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The endoribonuclease N4BP1 prevents psoriasis by
controlling both keratinocytes proliferation and
neutrophil infiltration
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Abstract

Psoriasis is a common chronic skin disease, characterized by abnormal interplay between hyperproliferative epidermal
keratinocytes and self-reactive immune cells with not fully addressed molecular mechanism. N4BP1 (NEDD4-binding
protein 1) is considered as an immune regulator for a long time but its physiological role is not determined yet. Here,
we found that the expression of N4BP1 in skin was highest among all 54 tested tissues, and its expression was further
upregulated in psoriatic skin. N4BP1-deficient mice exhibited normal grossly, but developed severe and prolonged
IMQ-induced psoriasis-like disease comparing to controls. N4BP1 mainly expressed in keratinocytes and located on
nucleus. Up- but not downregulated genes in N4BP1-deficient skin were specifically enriched in keratinocyte
proliferation and differentiation. The proliferation of N4BP1-deficient primary keratinocytes was faster compared to
that of controls. The upregulated genes upon ablation of N4BP1 were highly enriched in targets of AP-1 transcription
factor. Knocking out N4BP1 resulted in upregulation of JunB and FosB, and conversely, overexpression of N4BP1
greatly reduced their expression. Furthermore, N4BP1 binds with JunB and FosB encoding mRNAs and greatly reduces
their stability. In addition, with a high expression in neutrophils, N4BP1 limits survival of neutrophils in blood and
infiltration of neutrophils in psoriatic skin by targeting CXCL1, CCL20, and S100A8. These findings demonstrate that
N4BP1 controls the proper function of keratinocytes and neutrophils by negatively regulating JunB, FosB, and CXCL1,
respectively, and that is critical for psoriasis prevention.

Introduction psoriasis is sustained T cell-, neutrophil-, dendritic cell-,

Psoriasis, affecting millions of people worldwide, is
chronic localized or systemic skin disease characterized by
areas of red, inflamed, itchy, thickened skin, and often
covered with silvery scales”. The cellular hallmark of
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and macrophage-triggered inflammation that leads to
uncontrolled keratinocyte proliferation and dysfunctional
differentiation. The abnormal and mutually activated
crosstalk between immune cells and keratinocytes is the
central pathologic process for psoriasis, but the under-
lying molecular mechanism and the initial factors are still
not fully understood®*. Among the identified abnormal
molecular networks, TNFa-, IL-23-, and IL-17-associated
signaling are dominant and all of them became ther-
apeutic targets in clinic>™®. However, even though the
tremendous progress achieved, psoriasis still cannot be
cured but can be controlled with continuous medication.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.

Official journal of the Cell Death Differentiation Association

SPRINGER NATURE
CDDpress


http://orcid.org/0000-0003-3372-1069
http://orcid.org/0000-0003-3372-1069
http://orcid.org/0000-0003-3372-1069
http://orcid.org/0000-0003-3372-1069
http://orcid.org/0000-0003-3372-1069
http://orcid.org/0000-0002-1377-5820
http://orcid.org/0000-0002-1377-5820
http://orcid.org/0000-0002-1377-5820
http://orcid.org/0000-0002-1377-5820
http://orcid.org/0000-0002-1377-5820
http://orcid.org/0000-0002-8465-1614
http://orcid.org/0000-0002-8465-1614
http://orcid.org/0000-0002-8465-1614
http://orcid.org/0000-0002-8465-1614
http://orcid.org/0000-0002-8465-1614
http://orcid.org/0000-0002-6372-4765
http://orcid.org/0000-0002-6372-4765
http://orcid.org/0000-0002-6372-4765
http://orcid.org/0000-0002-6372-4765
http://orcid.org/0000-0002-6372-4765
http://creativecommons.org/licenses/by/4.0/
mailto:lch670608@sina.com
mailto:maorenfang@ntu.edu.cn
mailto:fanyihui@ntu.edu.cn

Gou et al. Cell Death and Disease (2021)12:488

Thus, further dissecting the molecular mechanism is cri-
tical to fully understand psoriasis and achieve a cure.
Keratinocytes is the major component of the epidermis
and its abnormal proliferation and differentiation is the
character of psoriasis’. Keratinocytes play critical roles
throughout the whole pathologic process of psoriasis from
initiation, maintenance to relapse'®. Initially, keratino-
cytes were considered as a main driver of psoriasis and
inhibiting proliferation of keratinocytes by methotrexate
is effective for severe, disabling psoriasis™'®. Afterwards,
immune cells especially T cells and their produced
inflammatory cytokines were observed and biologics tar-
geting on these inflammatory cytokines have been devel-
oped for therapy in clinic''. From that, keratinocytes in
skin are more considered as an executor to display the
function of immune cells. However, recent investigations
by genetic modification in keratinocytes provide several
new evidence to rethink the intrinsically driving role of
keratinocytes in psoriasis. For example, keratinocyte-
specific deletion of TNIP1 promotes IL-17- and IMQ-
induced psoriasislz. Genetic deletion of JunB and JunC in
keratinocytes results in chemokine and cytokine over-
production and sufficiently trigger psoriasis in mice'>"*.
Mice with specific deletion of IKK2 in keratinocytes
developed psoriasis-like plaques due to uncontrolled
TNFRI signaling-mediated generation of IL-24'°. These
studies clearly demonstrate that abnormal keratinocyte
might be sufficient to trigger psoriasis even with normal
immune cells. Therefore, it is still under debate about
whether abnormal keratinocytes or immune cells trigger
psoriasis. The answer might be case-by-case but definitely
important to prevent or cure psoriasis in future.
Neutrophils, the most abundant leukocytes in the cir-
culation with a very short half-life of ~8h, is one of the
major histopathological hallmarks of psoriasis'®™%. A
pooled study including a large number of patients showed
significant higher neutrophil-to-lymphocyte ratio in
patients with psoriasis compared to it in controls®.
Depletion of neutrophils with anti—-Ly6G Ab greatly limits
the development of imiquimod (IMQ)-induced psoriatic
lesions in mice?®. Accumulation of neutrophils in psor-
iasic skin forming Munro’s microabscesses was described
a century ago>'. Although neutrophils were documented
in psoriasis as early as psoriasis was reported, the critical
role of neutrophils in psoriasis is largely undermined.
Furthermore, the molecular regulation of neutrophil
maturation and survival is poorly explored.
Endoribonucleases are involved in virtually all general
processes associated with eukaryotic RNA metabolism,
and several sequence-specific endoribonucleases play
essential roles in immune hemostasis through controlling

quantitative changes of selected transcripts®**’, The
Zc3hl2a-like NYN domain subfamily of endor-
ibonucleases includes seven members: ZC3HI2A
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(Regnase-1), ZC3H12B, ZC3H12C, ZC3H12D, KHNYN,
NYNRIN, and N4BP1(NEDD4-binding partner-1)**°,
Regnase-1 is a cytoplasmic endoribonuclease and plays
essential role in controlling immune hemostasis®.
Germline deletion of Regnase-1 in mice show growth
retardation with severe splenomegaly and lymphadeno-
pathy, and majority of mice die within 12 weeks of birth.
Conditional deletion of Regnase-1 in bone marrow cells
also results in severe inflammation involved in multiple
organs®”*®, Regnase-1 is upregulated in psoriatic skin and
genetic knockout of Regnase-1 in keratinocyte disrupts
skin integrity and promotes skin inflammation®>*°. These
phenotypes demonstrate that Regnase-1 has non-
redundant critical roles in restricting inflammation.
N4BP1 is originally identified as a NEDD4-binding pro-
tein to inhibit the E3 ligase Itch®"*>, A recent work shows
that N4BP1 inhibits HIV-1 replication by directly inter-
acting and degrading viral mRNA in cells*>. However, the
physiological function of N4BP1 and its role in skin
inflammation is unknown. Here, we found that N4BP1
plays critical role both in keratinocytes and neutrophils
through specifically regulating mRNA targets including
JunB, FosB, and CXCLI.

Results
The expression of N4BP1 is dominant in skin and further
upregulated during psoriasis

Unlike Regnase-1, the function and characteristic of
N4BP1 was largely unknown. To systematically assess
N4BP1, we explored the expression of N4BP1 using
dataset generated through Genotype-Tissue Expression
(GTEx) program. The newest data (V7) including ~11,688
RNA-seq samples across 54 tissues with adequate power
to truly demonstrate the gene expression across different
tissues (https://gtexportal.org/home). In all analyzed tis-
sues, N4BP1 shows a highest expression in skin (Fig. 1A).
It is interesting that the expression of N4BP1 is further
upregulated in sun-exposed skin (lower leg) compared
that of not sun-exposed skin (suprapubic) (Fig. 1A). These
results demonstrate that N4BP1 has dominant expression
in skin, suggesting a potential important role of N4BP1 in
skin. RNA sequencing of psoriatic skin and non-lesional
skin from psoriatic patients shows increased expression of
N4BP1 in psoriatic patient, and the enhanced expression
of N4BP1 in psoriatic skin is highly consistent and
observed in all reanalyzed GEO datasets (Fig. 1B). To
further examine the expression of N4BP1, we established
the imiquimod (IMQ)-induced psoriasis in mice. The
mRNA level of N4BP1 was significantly upregulated in
IMQ-induced skin compared to controls (Fig. 1C). Fur-
thermore, immunohistochemistry analysis also shows the
upregulated N4BP1 protein level in IMQ-induced skin
(Fig. 1D). N4BP1 mainly located in the nucleus of kera-
tinocytes (Fig. 1D-F). The specificity of anti-N4BP1
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Fig. 1 The characteristics of N4BP1 in skin and patients with psoriasis. A The raw data (Version 7) of RNA-seq from Genotype-Tissue Expression
(GTEx) program was downloaded and reanalyzed (https://gtexportal.org/home). The relative expression of N4BP1 in 54 human tissues was present.
B The raw data of RNA array were downloaded from following GEO datasets (GSE13355, GSE14905, GSE30999, GSE34248, GSE41662, GSE41663,
GSE47751, and GSE50790). Both RNA array and RNA-seq data were reanalyzed. The expression of N4BP1 in lesioned and non-lesioned skin from each
psoriatic patient was demonstrated as each dot. C The expression of N4BP1 in normal and IMQ-induced psoriatic skin from back of mice was
examined by real-time RT-PCR. D The expression of N4BP1 in normal and IMQ-induced psoriatic skin from back of mice was examined by
immunohistochemistry. E The expression of N4BP1 was examined by immunohistochemistry using anti-N4BP1 antibodies in N4BP1 wild-type and
knockout mice from ear skin. F The expression of N4BP1 in IMQ-induced psoriatic skin from back and ear was examined by immunohistochemistry in
N4BP1 wild-type and knockout mice. G The intracellular distribution of N4BP1 was determined by immunofluorescence in mouse embryonic
fibroblasts (MEFs). The images (D, E, F, G) show representative data from one of three independent experiments. Data (C) from one of three
experiments are shown. *P < 0.05; **P < 0.01.
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antibody in immunohistochemistry analysis was con-
firmed by using N4BP1™" and N4BP1~/~ skin both in
normal and IMQ-stimulating condition (Fig. 1E and F).
To further confirm the nuclear distribution of N4BP1, we
isolated mouse embryonic fibroblasts (MEFs) and per-
formed immune fluorescence assay to detect the location
of N4BP1 in MEFs. Consistently, the results clearly show
that N4BP1 mainly locates at nucleus (Fig. 1G). Taken
together, our results demonstrate that N4BP1 highly
expresses in skin and mainly expresses in keratinocytes
with a nuclear distribution, and the expression of N4BP1
is further upregulated in psoriatic skin.

N4BP1-deficient mice develop severe and prolonged IMQ-
induced psoriasis-like disease

To uncover the physiological role of N4BP1, we estab-
lished N4BP1-deficient mouse through CRISPR-Cas9-
mediated deletion of exon 2 (Fig. S1A). Deletion of exon 2
results in a frameshift mutation that leads to an early
translational termination. The generation of mutated
allele was confirmed by polymerase chain reaction (Fig.
S1B) and sequencing (data not show). By western blot and
immunohistochemistry analysis, there is no detectable
N4BP1 protein in skin from N4BP1~/~ mice (KO),
through it can be easily detected in skin from N4BP1"/*
mice (WT) (Figs. 1E, F, 4E and data not shown). Breeding
of N4BP1"/~ male and female mice gave rise offsprings
with wild-type (WT), heterozygote (HET), and knockout
(KO) genotypes in a Mendelian ratio, suggesting that
N4BP1 /" mice are viable (Data not shown). N4BP1 /'~
mice are fertile and no apparent morphological defects
compared to control mice when housed in pathogen-free
condition.

Our study on the expression of N4BP1 showed that
N4BP1 has a highly expression in skin and indicated a
function in psoriasis. To assess whether N4BP1 plays a
role in psoriasis, we treated the back skin of WT and KO
mice with IMQ, a common medicine used to induce
psoriasis in mice. As shown in Fig. 2A, the back skin from
KO mice display more erythema and scaling compared to
that from WT mice. Consistently, IMQ induces more
swelling of back skin in KO mice comparing to that in
WT mice back skin (Fig. 2B). Next, we performed
immunohistochemistry in KO and WT mice to further
analyze the pathological changes. Consistent with a role of
N4BP1 in psoriasis, the hyperkeratosis, parakeratosis and
acanthosis were more pronounced in KO mice compared
to that in WT control mice (Fig. 2C). We got similar
results in the skin from ears by treating with IMQ in WT
and KO mice (Fig. S1C). To further explore our finding in
molecular level, we did RNA sequencing of IMQ-treated
skin from WT and KO mice. 171 profoundly upregulated
genes were identified from KO mice and control pairs
(Expression > 1, FDR < 0.001, and Fold > 2). Consistent
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with severe IMQ-induced psoriasis in KO mice, the
upregulated genes are significantly enriched in psoriasis-
associated process, such as keratinization, keratinocyte
differentiation, and epidermis development (Fig. 2D). A
list of genes encoding keratins (KRTs) and keratin-
associated proteins (KRTAPs) are significantly upregu-
lated in KO mice (Fig. 2E). The upregulation of KRT1,
KRT10, KRT34, KRT71, and KRT83 in KO mice was
further confirmed by RT-PCR (Fig. 2F). Collectively,
N4BP1 negatively regulates IMQ-induced psoriasis
in vivo.

Loss of N4BP1 results in increased keratinocyte
proliferation

Given that N4BP1 is an endoribonuclease that degrades
mRNA, we carried out RNA sequencing in homeostatic
WT and KO skin to further understand the molecular
mechanism of N4BP1 in the regulation of keratinocytes.
By profiling the mRNA between WT and KO mice, we
identified 315 greatly upregulated and 78 greatly down-
regulated genes (FDR <0.001, Expression > 10, and Fold
change > 2) in KO mice skin. The upregulated but not
downregulated genes are closely associated with epi-
dermis development and keratinocyte differentiation (Fig.
3A). In the upregulated genes, there are a number of KRT
genes such as proliferation marker (KRT5 and KRT14),
differentiation marker (KRT1 and KRT10) as well as other
KRT genes (KRT15, KRT26, KRT31, KRT34, KRT35,
KRT72, KRT81, and KRT83) (Fig. 3B). The upregulation
of KRT34, KRT71, and KRT83 was further confirmed by
RT-PCR (Fig. 3C and Fig. S2A). We also did immuno-
fluorescence to examine the protein expression of KRT5
and KRT10 in WT and KO skin (Fig. 3D). The results
demonstrated a significant increase of both KRT5 and
KRT10 in KO skin compared to them in WT skin (Fig.
3D). These results indicate that N4BP1-deficient kerati-
nocytes have abnormal changes in molecular level, even
though without obvious histological changes. Therefore,
we reason that N4BP1 might be a critical regulator of
keratinocyte proliferation and differentiation. To confirm
this hypothesis, we isolated the primary keratinocytes
from WT and KO skin. In in vitro culture, the prolifera-
tion rate of N4BP1-deficient keratinocytes was sig-
nificantly higher than WT keratinocytes (Fig. 3E and Fig.
S2B). Carboxyfluorescein succinimidyl ester (CFSE)
labeling further verified that the cell division of N4BP1-
deficient keratinocytes is much quicker than that of WT
keratinocytes (Fig. 3F and G). Taken together, our results
demonstrate that N4BP1 is a critical negative regulator in
controlling keratinocyte proliferation.

N4BP1 negatively regulates JunB and FosB
We next sought to determine the direct targets of
N4BP1 in skin. Since 315 profoundly upregulated genes
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(see figure on previous page)

Fig. 2 N4BP1-deficient mice develop severe and prolonged IMQ-induced psoriasis-like disease. A Representative photos of IMQ-induced
psoriatic skin of N4BP1 wild-type and knockout mice. B Thickness of back skin from lesioned location of N4BP1 wild-type and knockout mice.

C Hematoxylin and eosin staining of representative skin sections from indicated each group. D The most profoundly up- or downregulated genes in
IMQ-treated N4BP1 knockout mice were subjected to analyze the enrichment of GO biological process by using online GSEA (geneset enrichment
analysis) program. The enriched GO biological processes was shown. E Volcano plot was used to present the results of RNA-seq from IMQ-treated
back skin between N4BP1 wild-type and knockout mice. The most-upregulated genes encoding keratins and keratin-associated proteins were
labeled. F The upregulated genes encoding keratins including KRT1, KRT10, KRT34, KRT71, and KRT83 were further examined in IMQ-treated skin from
N4BP1 wild-type and knockout mice by real-time RT-PCR analysis. The images show representative data from one of three independent experiments.
The images (A, C) show representative data from one of three independent experiments. Data (B, F) from one of three experiments are shown.
Statistical differences between groups were determined by the Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

were identified in N4BP1-deficient skin. It is possible that
these upregulated genes are controlled by key transcrip-
tion factors (TFs), which are direct targets for N4BP1.
Based on this consideration, we used transcriptional fac-
tor program (www.gsea-msigdb.org) to search the com-
mon TFs of 315 upregulated genes. Interestingly, there are
50 genes are transcriptional targets of AP-1 transcription
factor (Fig. 4A). The enrichment is specific because the 78
downregulated genes are not enriched with any known
TFs. The 50 targets of AP-1 were listed as in Fig. 4B and
all of them are significantly upregulated in N4BP1-
deficient skin. It is known that AP-1 is comprised of
seven members including c-Jun, JunB, JunD, c-Fos, FosB,
Fra-1, and Fra-2**. Based on the RNA-seq data, c-Jun,
JunB, JunD, c-Fos, and FosB but not Fra-1 or Fra-2 are
significantly upregulated in N4BP1-deficient skin (Fig.
4C). To further confirm these results, we examined the
expression of c-Jun, JunB, c-Fos, and FosB in WT and KO
skin by RT-PCR. As expected, the expression of JunB,
FosB, and c-Fos is significantly elevated (Fig. 4D). Con-
sistently, the protein levels of JunB and FosB are sig-
nificantly upregulated in KO mice skin compared to that
in WT mice skin (Fig. 4E). When overexpression of
N4BP1, the expression of JunB, FosB, and JunC are sig-
nificantly downregulated (Fig. 4F and Fig. S3A and S3B).
These results indicate that JunB and FosB might be direct
targets of N4BP1 and N4BP1 might control their mRNA
stability. To further verify this hypothesis, we firstly
examine the effect of N4BP1 on mRNA stability of JunB
and FosB. As shown in Fig. 4G, the mRNA stability of
JunB and FosB is greatly reduced in N4BP1 overexpressed
cells. Then, we probe whether JunB and FosB is the direct
targets of N4BP1 by RNA immunoprecipitation assay.
Interestingly, both JunB and FosB mRNA were found in
anti-FLAG-N4BP1 precipitation (Fig. 4H and I). It indi-
cates that N4BP1 interacts with JunB and FosB mRNA.
Furthermore, in 293 T cells, genetic knockout of N4BP1
results in upregulation of JunB and FosB as well as
increased mRNA stability (Fig. S3C-S3E). Taken together,
these results strongly suggest that JunB and FosB are
direct targets of N4BP1 and N4BP1 controls their mRNA
stability.
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Increased recruitment of neutrophil in psoriatic skin from
N4BP1-deficient mice

As a chronic inflammatory disease, previous studies
suggest that psoriasis is an abnormal process that results
from extravagant crosstalk between keratinocytes and
immune cells. Thus, we examined the effect of N4BP1 on
immune function by checking the CD45-positive cell
populations in psoriatic skin from WT and KO mice. The
percentage of granulocytes in psoriatic skin from KO mice
is much greater than that from WT control mice (Fig. 5A
and B). Further analysis indicates that the increased
granulocytes are CD11B and LY6G double-positive neu-
trophils (Fig. 5C and D). Next, we examined the percen-
tage of neutrophils in bone marrow (BM), spleen, and
blood from WT and KO mice. The results show that the
percentage of neutrophil is dramatically increased in
blood, but not in bone marrow and spleen, from KO mice
compared to that from WT mice (Fig. 5E). To further
prove this result, we analyzed the expression of molecular
markers for different immune cell population in BM,
blood, and spleen by RT-PCR. As expected, the mRNA
level of LY6G is significantly higher in blood but not BM
or spleen from KO mice compared to that of WT mice
(Fig. 5F). These data indicate that N4BP1 deficiency
results in increased recruitment of neutrophil in psoriatic
skin and elevated percentage of neutrophil in blood.

The number and maturation of neutrophils is significantly
increased in N4BP1-deficient mice

The enhanced neutrophil in blood and psoriatic skin
from KO mice prompted us to further detect the function
of N4BP1 in neutrophils. By mining the expression of
N4BP1 in all mouse immune cell types, we found that
neutrophils, especial blood neutrophils has the highest
expression of N4BP1 in all tested immune cells (Fig. 6A,
www.immgen.org). Myeloperoxidase (MPO) is a key
constituent of the neutrophil’s cytotoxic armament. Thus,
we performed MPO staining both in resting and IMQ-
induced skin and found that the level of MPO in KO skin
is significantly increased (Fig. 6B). We then did the blood
smear to check the abnormalities in the number and
shape of neutrophil from WT and KO mice. Both the
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PCR. D Immunofluorescence analysis of KRT5 and KRT10 in N4BP1 wild-type and knockout skin. E The cell number of keratinocytes isolated from
N4BP1 wild-type and knockout was determined by CCK8 assay. F The isolated keratinocytes from N4BP1 wild-type and knockout mice skin were
labeled with CFSE fluorescence and further cultured in indicated dates. The fluorescence was captured by fluorescence microscopy. G The CFSE
labeled N4BP1 wild-type and knockout keratinocytes were cultured in vitro for 5 days. The fluorescence was examined by FACS. The images (D, F, G)
show representative data from one of three independent experiments. Data (C, E) from one of three experiments are shown. Statistical differences
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(.

neutrophil number and the percentage of segmented
neutrophil in KO mice are greatly elevated (Fig. 6C and
D). Interestingly, we further found that the apoptotic
neutrophil from KO mice blood, but not bone morrow or

spleen, is significantly decreased compared to it from WT
mice (Fig. 6E). These results suggest that the increased
infiltration of neutrophil in KO skin at least partially due
to increased segmented neutrophil in blood.
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(see figure on previous page)

Fig. 4 N4BP1 negatively regulates JUNB and FOSB. A The most up- and downregulated genes between N4BP1 wild-type and knockout mice skin
were subjected to all transcription factor targets analysis (https://www.gsea-msigdb.org/). Among 315 most-upregulated genes, 50 genes are targets
of AP-1 transcription factor. B The list of 50 targets of AP-1 and their expression change between N4BP1 wild-type and knockout mice skin. C The
expression of AP-1 family (c-Jun, JunB, JunD, c-Fos, FosB, Fra-1, and Fra-2) in N4BP1 wild-type and knockout mice skin was examined by RNA-seq. D
The mRNA level of JunB, JunC, FosB, and FosC was determined by real-time RT-PCR in N4BP1 wild-type and knockout mice skin. E The protein level of
JunB and FosB was examined by Western analysis in N4BP1 wild-type and knockout mice skin. F The mRNA level of JunB, JunC, FosB, and FosC was
determined by real-time RT-PCR in N4BP1 stable overexpressed Hela cells. G The control and N4BP1 stable expressed Hela cells were treated with
actinomycin (20 uM) for indicated time and the mRNA of JunB and FosB were examined by real-time RT-PCR. H The RNA immunoprecipitation was
performed using anti-FLAG antibodies in FLAG-N4BP1 stable overexpressed cells and their controls. The presence of RNA was determined by RT-PCR.
I The RNA immunoprecipitation was performed by anti-FLAG antibodies in FLAG-N4BP1 stable overexpressed cells and their controls. The level of
RNA was determined by real-time RT-PCR and normalized to the amount of input. The images (E, H) show representative data from one of three
independent experiments. Data (D, F, G, I) from one of three experiments are shown. Statistical differences between groups were determined by the

Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

N4BP1 negatively controls the mRNAs of CXCL1, CCL20,
S100A8, and S100A9

To understand the molecular mechanism of N4BP1 in
the regulation of neutrophil infiltration, we examined the
mRNA level of several key genes involved in inflammation
including TNFa, IL-23, IL-17, CXCL1, CCL20, S100AS8,
and S100A9 in psoriasis skin from N4BP1 KO and WT
mice. Consistent with increased neutrophils, the expres-
sion of CXCL1, CCL20, S100A8, and S100A9 but not
TNFa, IL-17, and IL-23 are significantly increased in the
psoriasis skin from KO mice (Fig. 7A and data not
shown). CXCL1 and CCL20 are IL-17-induced genes.
Treatment with IL-17 in MEFs significantly induces
higher expression of CXCL1, CCL20, and S100A8 in
N4BP1 KO MEFs comparing to that in WT MEFs (Fig.
7B). Using another TLR8 agonist, R848, we got similar
results (Fig. 7C). These results indicate that CXCLI,
CCL20, S100A8, and S100A9 might be direct targets of
N4BP1 to control neutrophil maturation and infiltration.
Overexpression of N4BP1 significantly downregulates the
mRNA level of CXCL1 (Fig. 7D). When treated cells with
ActD at indicated timepoints, the relative mRNA of
CXCL1 is significantly lower in N4BP1 overexpressed
cells comparing to that in control cells (Fig. 7E). More-
over, RNA immunoprecipitation showed that FLAG-
N4BP1 binds with CXCL1 (Fig. 7F and G).Upon R848
treatment, the KO keratinocytes proliferate much faster
than WT controls as examined by CESE labeling (Fig. S4).
Taken together, loss of N4BP1 results in not only
abnormal keratinocyte proliferation but also abnormal
neutrophil maturation and infiltration by directly con-
trolling JunB, FosB, and CXCL1, respectively, leading to
susceptibility to psoriasis.

Discussion

Psoriasis is a serious and chronic skin disease with no
clear cause and cure that affects more than 100 million
individuals in the world (www.WHO.int). The develop-
ment of psoriasis is a complicated process resulting from
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abnormal interplay between keratinocytes and immune
cells. Although the role of T cells in psoriasis has been
extensively studied and significant progress both in
pathology and treatment has been achieved in recent
years®>*, The intrinsic roles of keratinocytes as well as
immune cells other than T cells remains to be fully
explored in psoriasis. Here, we recognized N4BP1 is a
critical endoribonuclease in both keratinocytes and neu-
trophils. With predominate expression in keratinocytes
and neutrophils, N4BP1 regulates keratinocytes and
neutrophils through controlling JunB, FosB, and CXCL1,
respectively. Although we did not observe gross
abnormality of skin in N4BP1-deficient mice, changes in
both cellular and molecular levels of keratinocytes and
neutrophils have taken place in the N4BP1-deficient skin
(Figs. 3, 4, and 5). Hence, N4BP1-deficient mice skin is
already in a state to favor keratinization and cornification.
These molecular and cellular changes in keratinocytes and
neutrophils are more apt to development of psoriasis
upon IMQ stimulation. Therefore, our study provides
compelling evidence that N4BP1 plays a key role in skin
hemostasis and pathology through regulating keratino-
cytes and neutrophils. N4BP1 acts as a nuclear ribonu-
clease to take charge of keratinocytes and neutrophils, and
its abnormality contributes to psoriasis development,
presenting it as a potential therapeutic target to treat
psoriasis.

TNFa, IL-17, and IL-23 are three well-recognized
cytokines that play important role in psoriasis. These
three cytokines are efficient targets in the treatment of
psoriasis in clinic. For example, Brodalumab is the anti-
IL17RA antibody and has been approved for use in
patients with moderate to severe plaque psoriasis®’.
About 40% of patients receiving 12 week of induction
therapy with subcutaneous brodalumab achieve a com-
plete skin clearance (PASI 100). Certolizumab is the anti-
TNFa biologic and about 50% of patients reach PASI-90
after a long-term treatment®. Risankizumab is a huma-
nized monoclonal antibody that specifically targets
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quantification of Granulocytes from A. C Cells were isolated from N4BP1 wild-type and knockout skin treated with IMQ. Cells were stained by CD45.2-
FITC, LY6G-PE, and CD11B-APC antibodies, and analyzed by FACS. Shown are representative plots from one of three independent experiments. D The
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show representative data from one of three independent experiments.

interleukin (IL)-23 and around 50% patients treated with  portion of patients still cannot reach a completely clear
subcutaneous risankizumab show a clear skin®’. Thus, skin even after extensive treatment with newest biologics.
although some patients have benefited, a significant It indicates that there are still other unknown factors

Official journal of the Cell Death Differentiation Association


http://www.immgen.org
http://www.immgen.org

Gou et al. Cell Death and Disease (2021)12:488 Page 12 of 16

A Psoriasis skin
10 *k* 12 * 4 6
CXCL1 ccL20 S100A8 * sto0a9  **
T 31 E E
3 3 3 3
< < 8 < <4
Z 6 z z z
o 4 o ['4
€ £ 6 £2 €
g 4 2 2 2
& 5 s 52
Q [} [] (5]
x 2 [ o 14
0 — 0 0 .
N4BP1++ N4BP17 N4BP1+/+ N4BP1 N4BP1+* N4BP17- N4BP1+* N4BP17-
B MEFs
20 7 30 3
CXCL1 ”s colo S100A8 s |
%15 1 * g *kk 3 /1
< = 20 25
H g < ++
* z Z =g N4BP1
E10 £ 15 & -
e o E *% / o= N4BP1
4 &
5
0 0 0
IL17: 0 2 6 (hrs) IL17: 0 2 6 (hrs) IL17: 0 2 6 (hrs)
& *% == N4BP1++
T 4 =
1 exeut A 87 CCL20 . S100A8 —o— NagP1” "
T 12 F E I *
o2 2564 o p
< <° * - *k
E 9 E T 5 p
£ € 4 ** = €2
26 g g g
s 5| I
& 3 22 &
0 0 0
R848: 0 1 2 4(hrs) R848: 0 1 2 4 (hrs) R848: 0 1 2 4 (hrs)
D E F RIP © G
12y oxeu 12. CXCL1 Q\fg Boxet
= - T o W =
209 809 el g e
% 06 Zo6 Tokp £ 40
e o e IP:FLAG - TNFa E
T 03 Eo3 Betp < 2
E E - 17 z
o o -250bp €
Vec N4BP1 ActD: 0 1 2 (hrs) m cXCLA 0= .
-100bp g &
N
-250bp <
-250bp
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RT-PCR. D The mRNA level of CXCL1 was determined by real-time RT-PCR in N4BP1 stable overexpressed Hela cells. E The control and N4BP1 stable
expressed Hela cells were treated with actinomycin (20 uM) for indicated time and the mRNA of CXCL1 were examined by real-time RT-PCR. F The
RNA immunoprecipitation was performed using anti-FLAG antibodies in FLAG-N4BP1 stable overexpressed cells and their control cells. The presence
of RNA (CXCL1, TNFa, and IL-17) was determined by RT-PCR. G The RNA immunoprecipitation was performed using anti-FLAG antibodies in FLAG-
N4BP1 stable overexpressed cells and their control cells. The level of RNA was determined by real-time RT-PCR and normalized to the amount of
input. The images (F) show representative data from one of three independent experiments. Data (A, B, C, D, E, G) from one of three experiments
are shown. Statistical differences between groups were determined by the Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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significantly contribute to the development and recur-
rence besides these critical inflammatory cytokines
(TNFa, IL-23, and IL-17). In N4BP1-deficient mice under
resting- or IMQ-treated condition, the expression of
TNFa, IL-23, and IL-17 is similar or slightly down-
regulated comparing to their WT controls (data not
shown). It suggests that the severe psoriasis observed in
N4BP1-deficient mice is not due to overproduction of
TNFa, IL-23, and IL-17. However, in the IL-17-treated
cells, the target genes such as CXCL1, CCL20, and
S100A8 in N4BP1-deficient cells are higher than it in
controls (Fig. 7B). It indicates that N4BP1 regulates
cytokine signal transduction instead of the production of
cytokines. It suggests that N4BP1 is a novel regulator in
psoriasis and its functional is independent on over-
production of TNFa, IL-23, and IL-17.

N4BP1 has a NYN domain and the primary amino-acid
sequence as well as structure is similar to that of Regnase-
1°%. Regnase-1 is not only a RNA binding protein but also an
endoribonuclease that is essential for degradation of
inflammation-related mRNAs such as IL-6 and maintenance
of immune homeostasis®***™*%. Regnase-1 specifically
cleaves and degrades translationally active mRNAs via
recognition of the stem loop structure in 3'UTR at ribo-
some/endoplasmic reticulum®, Our results reported here
also suggests that N4BP1 degrades specific mRNAs such as
JunB, FosB, and CXCL1. But, it is still unclear how N4BP1
achieve substrate specificity and whether N4BP1 also
recognizes stem loop structure in 3’'UTRs. Regnase-1 is an
IL-17-induced gene and its upregulation in psoriasis restricts
IL-17 signaling and skin inflaimmation***°. Keratinocyte-
specific ablation of Regnase-1 promotes local and systemic
inflammation partially through inhibiting the IL-36 func-
tion****, But unlike Regnase-1, N4BP1 mainly localizes on
nucleus and thus might degrade different mRNAs and
controls different biological processes. Our results indicate
that N4BP1 plays critical and nonredundant role in psoriasis
via controlling the function of keratinocytes and neutrophils.

Munro microabscesses (intracorneal aggregates of
neutrophils) in chronic plaque psoriasis and spongiform
pustules of Kogoj (epidermal spongiosis with neutrophils)
in pustular psoriasis are histologic hallmarks of psor-
iasis***®, Neutrophil was first observed from psoriatic
lesions in 1898, but its role in psoriasis is still puzzled'. In
N4BP1-deficient skin after IMQ induction, the dominant
infiltrated immune cells are neutrophils (Fig. 5A). This is
partially due to overproduction of neutrophil-chemokine
CXCL1 in IL-17-induced keratinocytes. Interestingly,
N4BP1 also involved in the circulation of neutrophil in
the blood. We observed increased total number of neu-
trophil in blood and the percentage of segmented neu-
trophil is further increased (Fig. 6C). Although, the direct
molecular targets of N4BP1 in controlling neutrophil
maturation and survival are still unknown. We do
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observed a reduction of apoptotic neutrophil in N4BP1-
deficient mice. Therefore, N4BP1 is a key regulator in the
maturation and survive of neutrophils. Loss of N4BP1
results in increased segmented neutrophil in blood and
contributes to the development of psoriasis.

During the process of manuscript submission, Gitlin et al.
reported that N4BP1 is a negative regulator of cytokine
production and its function can be disrupted by FADD/
caspase-8-mediated cleavage®. They established the N4BP1
knockout mice and examined the response of these mice
under IMQ-induced psoriasis model. They observed that the
N4BP1-deficient mice developed exacerbated psoriasis with
more epidermal hyperplasia, inflammatory cell infiltration,
and serum CXCLI level compared to WT mice®. Here, we
independently established the N4BP1 knockout mice and
performed detailed analysis to uncover the role of N4BP1 in
psoriasis. In IMQ-induced psoriasis model, we found N4BP1
knockout mice developed severe psoriasis due to abnormal
keratinocyte proliferation and neutrophil infiltration. N4BP1
binds to its mRNA targets including JunB, FosB, and
CXCL1, and controlling their stability. The back-to-back
investigations performed by two groups support the
important role of N4BP1 in psoriasis.

In summary, we uncovered a new molecule involved in
psoriasis. In fact, as a member of Zc3h12a-like ribonuclease-
NYN domain subfamily of endoribonucleases, Regnase-1
has been reported to play a role in the keratinocytes. Here,
we unraveled another member that is N4BP1, plays critical
role both in keratinocytes and neutrophils by directly con-
trolling mRNA stability of several key genes including JunB,
FosB, and CXCL1, and through such mechanism maintains
skin hemostasis to prevent the development of psoriasis (Fig.
S5). It is possible that N4BP1 might be cooperatively with
Regnase-1 to regulate distinguished mRNA targets. Further
studies on the detailed regulatory mechanism of how
N4BP1 specifically recognizes its targets and its relationship
with Regnase-1 should provide additional insights into the
pathogenesis of psoriasis.

Materials and methods
Cell lines and generation of N4BP1 knockout mice

HEK293T cells and HeLa cells were cultured with
modified DMEM high glucose medium (containing 10%
FBS and 1% streptomyces and penicillin) under 37 °C and
5% of CO2. Lipofectamine 2000 was used for transfection
and the medium was replaced after 6 h of transfection.
Forty-eight hours after transfection, puromycin was used
to screen successfully transfected cells and maintained for
2 weeks. WT and N4BP1~/~ MEFs were prepared from
day 13.5 embryos and cultured in DMEM supplemented
with 10% FBS.

To obtain the N4BP1 knockout mice, we designed two
sgRNAs to specifically delete the second exon of N4BP1
encoding gene. The procedure to generate N4BP1
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knockout mice was performed by Shanghai Model
Organisms Center Inc. N4BP1™'~ mice were intercrossed
to generate N4BP1 ™/~ mice and backcrossed more than
10 generations onto the C57BL/6 genetic background.
The sample size of mouse for different experiments was
designed based on the results of primary experiments and
the cost, time, or convenience of collecting the data, as
well as the need for it to offer sufficient statistical power.
The mice were housed at the institute of experimental
animal sciences at Nantong University. All studies and
procedures were approved by the animal research com-
mittee of Nantong University. The mouse genotype was
determined by using the genomic DNA of tails. The
genomic PCR was performed using kit of Taq Master Mix
(Vazyme,#p112-01) and the PCR products were separated
by the 1% of agarose gel. The sequence of primers is as
follows: Fl: GGAGATGTACGGC CACCAGAG, RI:
CCTCTT GTGACAAACTG, F2: TGCTAAGCCATCTC
ACCAGA, R2: GTGAA GGGGAGGAGAGGAAG.

Primary keratinocyte isolation and culture in vitro

The neonatal mice were sacrificed and skins from the
limbs were separated. The separated skins were washed with
75% of alcohol for 2 min, then rinsed in PBS with antibiotics
for two times. The skins were flattened in 3-cm petri dishes
and digested with dispase (StemCell Technologies, 07913)
for 18 h at 4 °C. The epidermis was taken off gently and were
cut into small pieces. The epidermis was further digested
with 0.25% trypsin containing EDTA at 37 °C for 15 min.
The digested epidermis was shaken gently and the kerati-
nocytes were collected by centrifugation. The isolated ker-
atinocytes were washed with keratinocyte culture medium
and cultured with complete medium of mouse epidermal
keratinocytes (Procell, CM-M094). Keratinocytes were cul-
tivated at 37 °C with 5% CO,, and the medium was refreshed
every 2 days. The proliferation of primary keratinocytes was
determined by CCK8 assay. Keratinocytes were labeled with
CEFSE (carboxyfluorescein succinimidyl ester) using the Cell
Trace Cell proliferation kit (Thermo Fisher, C34570). Briefly,
the primary keratinocytes were gently suspended with CFSE
(1:1000 diluted). After incubating at 37 °C for 20 min, the
complete medium was added and incubated for additional
5min. The supernatant was removed and the cells were
cultured in complete medium for indicated days. The
labeled cells were assayed using cytometry and fluorescent
microscopy.

Cutaneous cell preparation and analyzed by flow
cytometry

The back skins were collected from N4BP1™" and
N4BP1 '~ mice with or without IMQ (Aldara cream, 5%)
treatment. The skins were cut into small pieces and fur-
ther mechanically homogenized. To obtain single-cell
suspension, these skins were digested at trypsin at 37 °C
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for 90 min. The cell suspension were filtered through the
100 uM filter and collected by centrifugation. Cells were
stained with antibodies according to the manufacturer’s
instructions. Cells were detected by BD FACSC Calibur
flow cytometry and analyzed using FlowJo 7.6 software.

Establishment of psoriatic mouse model

The back hair of N4BP1*"'" and N4BP1 ™/~ mice were
removed using an electric razor. The 8-10-weeks mice
were received a daily topical dose of 62.5 mg of 5% IMQ
cream (corresponding to 3.125mg of active compound)
(Aldara cream, 5%) for up to 11 consecutive days. At
designed time, the IMQ-treated N4BP1"™'* and N4BP1~/~
mice were sacrificed and the skins were isolated for H&E
or immunohistochemical staining.

Hematoxylin-eosin and immunohistochemical staining

The skin tissue was trimmed into small pieces at size
about 1x 1cm. Then the skin tissues were soaked in 4%
paraformaldehyde for 24h following alcohol gradient
dehydration and paraffin embedding. The tissue blocks were
cut into 5-um-thick slices. Sections were dewaxed, hydrated
and stained with hematoxylin for 30 min and eosin for 5s.
At last, the stained sections were dehydrated, transparent
and sealed. For immunohistochemical staining, the thick
slices of 5um were dewaxed with xylene and soaked in
water. In order to reduce the nonspecific staining caused by
endogenous peroxidase, 3% hydrogen peroxide was dripped
on the slices and placed at room temperature for 30 min.
Then, goat serum was used to block nonspecific binding for
1h at room temperature. The sections were rinsed with
TBST buffer and incubated with primary antibody at 4 °C
overnight. Next day, the anti-mouse or anti-rabbit IgG
conjugated with horseradish peroxidase was incubated at
37°C for 30 min. Sections stained with DAB (3,3’-diami-
nobenzidine) for 2 min and the nucleus was stained with
hematoxylin for 5 min.

Blood smear and Giemsa staining

A drop of the fresh peripheral blood or bone marrow
from N4BP1"'" and N4BP1 '~ mice were placed on the
clean slide. Without delay, place a spreader at an angle of
45° from the slide and move it back to make contact with
the drop. The slides were dried and then fixed with
methanol for 15 min. Then the blood smear was stained
with Giema dye for 30 min. The stained slides were
washed with buffer and dried. The stained blood smear
was observed under the microscope.

Immunofluorescence staining

The tested cells were inoculated into 2 cm petri dishes
with round slides placed in advance. When the cell
density reached 60% on the round glass slides, slides
were taken out and fixed with 4% paraformaldehyde
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(PFA) for 15 min, and permeabilized by 0.2% Triton X-
100. The fixed cells were blocked with 1% BSA and
washed with PBS plus 0.1% BSA and 0.01% Tween-25.
After that, cells were stained with anti-N4BP1 antibody
overnight at 4°C. At next day, the slides were washed
and further stained with second antibody at room
temperature for 2h. After PBS washing, the Hochest
33343 was used to for nuclear staining. The fluores-
cence of stained cells were analyzed by confocal
microscope or fluorescence microscope.

RNA isolation, quantitative real-time PCR, and RNA-
sequence

Skin samples or other tissue samples were collected and
placed in 1.5-ml tube for total RNA extraction. For RNA
isolation, the sample is cracked in the lysate buffer by a
homogenizer. The purity and concentration of total RNA
were assessed using a Nano Drop 1000 spectro-
photometer (Thermo Fisher Scientific). Reverse tran-
scription was performed with 1 pg of total RNA using
HiScript II One Step RT-PCR Kit. The cDNA was diluted
five times, and SYBR Green PCR Kit (#Q112-02/03,
Vazyme) was used to quantitative the expression of gene.
The mRNA level was normalized against 18S. The
sequences of the primers are listed in Supplementary
Table S1. For RNA sequencing, total RNAs extracted
from tissues and send to company for RNA-seq. The
analysis about enrichment and targets of transcription
factor was performed using online GSEA program (www.
gsea-msigdb.org).

RNA immunoprecipitation

The cells were collected, washed twice with precooled
PBS to remove the medium, and then 10 ml of PBS was
added. Add formaldehyde (37% stock solution) to the
above solution to a final solution concentration of 1% and
incubate with slow rotation at room temperature for
10 min. Add glycine solution to a final concentration of
0.25 M to quench the crosslinking reaction (pH 7.0), then
incubate at room temperature for 5 min and mix gently.
Add 5-10ml of precooled PBS to wash the cells and
scrape the cells in 2 ml of precooled PBS. The cells were
collected by centrifugation and washed twice with cold
PBS. The collected cells were lysated by RIPA lysis buffer
with PMSF and sonicated. After rotation for 1 h, the lysate
was centrifuged at 4°C, 13,000 rpm. The supernatant was
taken and precleaned by protein A beads. After cen-
trifugation, the clean supernantant were incubated with
anti-FLAG antibodies for 2 h. Then, protein A was added
for additional 1 h. After that, protein A beads were col-
lected and washed. The immunoprecipitated samples
were resuspended in decrosslinking agent at 70°C for
45 min to reverse crosslinking. After reverse crosslinking,
Trizol was used for RNA extract.
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Western blot analysis

Briefly, ultrasonic lysis of skin tissue in RIPA lysate with
PMSF, samples were further homogenized in a lysis buffer
and centrifuged at 10,000 g, 4 °C for 15 min to collect the
supernatant. Protein concentrations were determined by a
BCA protein assay kit (Bio-Rad). Subsequently, the
supernatant was diluted in 5x SDS loading buffer and
boiled for 15 min. The protein samples were separated
with 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride filter
(PVDF) membranes (Millipore), which were blocked in
5% milk dissolved in Tris buffered saline containing 0.05%
Tween 20. Thereafter, the membranes were incubated
with primary antibodies at first and then the secondary
antibody linked with horseradish peroxidase for 2 h. The
detection of chemiluminescent signals was performed by
ECL method (Bio-Rad). The Antibodies are listed in
Supplementary Table S2.
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