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Correspondence Ocular pterygium—digital keloid dysplasia (OPDKD) is a rare hereditary dis-
C. Bredrup, Department of Ophthalmology,  ease characterized by corneal ingrowth of vascularized conjunctival tissue
Haukeland University Hospital, Jonas Lies early in life. Later, patients develop keloids on fingers and toes but are other-
¥2:.7(ii'7)B:gg§21570121' Norway wise healthy. In a recently described family with OPDKD, we report the
E-mail: cecilie.bredrup@uib.no presence of a de novo ¢.770C > T, p.(Thr257Ile) variant in PELI2 in the

affected individual. PELI2 encodes for the E3 ubiquitin ligase Pellino-2. In

(Received 10 November 2022, revised 16 transgenic U87MG cells overexpressing Pellino-2 with the p.(Thr257Ile)
January 2023, accepted 26 January 2023, amino acid substitution, constitutive activation of the NLRP3 inflammasome
available online 24 February 2023) was observed. However, the Thr2571Ile variant did not affect Pellino-2 intra-

cellular localization, its binding to known interaction partners, nor its stabil-
ity. Our findings indicate that constitutive autoactivation of the NLRP3
Edited by Wilfried Ellmeier inflammasome contributes to the development of PELI2-associated OPDKD.
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NEK7, NIMA-related kinase 7; NEK9, NIMA-related kinase 9; NLRP3, NLR family pyrin domain containing 3; OMIM, Online Mendelian Inheri-
tance in Man; OPDKD, ocular pterygium-digital keloids dysplasia; PAX6, paired box protein 6; PDGFRp, platelet-derived growth factor recep-
tor beta; p;, isoelectric point; PP, PhyloP; PP2, PolyPhen2; ROBO-1, roundabout homolog 1; SCL44A1, choline transporter-like protein 1;
TAB2, TGF-beta activated kinase 1 (MAP3K7)-binding protein 2; TAK1, transforming growth factor B-activated kinase 1; TBR1, T-box brain
protein 1; TLR, toll-like receptor; Thr, threonine amino acid; TRAF6, TNF receptor-associated factor 6; TRAF7, TNF receptor-associated factor
7; Tyr, tyrosine amino acid; WES, whole exome sequencing; WT, wild-type.
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Early onset corneal vascularization can be seen in a
range of hereditary conditions such as PAX6-associated
keratopathy [1], dyskeratosis congenita (DKCI, TERC,
TERT, NOP10, NHP2, TINF2, Cl6orf57, TCABI) [2]
and Warburg-Cinotti syndrome (DDR2) [3]. In addi-
tion, it is also a key feature of ocular pterygium—digital
keloid dysplasia (OPDKD). This rare autosomal domi-
nant hereditary disease is characterized by corneal vas-
cularization leading to visual impairment early in life.
Most patients also develop keloids on fingers and toes
but are otherwise healthy [4-6]. We recently described
two families presenting with OPDKD [4,6]. Genetic
analysis of one of them identified a variant in PDGFRB
associated with the condition [4].

For this study, we included the second family con-
sisting of an individual with OPDKD and his healthy
family members. Exome sequencing did not reveal any
unusual variants in PDGFRB. Instead, by trio exome
sequencing, a de novo variant in the PELI2 gene
(MIM#614798) was found, encoding the E3 ubiquitin
ligase Pellino-2. In U87MG cells overexpressing the
¢.770C > T, p.(Thr2571le) PELI2 variant, we observed
the constitutive activation of the NLRP3 inflamma-
some and increased levels of secreted IL-1B. This sug-
gests that OPDKD might be associated with increased
inflammation caused by a variant in PELI2.

Materials and methods

Patient enrolilment and ethical approval

In 2014, Abarca et al. [6] reported a patient with OPDKD.
Conjunctival ingrowth of the cornea was observed from
childhood, and he was given the diagnosis of pterygium at
the age of 7 years. After undergoing surgery 2 years later,
rapid recurrence of corneal vascularization was seen.
Despite treatment, the ocular changes progressed, leading
to severely reduced vision [6]. The keloids on his toes and
fingers, together with the corneal symptoms, were similar
to changes reported by Haugen and Bertelsen [7] and the
condition was named OPDKD.

This study was approved by the Regional Committee for
Medical and Health Research Ethics, Western Norway
(IRB.no. 00001872, project number 2014/59). Informed
written consent was obtained from the affected individual
and healthy controls prior to the collection of blood sam-
ples and skin biopsies. The study thus adhered to the
Tenets of the Declaration of Helsinki.

Trio exome sequencing

DNA extracted from peripheral blood from the affected
individual and his parents was subjected to whole exome
sequencing (WES) at HupsoNALPHA (HudsonAlpha Genomic
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Services Laboratory, Huntsville, AL, USA) using Nimble-
Gen v3 exome capture and sequenced on Illumina HiSeq
with 2 x 100 bp reads and an estimated median coverage of
75x%. Illumina BCL files were converted to fastq files by HUD-
SONALPHA. Trimming (TRIMMOMATIC-0.33), alignment (BWA-
0.6.2) to GRCh37.1, realignment, and variant calling
(PICARD-t0OIs-1.129 and GENOMEANALYSISTK-2.7.4) [8] were
performed by us following the Broad recommended best
practice guidelines [9]. vcrrooLs v.0.1.9 was used for filtering
variants [10], and ANNOVAR [11] was used for annotation.

Generation of transduced cell lines

Transduced HEK293 and U87MG cells, stably overexpres-
sing wild-type (WT) PELI2 (NM_021255.3) or the
¢.770C > T, p.(Thr257Ile) variant with a C-terminal HA
tag, were generated by transduction with the constructs
described below [12]. Virus production was performed by
transfecting PHOENIX-AMPHO packaging cells (CRL-3213;
ATCC, Manassas, VA, USA) as described previously [13].
Two days after transfection, the medium was harvested and
the immortalized cell lines HEK293 (CRL-1573™; ATCC)
and US7TMG (HTB-14™; ATCC) were transduced follow-
ing standard protocols [14]. The cells were grown in
DMEM containing 10% fetal bovine serum. Two days
postinfection, stably transduced cells were selected by add-
ing 1 pgmL~" puromycin (cat# ant-pr-1; InvivoGen, San
Diego, CA, USA) to the culture medium, and kept thereaf-
ter in the selection medium for additional 14 days.

Quantification of secreted IL-1 upon NLRP3
inflammasome activation

Nontransduced and transduced U87MG cells were seeded
in tissue-culture 96-well plates (#9018; Corning Costar,
Corning, NY, USA) at a density of 75 000 cells per well in
300 uL of US7MG culture medium.

On the day of the assay, cells were primed with
100 ng-mLf1 LPS (E. coli O111:B4, #LPS25; Sigma-Aldrich,
St. Louis, MO, USA) for 3 h, to upregulate genes necessary
for NLRP3 inflammasome activation, and activated with
5 mm ATP (#R0441; Thermo Fischer Scientific, Waltham,
MA, USA) for 30 min. After incubation, supernatants were
collected and assayed for IL-1P release using a human IL-13
ELISA kit (#88-7261-88; Thermo Fischer Scientific) accord-
ing to the manufacturer’s protocol, as previously described
[12].

Cell viability assay

Cell proliferation/viability following NLRP3 inflammasome
activation in transduced U887MG cells was assessed by
WST-1 assay. Twenty-four hours after inflammasome acti-
vation, the WST-1 reagent (#5015944001; Roche Diagnos-
tics, Mannheim, Germany) was added into the wells at a
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1 : 10 dilution and incubated for 4 h at 37 °C. The optical
density (OD) was measured at wavelength 440 nm with
correction at 650 nm, using a Synergy™ HT microplate
reader (Agilent, Santa Clara, CA, USA).

Cell culture

Primary cell culture of human fibroblasts was established, as
previously described [15]. These and the immortalized cell
lines HEK293 (ATCC CRL-1573™) and US7MG (ATCC
HTB-14™) were cultured under standard conditions [16].

Immunofluorescence

Primary skin fibroblasts were seeded on 12-mm glass cover-
slips, in 24-well plates. The staining procedure was per-
formed as previously described [16]. Briefly, the cells were
fixed with 3% PFA in either PBS pH 7.4 or 0.1 M phos-
phate buffer pH 7.2 for 30 min, followed by permeabiliza-
tion and blocking. Primary antibody staining against
endogenous Pellino-2 (1 : 50, HPA053182; Sigma-Aldrich)
was followed by secondary antibody incubation and wash-
ing before imaging was performed using a Leica SP8 confo-
cal microscope (Deerfield, IL, USA).

Expression vectors

A TRAF7-HA (vector ID: VB160907-1025yut) encoding
plasmid was purchased from VectorBuilder Biosciences
(Guangzhou, China) Inc. The HA tag was replaced with a
myc tag (primer pairs in Table S2).

The C-terminal HA-tagged wild-type Pellino-2 construct
has been described previously [12]. The construct carrying
the ¢.770C > T variant was generated using the Quik-
Change II site-directed mutagenesis kit (Agilent).

Transient transfection, cell lysis, and
co-immunoprecipitation

Nontransduced and transduced HEK293 cells were seeded
in 10-cm dishes and cultured until 70-80 % confluency.
For TRAF7 detection, the HEK293 cells were transiently
transfected as previously described [16], with the TRAF7-
myc expression vector, described above.

For detection of Pellino-2 interaction partners, the cells
were lysed in cold lysis buffer and inputs were aliquoted,
before the cell supernatants were incubated with anti-HA
magnetic beads (#88837; Thermo Fischer Scientific) for
30 min at room temperature, according to manufacturer’s
instructions. The beads were washed 4 x 3 min with wash-
ing buffer, before boiling the samples at 98 °C for 10 min.
The exact composition of the lysis buffer and the washing
buffer for each individual interaction partner studied can
be found in Table S3.

|. Cristea et al.

Immunoblot analysis

Protein detection was performed as previously described
[16]. Briefly, co-immunoprecipitated samples were subjected
to immunoblot analysis with primary antibodies against
DVL-2 (#3216; Cell Signaling Technologies, Danvers, MA,
USA), NEK9 (ab138488; Abcam, Cambridge, UK),
ROBO-1 (ab7279; Abcam), cyclin F (sc-952; Santa Cruz
Biotechnology, Dallas, TX, USA), IRAK-1 (#4504; Cell
Signaling Technologies), IRAK-4 (#4363; Cell Signaling
Technologies), TRAF6 (#8028; Cell Signaling Technolo-
gies), TAK1 (#4505; Cell Signaling Technologies), as well
as the HA tag (71-5500; Thermo Fischer Scientific), fol-
lowed by incubation with HRP-linked anti-rabbit IgG sec-
ondary antibody (#7074; Cell Signaling Technologies).
Chemiluminescence was detected using the ChemiDoc
Touch Imaging System (Biorad, Hercules, CA, USA).

Cycloheximide chase assay

Transduced HEK293 cells were seeded in 6-well dishes at
5 x 10° cells per well. At 70-80% confluency, the cells
were treated with 10 pgmL ™' cycloheximide (#C4859-
IML; Sigma-Aldrich) for 4 and 8 h, followed by cell lysis
and immunoblotting.

Statistical analysis

Two-way ANOVA, followed by the Tukey’s multiple com-
parisons test, was performed for statistical analysis. All
results have been replicated in at least three independent
experiments.

Results

Genetic analysis

Trio exome sequencing was performed in the index
patient and parents, and filtration was performed look-
ing for homozygous, compound heterozygous, or de
novo mutations that could be associated with the dis-
ease. We filtered common variants (allele frequency >
0.01) using an in-house database, ESP6500, 1 kG, and
dbSNP137. No genes with compound or homozygous
variants could be associated with the phenotype of the
index. Next, we isolated all the de novo variants and fil-
tered those against the variants of the healthy sister.
This left us with six de novo variants present in TBRI,
NDUFAF6, SCL44A1, GJB2, FSCN2, and PELI?
(Table 1). No unusual variants were seen in the coding
region of PDGFRB.

Apart from PELI2, all these genes were already
associated with a human disorder with phenotypes not
overlapping that of OPDKD (Table 1). In addition,
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the identified variants had less predicted impact on
protein structure (Table S1). The NM:021255:
¢.770C > T, p.(Thr2571le) PELI2 variant could not be
found in the ClinVar, HGMD, or gnomAD databases
of clinical, published, or population variants, respec-
tively. Furthermore, it was predicted to be damaged
by five different software programs: PhyloP, SIFT,
PolyPhen2 (PP2), Log Ratio Test (LRT), and Muta-
tionTaster (MT). The CADD score was 26.0 (< 1%
frequency type of variant, suggestive of pathogenicity).
In the AlphaFold protein structure database, Thr257
occupies a highly conserved position in the protein
(pLDDT score 97.95) with predicted interactions with
Gly260, Leu261, and Asp242. Exchange from a polar
threonine to a nonpolar isoleucine will probably dis-
rupt at least some of these interactions. In addition,
Pellino-2 is known to interact with TAK1 [16-18].
Mutations in MAP3K7, encoding TAKI, and its asso-
ciated binding protein TAB2 have been linked to
keloid scar formation [19], leading us to conclude that
PELI2 was the most likely gene associated with the
OPDKD phenotype in our patient.

Pellino-2 OPDKD substitution hyperactivates the
NLRP3 inflammasome

Pellino-2 has been shown to facilitate LPS-induced
NLRP3 inflammasome activation and production of
IL-1B [12,20]. Therefore, we wanted to investigate
whether the OPDKD PELI2 variant affected the pro-
tein’s ability to participate in NLRP3 inflammasome
activation. It has been shown that LPS and ATP admin-
istration induce NLRP3 inflammasome assembly in
U8TMG cells [21]. After transduction of US87MG cells
with WT or Thr2571le Pellino-2, baseline levels of 1L-13
secretion in nonactivated cells (NT) were statistically
increased in the latter. This indicated that there is a con-
stitutive activation of the NLRP3 inflammasome in cells
transduced with the Thr257Ile variant (Fig. 1A). In line
with this, after stimulation with LPS and ATP to acti-
vate the NLRP3 inflammasome, U87MG cells overex-
pressing the Thr257Ile Pellino-2 substitution showed
significantly higher levels of secreted IL-1B than cells
transduced with the WT variant (Fig. 1A). Cell viability
was not affected by LPS and ATP treatment (Fig. 1B).
This suggested that the Thr257Ile variant induces
NLRP3 inflammasome hyperactivation.

Pellino-2 OPDKD substitution does not affect
intracellular Pellino-2 localization

Recently, the intracellular localization of Pellino-2 has
been studied, in both immune and nonimmune cells

|. Cristea et al.
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Fig. 1. Pellino-2 Thr257lle variant leads to constitutive NLRP3
inflammasome activation. (A) Nontransduced (nt) and transduced
UB7MG cells overexpressing wild-type (WT) or the Pellino-2
Thr257lle substitution with a C-terminal HA tag were left untreated
(NT) or primed with LPS (100 ng-mL~" for 3 h) and activated with
ATP (5 mm for 30 min), to induce NLRP3 inflammasome activa-
tion. Supernatants were harvested and the measurement of
secreted IL-1B was performed by ELISA. Data are shown as
mean + SEM of three biological replicates, each with two techni-
cal replicates. Statistical analysis was performed using two-way
ANOVA, followed by Tukey's test. ***P < 0.001, ****P < 0.0001.
(B) The viability of the cells was measured 24 h after NLRP3
inflammasome activation, using the WST-1 assay. The WST-1
reagent was added in 1 : 10 dilution to the cells and incubated for
4 h at 37 °C. Data are shown as mean + SEM of three biological
replicates.

[12,16]. Pellino-2 seems to relocate intracellularly upon
efflux of K ions: in immune cells, Pellino-2 relocates
to the site of the NLRP3 inflammasome activation,
following K™ efflux [12]. In nonimmune cells, K* efflux
leads to the nuclear relocation of Pellino-2 [16].

We therefore performed immunofluorescence analy-
sis of fibroblasts carrying the Thr2571le Pellino-2 sub-
stitution, as well as age- and sex-matched controls,
using K'-containing and K'-free fixation buffers
(Fig. 2). Both cell lines displayed a similar pattern.
Thus, in K*-containing PBS fixation buffer, WT, and
Thr257Ile Pellino-2 were predominantly cytoplasmic
(Fig. 2A). However, when K'-free PB fixation buffer
was used, both WT and Thr257Ile Pellino-2 were pre-
dominantly nuclear (Fig. 2B).
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(B) Pellino-2 Merge

Fig. 2. Endogenous Pellino-2 changes localization depending on the fixation buffer. Immunofluorescence was performed in human primary
fibroblasts from an age- and sex-matched healthy volunteer and the OPDKD patient, to detect endogenous Pellino-2. Fixation was performed
with 3% PFA in (A) PBS pH 7.4 or (B) 0.1 m phosphate buffer (PB) pH 7.2. The fluorescent images show the endogenous protein (Pellino-2)

and nuclei (DAPI). Scale bar: 20 pm.

Pellino-2 OPDKD substitution does not affect the
binding of Pellino-2 to known interaction
partners

We have recently shown that Pellino-2 interacts with
several proteins involved in various intracellular path-
ways and with different intracellular localizations. In
addition to the classical toll-like receptor (TLR) path-
way proteins, such as IRAK-1, TAKI1, and TRAF®,
Pellino-2 also binds to ROBO-1, NEK9, DVL-2, cyclin
F, and TRAF7, as well as IRS-1 [16]. We therefore
investigated if the Thr257Ile Pellino-2 substitution
influences the binding of Pellino-2 to its interaction
partners.

We performed co-immunoprecipitation with non-
transduced HEK293 cells and transduced HEK?293
cells (WT or Thr2571le). Analysis of the inputs across
experiments indicated that the endogenous levels of
the interaction partners were not altered by the overex-
pression of either WT or Thr257Ile Pellino-2 (Fig. 3,
left-hand side of the panel, labeled ‘Inputs’).

In addition, the Thr257Ile Pellino-2 substitution did
not alter the binding between Pellino-2 and its interac-
tion partners (Fig. 3). We were unable to study the
interaction of Pellino-2 and IRS-1, due to low endoge-
nous levels of the IRS-1 protein.

Although previous conflicting evidence suggests that
Pellino-2 may be an interaction partner of the interleu-
kin receptor-associated kinase IRAK-4 [22], we found

that neither WT nor Thr257Ile Pellino-2 bind to
IRAK-4 (Fig. 3).

It should, however, be noted that under milder
washing conditions, some interaction partners of
Pellino-2 (DVL-2 and IRAK-1 but not TAKI,
TRAF6, ROBO-1, NEK9, cyclin F, and TRAF7) con-
sistently seemed to show less binding to the Thr257Ile
PELI2 variant (Fig. S1).

Pellino-2 OPDKD substitution does not affect
Pellino-2 stability

We finally investigated the protein stability and turn-
over of Thr257Ile Pellino-2 compared with the WT in
transduced HEK?293 cells using a cycloheximide
(CHX) chase assay. When protein synthesis was inhib-
ited, there was no statistically significant difference in
the turnover rates of the two proteins (Fig. 4).

Discussion

OPDKD is a rare hereditary condition, described only
in a handful of families [4-7]. Previously, it has been
associated with a temperature-sensitive mutation in
PDGFRB. In this work, we identified a de novo variant
in PELI2, ¢.770C > T, p.(Thr2571le), in a patient with
OPDKD. Bioinformatic analysis led us to conclude
that the PELI2 substitution was the most likely
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Fig. 3. Binding of Pellino-2 to its interaction partners is not affected by the PEL/2 OPDKD variant. (A) Nontransduced and transduced
HEK293 cells stably overexpressing wild-type (WT) or the Pellino-2 Thr257lle substitution with a C-terminal HA tag were co-
immunoprecipitated using magnetic HA beads. Immunoblotting of known interaction partners of Pellino-2 was performed: ROBO-1, NEK9,
DVL-2, cyclin F, IRAK-1, TAK1, TRAF6 and IRAK-4. For TRAF7 detection, nt, WT, and Thr257lle HEK293 cells were transiently transfected
with C-terminal myc-tagged TRAF7. Immunoblotting and myc detection following co-immunoprecipitation with magnetic HA beads was per-
formed. (B) Immunoblotting and HA detection of stably overexpressed Pellino-2.

identified variant associated with OPDKD in the patient.
The substitution leads to increased NLRP3 inflamma-
some activation, suggesting this could contribute to the
observed corneal vascularization and keloid formation.
Pellino-2 is an E3 ubiquitin ligase in the TLR path-
way. Following TLR activation, the level of pro-
inflammatory cytokines is upregulated, alongside

elements of the NLRP3 inflammasome. In this work,
we show that the Thr257Ile Pellino-2 substitution leads
to constitutive activation of the NLRP3 inflammasome
and increased secretion of IL-1f in a transduced cell
model (Fig. 1A).

Activation of the NLRP3 inflammasome has been
observed in several disorders affecting the human
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Fig. 4. Stability of Pellino-2 is not affected by the PEL/2 OPDKD variant. (A) HEK293 cells stably overexpressing wild-type (WT) or Pellino-2
with the Thr257lle substitution were treated with 10 pg-mL~" cycloheximide (CHX). At the indicated time points, cell lysates were prepared,
and immunoblotting analysis was performed against the HA tag of Pellino-2 and the internal control GAPDH. (B) The Pellino-2 band intensity
was normalized to GAPDH and then normalized to the t = 0 h controls. Data are shown as mean + SEM in six different experiments

(n=6).

cornea. A gain-of-function variant in NLRP3 leads to
keratitis fugax hereditaria [23], with inflammatory
attacks affecting the ocular surface. Additionally, per-
sistent activation of the NLRP3 inflammasome has
been found in both pterygium and keloids [24-28].

Pterygium is thought to be caused by focal limbal
stem cell deficiency either by damage of the limbal
stem cells or to the niche they reside in. The corneal
vascularization in OPDKD resembles extensive pteryg-
ium formation, therefore damage of limbal stem cells
due to chronic inflammation caused by constitutive
NLRP3 inflammasome activation could be an initiat-
ing event in OPDKD [29,30].

The PELI? variant results in an amino acid substi-
tution of a highly conserved amino acid residue,
Thr257, in the N-terminal forkhead-associated (FHA)
domain of the Pellino-2 protein. The N-terminal FHA
domain has been shown to be the binding site for the
ubiquitination substrates of Pellino-2 [31]. Several
Pellino-2 binding partners are known to be involved in
inflammasome activation. IRAK-1 and TAKI1 have
been proposed to suppress NLRP3 inflammasome acti-
vation [20,32]. By contrast, NEK7, a substrate of
NEKS9, has been shown to mediate inflammasome acti-
vation upstream of the NLRP3 inflammasome [33]
and downstream of the K efflux [34]. IRS-1, the first
intracellular mediator of insulin signaling and one of
the interaction partners of Pellino-2, has been shown
to be downregulated by NLRP3 signaling and secreted
IL-1B [35]. We did not observe any statistically signifi-
cant differences between the binding of WT and
Thr257Ile Pellino-2 to ROBO-1, NEK9, DVL-2, cyclin
F, TRAF7, IRAK-1, TAKI, and TRAFG6 (Fig. 3) [16].

Pellino-2 has previously been shown to interact
directly with the NLRP3 inflammasome [20]. Such a
direct effect on the NLRP3 inflammasome provided by

the Thr257Ile amino acid substitution could theoreti-
cally explain the increased activation of the NLRP3
inflammasome.

In summary, we report a novel variant in the PELI2
gene, ¢.770C > T, p.(Thr257Ile), in a patient with
OPDKD. In functional studies, we show that the
Thr2571Ile substitution leads to a constitutive activa-
tion of the NLRP3 inflammasome. No effect of the
substitution was seen regarding the binding of interac-
tion partners, intracellular localization, or stability of
the protein. Although the precise mechanism for
inflammasome activation remains to be determined, we
hypothesize that the ensuing chronic inflammation is
important for the development of corneal vasculariza-
tion and keloids seen in OPDKD.
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