degradation of FLIL33. This possibility was based on
previous reports that karyopherins regulate intracellular degra-
dation of target proteins (23, 31). To assess this possibility,
NHLFs were transfected with the FLIL33HA-encoding plasmid
following attenuation of IPO5 levels with siRNA as described
above, and IL-33 protein levels in cell lysates were assessed
using Western blotting and ELISA (Fig. 4). By Western blotting,
attenuation of IPO5 resulted in decreased levels of FLIL33HA
but not MIL33HA (Fig. 4A). The proteasome has been reported

Figure 2. IPO5 co-immunoprecipitates with HA-tagged N-terminal seg-
ments of FLIL33 prior to aa 67. 90-amino acid-long (A) and 45-amino acid-
long (B) segments of FLIL33 show differential binding of IPO5. The findings
suggest that IPO5 binds in the region between amino acids 45 and 65 (C). In C,
the peptide segments are drawn to scale; the IPO5-binding segments are
indicated as shaded bars, whereas non-binding segments are shown as open
bars. The aa 1–90 segment with double-mutated nuclear localization
sequence (R67A and K71A) co-immunoprecipitated with IPO5 (D). Each of the
peptides was overexpressed in HEK293 cells and tested for IPO5 co-immuno-
precipitation on at least two occasions, with consistent results.
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to be a regulator of intracellular IL-33 levels (21), suggesting
that IPO5 may specifically protect IL-33 from proteasome-de-
pendent degradation. To assess the extent to which protea-
some-dependent degradation was responsible for the
decreased IL-33 levels in the setting of IPO5 attenuation, cells
were treated with bortezomib to suppress the 20S proteasome.
ELISA tests of cell lysates revealed that IL-33 levels were par-

tially rescued by proteasome inhibition in the setting of IPO5
attenuation (Fig. 4B). RT-quantitative PCR tests revealed that
the basal levels of endogenous IL-33 mRNA were low and not
affected by bortezomib treatment in these experiments. These
findings indicate that the interaction between FLIL33 and IPO5
results in stabilization of the FLIL33 protein and that this sta-
bilization is a result of protection from proteasome-dependent
degradation. The IPO5-dependent FLIL33 protein stabilization
was observed in NHLFs, primary cell cultures, but not
HEK293T cells, a transformed cell line. This observation in
NHLFs indicates that IPO5-controlled FLIL33 stabilization is
applicable to FLIL33 stability in cells known to contribute to the
IL-33 pool in vivo. At the same time, this observation allows for
the use of HEK293T cells as a tool to study intracellular inter-
actions and subcellular localization of FLIL33 even in the
absence of IPO5-mediated protection.

IPO5 binding– deficient FLIL33 mutants retain nuclear
localization

To further investigate the consequence of FLIL33 binding to
IPO5, alanine substitution mutants within the IPO5-binding

Figure 3. Attenuation of IPO5 levels with siRNA does not prevent nuclear
localization of FLIL33. A, transfection of HEK293T cells with non-targeting
siRNA (Ctrl) does not, whereas IPO5-specific siRNA does attenuate the basal
levels of IPO5. For comparison, overexpression IPO5 using electroporation of
an IPO5-encoding plasmid is also shown. The membranes were stripped and
redeveloped for �-actin. B, overexpressed FLIL33HA detected with anti-HA
antibody is predominantly intranuclear in both non-targeting siRNA-
transfected (Ctrl) and IPO5-targeting siRNA-transfected HEK293T cells. Elec-
troporations with a non-coding plasmid (NULL) were used as controls.
Nuclear fractions are labeled with N, and cytoplasmic fractions are labeled
with C. The membranes were stripped of antibodies and redeveloped for
nuclear and cytoplasmic markers, HDAC2 and �-tubulin, respectively, as indi-
cated. C, transfection of primary NHLF with non-targeting siRNA (Ctrl) does
not, whereas IPO5-specific siRNA does, attenuate the basal levels of IPO5.
Such attenuation is not affected by the subsequent FLIL33HA overexpression
compared with electroporation with a non-coding plasmid (NULL). D, overex-
pressed FLIL33HA detected with anti-HA antibody is predominantly intranu-
clear in both non-targeting siRNA-transfected (Ctrl) and IPO5-targeting
siRNA-transfected NHLF. Electroporations with a non-coding plasmid (NULL)
were used as controls. Nuclear fractions are labeled with N, and cytoplasmic
fractions are labeled with C. The membranes were stripped of anti-HA anti-
bodies and redeveloped for nuclear and cytoplasmic markers, HDAC2 and
�-tubulin, respectively, as indicated. E, immunofluorescent staining of cul-
tured HEK293T cells for the HA tag (green) after electroporation with indi-
cated siRNAs and then FLIL33HA demonstrates that FLIL33 remains intranu-
clear without (left panel) or with (middle panel) IPO5 attenuation. For
comparison, cells similarly electroporated with MIL33HA express mature
IL-33 in the cytoplasm (right panel). Nuclei were stained with DAPI (blue). The
experiments in HEK293T cells were performed twice, and in NHLF, the exper-
iments were performed in cultures from two different donors on two separate
occasions, with consistent results.

Figure 4. Attenuation of IPO5 levels with siRNA results in reduced levels
of IL-33 when overexpressed in NHLFs. A, NHLFs treated with IPO5-target-
ing siRNA then electroporated with the FLIL33HA-encoding plasmid show a
reduction in FLIL33HA protein as detected by anti-HA antibody, with two
separate experiments shown (left panel). By contrast, MIL33HA levels were
not affected by IPO5 attenuation (right panel). This experiment was repeated
in two different primary NHLF cultures, with similar results. B, ELISA for IL-33
was performed with NHLF lysates following siRNA-mediated depletion of
IPO5 and electroporation with the FLIL33HA-encoding (left panel) or vehicle
control (NULL, right panel). Mean � S.D. values pooled from three separate
experiments with each condition tested in duplicates are shown. Significantly
decreased (p � 0.05) IL-33 levels were observed with IPO5 attenuation in
FLIL33HA-overexpressing cells as indicated with asterisks; there was a tend-
ency to lower intracellular endogenous IL-33 in NULL-transfected cells, but it
did not reach statistical significance. Treatment with the 20S proteasome
inhibitor, bortezomib, was used as indicated and resulted in partial restora-
tion of IL-33 levels.
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domain in the aa 45– 67 region of FLIL33HA (see Fig. 2C and
related text) were created. Given the high density of charged
amino acids within this domain that could participate in pro-
tein-protein interactions, two clusters of charged amino acids
were targeted for substitution with alanines or deletion. The
resulting HA-tagged constructs were designated FLIL33(46/
56A11), FLIL33(61/67A7), FLIL33(46/56DEL), and FLIL33(61/
67DEL) (Fig. 5A). Electroporation of HEK293T cells with the
constructs was performed followed by immunoprecipitation
for HA and Western blotting for IPO5 and HA. FLIL33(46/
56A11) was observed to have no detectable binding to IPO5 by
co-immunoprecipitation, whereas FLIL33(61/67A7) retained
IPO5 binding (Fig. 5B). The deletion mutants revealed similar
expression levels and IPO5-binding patterns as the correspond-
ing substitution mutants. Following similar electroporations
with deletion mutant-encoding plasmid constructs, FLIL33(61/
67DEL) protein was abundantly present, whereas FLIL33(46/
56DEL) was minimally expressed in the absence of bortezomib
(Fig. 5C). Immunoprecipitation for HA revealed that IPO5 co-
immunoprecipitated with FLIL33(61/67DEL) and non-mutated

FLIL33, whereas FLIL33(46/56DEL) bound IPO5 minimally
(Fig. 5C).

To assess the subcellular localization of the alanine substitu-
tion mutants, nuclear and cytoplasmic extracts of HEK293T
cells transfected with FLIL33(46/56A11) or FLIL33(61/67A7)
were analyzed by Western blot for HA. Both mutants retained
nuclear localization, similarly to native FLIL33 (Fig. 5D).
Nuclear localization was confirmed using immunofluorescence
in HEK293T cells transfected with FLIL33(46/56A11) or
FLIL33(61/67A7), as well as FLIL33(46/56DEL) or FLIL33(61/
67DEL), by staining with anti-HA antibody (Fig. 5E). Although
both mutants were predominantly nuclear, FLIL33(46/56A11)
and FLIL33(46/56DEL) consistently showed a granular appear-
ance within the nucleus, whereas the distribution of FLIL33(61/
67A7) and FLIL33(61/67DEL) was homogenous; the mechanis-
tic reason for this difference remains to be investigated.

Thus, nuclear localization does not appear to be dependent
on the charged clusters of amino acids 46 –56 or 61– 67. The
reduction in IPO5 binding by FLIL33(46/56A11) and
FLIL33(46/56DEL) does not affect their nuclear localization,

Figure 5. Mutations within the IPO5 binding region of FLIL33 do not affect nuclear localization. A, charged cluster-to-alanine mutagenesis of the IPO5
binding domain of FLIL33 resulted in two FLIL33HA mutants, termed FLIL33(46/56A11) and FLIL33(61/67A7); the corresponding deletion mutants were termed
FLIL33(46/56DEL) and FLIL33(61/67DEL). B, Western blot of co-immunoprecipitates from HEK293T cells transfected with plasmids encoding FLIL33(46/56A11)
and FLIL33(61/67A7) was performed and probed with anti-IPO5 and anti-HA antibodies, as indicated. C, Western blot of co-IPs and whole cell lysates (W) from
HEK293T cells transfected with plasmids encoding FLIL33(46/56DEL) and FLIL33(61/67DEL) was performed and probed with anti-IPO5 and anti-HA antibodies,
as indicated. D, nuclear and cytoplasmic extraction was performed on HEK293T cells transfected with plasmids encoding FLIL33(46/56A11), FLIL33(61/67A7), or
WT FLIL33HA. The membranes were stripped of anti-HA antibodies and redeveloped for nuclear and cytoplasmic markers, HDAC2 and �-tubulin, respectively,
as indicated. E, immunofluorescent staining of cultured HEK293T cells for the HA tag (green) after electroporation with plasmids encoding FLIL33(46/56A11),
FLIL33(46/56DEL), FLIL33(61/67A7), and FLIL33(61/67DEL). Nuclei were stained with DAPI (blue). Experiments were performed on at least two occasions for each
mutant with consistent results.
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further supporting the notion that the interaction with IPO5 is
not involved in FLIL33 nuclear localization.

IPO5 binding– deficient FLIL33 mutants are degraded by the
proteasome

In NHLFs, FLIL33(61/67A7) was easily expressed following
electroporation, and IPO5 attenuation with IPO5-targeting
siRNA led to decreased levels of FLIL33(61/67A7), similarly to
FLIL33 (Fig. 6A). Conversely, FLIL33(46/56A11) was expressed
at low levels in NHLF lysates analyzed by Western blotting for
HA (Fig. 6A, right panels). The levels of FLIL33(46/56A11) in
NHLFs were rescued by proteasome inhibition with bort-
ezomib (Fig. 6B). Rescue of FLIL33(46/56A11) in NHLFs
occurred similarly in NHLF cultures with and without IPO5
attenuation with IPO5-targeting siRNA, consistent with the
notion that IPO5 does not bind or protect this mutant (Fig. 6B).

To further assess the reduction of FLIL33(46/56A11) protein
levels, chase experiments using a protein synthesis inhibitor,
cycloheximide, were performed. Following electroporation of
NHLFs with FLIL33(46/56A11) and FLIL33(61/67A7), cells
were treated with bortezomib to boost basal levels, and then
bortezomib-containing medium was exchanged for media con-
taining cycloheximide. The cells were lysed at sequential time

points, and protein levels were measured by Western blotting
for HA. Protein levels of FLIL33(46/56A11) decreased more
rapidly than FLIL33(61/67A7) (Fig. 6C), consistent with
increased rate of degradation in the absence of IPO5 binding
and protection. These results show that amino acids 46 –56 are
necessary for IPO5 binding and IPO5-mediated protection of
FLIL33 from proteasomal degradation, whereas amino acids
61– 67 are not.

Discussion

In this study, initial observation by LC-MS/MS suggested,
and Western blotting experiments confirmed, that FLIL33, but
not MIL33 or FLIL37, binds IPO5 intracellularly and in vitro
(Fig. 1). This binding activity is localized to the N-terminal por-
tion of FLIL33 and requires the aa 45– 67 region of the protein
(Fig. 2). Attenuation of IPO5 levels through RNA interference
does not alter the predominant nuclear localization of FLIL33
(Fig. 3), but it induces its proteasomal degradation in primary
lung fibroblasts (Fig. 4). Mutations in FLIL33, abrogating its
ability to bind IPO5, result in proteasome-dependent degrada-
tion of the mutants in primary lung fibroblasts, but their
nuclear localization is preserved (Figs. 5 and 6).

The intracellular activity and regulation of FLIL33 has been
studied since its first description as a nuclear factor over a dec-
ade ago, but these investigations have lagged in quantity and
breadth when compared with the studies of MIL33 and T1/ST2
receptor-mediated biology. The unique intracellular behaviors
of FLIL33 are of substantial biologic importance for at least
three specific reasons. First, IL-33, like its IL-1 family member
IL-1�, is a potent cytokine that is basally expressed in a variety
of cell types throughout the human body and is implicated in
many disease processes (1, 5– 8, 12, 32). Mechanisms that
maintain the intracellular pool of FLIL33 will impact the
amount of mature cytokine available for inflammatory pro-
cesses. Second, nuclear FLIL33 levels are elevated in some non-
Th2 diseases and, in these cases, has been implicated in cellular
processes contributing to pathology, although the exact mech-
anisms of such contributions remain to be fully elucidated (5–7,
13, 33–36). Third, the intracellular trafficking of FLIL33 is
essential to maintain homeostasis, and failure of this process
can lead to untoward or exuberant inflammation through unin-
tentional release or secretion (19, 20).

The interaction between IPO5 and FLIL33 described in this
report brings us a step closer to understanding intracellular
FLIL33 biology but also raises additional questions. Our results
confirm that FLIL33 is primarily nuclear but indicate that IPO5,
a binding partner of FLIL33, is unlikely responsible for its
nuclear translocation. Inability to completely knock out IPO5
protein expression, instead relying on knockdown through
RNA interference, is a limitation of this study. The observed
lethality of IPO5 knock-out in our experiments with CRISPR/
Cas9 and shRNA supports the notion that IPO5 is indispens-
able for cell function, making FLIL33 binding all the more
intriguing. RNA interference of IPO5 was well tolerated by the
cells, suggesting that reduced levels of IPO5 are still sufficient to
sustain cellular processes. A corollary of this notion is a possi-
bility that even low levels of IPO5 may be sufficient for nuclear
translocation of FLIL33. To investigate this possibility in

Figure 6. Mutations within the IPO5 binding region of FLIL33 result in
protein degradation. A, whole cell lysates from NHLFs transfected with plas-
mids encoding WT FLIL33HA, FLIL33(46/56A11), or FLIL33(61/67A7), with or
without IPO5 attenuation by IPO5-targeting siRNA, were analyzed by West-
ern blot. B, Whole cell lysates of NHLFs transfected with plasmid encoding
FLIL33(46/56A11) and IPO5-targeting siRNA, with or without bortezomib
were analyzed by Western blot. C, NHLFs transfected with plasmids encoding
FLIL33(46/56A11) or FLIL33(61/67A7) were treated with cycloheximide, and
lysates were collected at the time points indicated. Western blot was per-
formed and probed with anti-HA antibody at indicated times (h). The exper-
iments were performed in NHLFs from at least two different donors with
consistent results.
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greater depth, we devised additional experiments based on the
previously reported binding of a yeast homolog of IPO5,
Kap121p, to its cargo at a consensus sequence K(V/I)XKX1–2
(K/H/R), with the (V/I)XK sequence being essential for such
binding (26). This sequence is only present once in the FLIL33
peptide sequence in the area of amino acids 46 –56. The alanine
substitution FLIL33(46/56A11) and deletion FLIL33(46/56DEL)
mutants did not bind IPO5 or minimally associated with it. Still,
FLIL33(46/56A11) localized to the nucleus, further supporting
non-involvement of IPO5 in nuclear translocation of FLIL33,
yet not fully excluding a possible contribution of residual IPO5-
FLIL33 interaction. Overall, the conclusion on IPO5 non-in-
volvement in FLIL33 nuclear translocation is rather well sup-
ported but should still be made with caution.

Other members of the importin family have been implicated
in the regulation of the intracellular degradation of their targets
(23, 31). We have shown that IPO5 protects FLIL33 from pro-
teasome-dependent degradation, but the specific mechanism
remains unclear. A key step in degradation by the proteasome
involves ubiquitination of the target protein on a designated
lysine by a specific E3 ubiquitin ligase. It is possible that IPO5
shields FLIL33 from its corresponding E3 ubiquitin ligase.
Another possibility is an interaction with deubiquitinases,
which have been shown to stabilize IL-33 (37, 38), leading to
deubiquitination of FLIL33. A third possibility is for IPO5 to
prevent delivery to the proteasome itself, regardless of ubiq-
uitination status. These postulations will require further
investigation.

In summary, FLIL33 and IPO5 associate intracellularly, lead-
ing to protection of FLIL33 from proteasome-dependent deg-
radation, but not affecting its nuclear translocation. Further
investigations are necessary to better understand the nature
and consequences of this interaction. With increasing evidence
of IL-33 being a key mediator of human disease, further eluci-
dation of its complex intracellular biology could lead to
improved therapies.

Experimental procedures

Cell culture

Deidentified NHLFs derived from healthy adult volunteers
were purchased from Lonza (Walkersville, MD). Each experi-
ment was performed in primary fibroblast cultures from at least
two different donors. Overall, NHLFs from seven different
donors were used throughout the course of this study. The cul-
tures were maintained in T75 culture flasks (NEST Biotechnol-
ogy, Rahway, NJ) in a humidified atmosphere of 5% CO2 at a
temperature of 37 °C in DMEM supplemented with 4.5 g/liter
glucose, L-glutamine, and sodium pyruvate (Corning, Corning,
NY), 10% bovine calf serum, minimal essential medium non-
essential amino acids (Gibco/Thermo Fisher Scientific), and
antibiotic-antimycotic mixture (Gibco) to a final concentration
of 100 units/ml of penicillin, 100 �g/ml of streptomycin, and
0.25 �g/ml of amphotericin B. For experiments, the cells were
harvested by trypsinization at passages 4 – 6, washed, counted,
and seeded on 6-well culture plates (NEST Biotechnology) at a
density of 5 � 105 cells/well. HEK293T cells (American Type
Culture Collection, Manassas, VA) were cultured and main-

tained in a similar fashion. Each experiment in HEK293T cells
was performed on multiple independent occasions as stated in
the corresponding figure legends for each experiment. Gene
delivery was achieved using electroporation of cells with
recombinant plasmids utilizing the Amaxa Nucleofector
(Lonza). In each reaction, 5 � 105–1 � 106 cells and 0.5–2.0 �g
of plasmid were used, based on preliminary experiments to
optimize expression of each delivered recombinant protein.
Alternatively, infections of cultured cells with replication-defi-
cient recombinant AdV constructs were used to overexpress
proteins or peptides of interest. For these infections, 1 � 105–
5 � 106 plaque-forming units/ml of AdVs were used per 2.5 �
105 cells in culture. Overexpression of the proteins and peptides
of interest was confirmed by Western blotting. The proteasome
inhibitor bortezomib (Cell Signaling Technology, Danvers,
MA) was used in cell culture at a concentration of 500 nM;
bortezomib was added 24 h after plasmid delivery for an addi-
tional 24 h of culture. Cycloheximide (Sigma–Aldrich) was
used in cell culture at a concentration of 100 �g/ml.

Recombinant plasmid and adenoviral constructs

All recombinant constructs in this study were cloned into the
VQAd5CMVK-NpA plasmid (ViraQuest, North Liberty, IA)
downstream of the cytomegalovirus promoter. This plasmid
can be used for gene expression in mammalian cells as well as a
shuttle plasmid for constructing AdV in the RAPAd system
(39). The mRNA sequences of IL-33 and IL-37 from National
Center for Biotechnology Information GenBankTM (accession
numbers NM_033439 and NM_014439, respectively) were
used to design the recombinant constructs. The stop codon was
removed, and a linker peptide (GGGGSGGGGSGGGGS)-en-
coding sequence was added on the 3�-end, followed by the HA
tag (YPYDVPDYA)-encoding sequence and a stop codon. The
DNA sequence was codon-optimized for mammalian expres-
sion, synthesized (Genscript, Piscataway, NJ), and transferred
into the VQAd5CMVK-NpA plasmid. Additionally, recombi-
nant constructs similarly encoding FLIL33 segments and
mutants (described under “Results”) were all prepared identi-
cally. To produce FLIL33-encoding and FLIL37-encoding rep-
lication-deficient AdV vectors, the corresponding plasmid con-
structs were utilized using RAPAd technology (ViraQuest); the
viruses were purified and concentrated as described elsewhere
(21). Human IPO5-Myc-encoding plasmid was purchased from
Origene (Rockville, MD).

Liquid chromatography tandem mass spectrometry
(LC-MS/MS)

Proteins were extracted from cell pellets in 50 mM Tris, pH
8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1%
Igepal CA630. After sonication, disulfide bonds were reduced
with dithiothreitol, and the resulting sulfhydryl groups were
alkylated with chloroacetamide. Proteins were digested with
trypsin overnight at 37 °C. The reaction mixture was then acid-
ified with formic acid, insoluble material was removed by cen-
trifugation, and the peptides were recovered free of detergent
by hydrophilic interaction solid phase extraction on PolyHY-
DROXYETHYL A TopTips (PolyLC, Columbia, MD) accord-
ing to the manufacturer’s recommendations. The purified pep-
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tides were analyzed by LC-MS/MS on a Thermo LTQ-
Orbitrap. Peptides were separated using a 2-h chromatographic
gradient online with a data-dependent MS/MS duty cycle of the
top 10 most abundant ions. Database search and peptide quan-
tification were performed using MaxQuant (40) version 1.5.5.1.

Reagents and molecular biology techniques

Concentrations of IL-33 protein in cell lysates and cell cul-
ture supernates were tested in ELISAs (R&D Systems). Immu-
noprecipitation of HA-tagged proteins was performed using a
Pierce HA tag magnetic IP/co-IP kit (ThermoFisher) according
to the manufacturer’s recommendations. To assure nuclear
membrane disruption, lysates were passed 10 times through a
26-gauge hypodermic needle prior to proceeding with immu-
noprecipitation. Samples were then incubated with the pro-
vided magnetic beads bound to a high-affinity mouse IgG1
monoclonal antibody that recognizes the HA-epitope tag.
Bound proteins were eluted using a low-pH elution buffer, and
the beads were removed using a magnetic stand. Non-reducing
loading buffer was added with DTT to a final concentration of
50 mM and then boiled for 10 min to prepare for reducing gel
analysis.

IPO5-Myc immunoprecipitation was performed using
Pierce Myc-tag IP/co-IP kit (ThermoFisher) according to the
manufacturer’s recommendations to purify recombinant IPO5.
For in vitro FLIL33-IPO5 binding assays, the immunoprecipi-
tated and eluted IPO5 preparation was diluted 1:10 in TBS con-
taining 0.05% Tween 20 and 2.5% bovine serum albumin. 300 �l
of this mixture was added to HA magnetic beads that were
preincubated with HA-tagged protein. Following 2 h of incuba-
tion at room temperature, beads were washed, and elution pro-
cedures were completed, followed by Western blotting analyses
of the eluate.

Nuclear and cytoplasmic extracts were prepared using an
active motif (Carlsbad, CA) nuclear extract kit per the manufa-
cturer’s recommendations. The cells were first collected in cold
PBS with phosphatase inhibitors, collected by centrifugation at
800 � g, and then resuspended in a hypotonic solution with
detergent to release proteins from the cytoplasmic compart-
ment while keeping the nuclei intact. Cytoplasmic disruption
was confirmed using light microscopy, and the lysate was cen-
trifuged at 14,000 rpm for 10 min to form the nuclear pellet.
The supernatant was collected as the cytoplasmic fraction. The
remaining nuclear pellet was lysed in the presence of protease
inhibitors. Protein concentration was determined using a
Pierce BCA protein assay kit. Each fraction was diluted 1:1 with
Laemmli sample buffer and boiled for 10 min to prepare for
reducing gel analysis.

IPO5 RNA interference was performed using FlexiTube
siRNA (Qiagen). The cells were transfected with siRNA or All-
Stars negative control siRNA (Qiagen) at a concentration of 300
nM using electroporation as described above and incubated for
48 h in a 75-cm2 flask. A second transfection was performed
with the recombinant plasmid, and the cells were incubated an
additional 48 h in 6-well plates. IPO-5 knockdown was con-
firmed by Western blotting.

Western blotting was performed using the Novex (Thermo-
Fisher) system. All samples were run on Tris-glycine gels per

the manufacturer’s recommendations. Wet transfer was per-
formed using a XCell II blot module (ThermoFisher) at 22 V for
2 h to a PVDF membrane (Bio-Rad). All membranes were
blocked and incubated with primary and secondary antibody
using Tris-buffered saline with 0.1% Tween 20 and 5% bovine
serum albumin. The antibodies used include anti-HA antibody
from Abcam (Cambridge, UK; catalog no. ab18181), anti-IPO5
antibody from Sigma–Aldrich (catalog no. SAB4200178), anti-
Myc antibody from Cell Signaling Technology (catalog no.
2278), �-actin antibody from Cell Signaling Technology (cata-
log no. 4967S), HDAC2 from Abcam (catalog no. 32117), �-tu-
bulin from Cell Signaling Technology (catalog no. 2144), and
GAPDH from Cell Signaling Technology (catalog no. 5174). All
listed antibodies were developed in rabbit, except the anti-HA
antibody, which was mouse. Secondary antibodies used were
goat anti-rabbit from EMD Millipore (Billerica, MA) (catalog
no. 12–348) and goat anti-mouse from Santa Cruz Biotechnol-
ogy (Dallas, TX) (catalog no. sc-2005). Following incubation
with the corresponding HRP-bound secondary antibody, mem-
branes were developed using SuperSignal West Pico Chemilu-
minescent Substrate (Thermo Scientific) and autoradiography
film. Stripping was performed using ReBlot Plus strong anti-
body stripping solution (EMD Millipore).

For immunocytochemistry, cultured HEK293T cells were
transfected as described above and seeded at a density of
15–20 � 103 cells/well in two-well chamber slides (Falcon; Bec-
ton Dickinson Labware). Staining was performed 48 h after
transfection. The cells were fixed by incubating with methanol
at 20 °C for 20 min, washed with PBS, and blocked for 1 h at
room temperature with 5% BSA in 0.1% Tween 20 in PBS. The
cells were incubated overnight with primary antibody to HA
(Abcam) at 1:100 dilution, washed, incubated with a secondary
FITC-labeled goat anti-mouse antibody from Jackson Immu-
noResearch (West Grove, PA) at 1:1,000 dilution for 1 h, and
visualized with a Keyence (Itasca, IL) BZ-X700 fluorescent
microscope.
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