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Abstract
Psoriasis is a chronic, inflammatory skin disease involving both environmental and genetic

factors. According to genome-wide association studies (GWAS), the TNIP1 gene, which en-

codes the TNF-α–induced protein 3-interacting protein 1 (TNIP1), is strongly linked to the

susceptibility of psoriasis. TNIP1 is a widely expressed ubiquitin sensor that binds to the

ubiquitin-editing protein A20 and restricts TNF- and TLR-induced signals. In our study,

TNIP1 expression decreased in specimens of epidermis affected by psoriasis. Based on

previous studies suggesting a role for TNIP1 in modulating cancer cell growth, we investi-

gated its role in keratinocyte proliferation, which is clearly abnormal in psoriasis. To mimic

the downregulation or upregulation of TNIP1 in HaCaT cells and primary human keratino-

cytes (PHKs), we used a TNIP1 specific small interfering hairpin RNA (TNIP1 shRNA) lenti-

viral vector or a recombinant TNIP1 (rTNIP1) lentiviral vector, respectively. Blocking TNIP1

expression increased keratinocyte proliferation, while overexpression of TNIP1 decreased

keratinocyte proliferation. Furthermore, we showed that TNIP1 signaling might involve ex-

tracellular signal-regulated kinase1/2 (Erk1/2) and CCAAT/enhancer-binding protein β (C/

EBPβ) activity. Intradermal injection of TNIP1 shRNA in BALB/c mice led to exaggerated

psoriatic conditions in imiquimod (IMQ)-induced psoriasis-like dermatitis. These findings in-

dicate that TNIP1 has a protective role in psoriasis and therefore could be a promising

therapeutic target.
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Introduction
Psoriasis is a common chronic inflammatory skin disorder affecting 1–2% of the northern
American and European populations [1]. It has characteristic hitological changes, including
epidermal hyperproliferation, infiltration of T cells and dendritic cells, and a distinct increase
in skin angiogenesis. While the etiology is largely unclear, previous studies have shown that
dermal injection of immune cells could induce psoriasis [2], and abrogation of activation pro-
tein 1 (AP1) pathway in keratinocyte signaling could lead to psoriasiform hyperplasia in
mice [3]. Thus, both immunological and keratinocyte dysfunction are sufficient to initiate
psoriasis-like skin disease. In addition, genetic components, as demonstrated by familial ag-
gregation studies, are clearly involved [4]. At least 36 different loci have been identified as
susceptibility loci of psoriasis by GWAS [5], including the TNIP1 gene, which encodes TNF-
α–induced protein 3-interacting protein 1 (TNIP1), as well as the tumor necrosis factor α-in-
duced protein 3 (TNFAIP3) gene, which encodes protein A20 [6, 7]. Besides psoriasis, the
TNIP1 and TNFAIP3 gene have been associated with systemic lupus erythematosus (SLE) [8,
9]. In fact, the CC genotype of rs10036748 in TNIP1 is protective against SLE in European
populations [9], as well as in Chinese Han population [9, 10]. Further study has shown that
the G allele of rs610604 in the TNFAIP3 gene correlates with a good response to TNF block-
ers in patients with psoriasis [11]. However, the mechanisms of how these susceptibility
loci and their encoded proteins contribute to the pathogenesis of psoriasis remain largely
unclear.

TNIP1, a widely expressed ubiquitin-binding protein [12], belongs to the TNIPs family and
includes three different intracellular proteins, TNIP1, TNIP2 and TNIP3 [13]. TNIP1 interacts
with the deubiquitylase A20 [14] and inhibits NF-κB transcriptional activity [15–18]. Psoriatic
skin displayed a 1.47-fold increase in the mRNA level of TNIP1, when compared with unin-
volved skin [6], suggesting that TNIP1 may have a role in the pathogenesis of psoriasis. Similar
to TNIP1, A20 is also known to function as a negative regulator of NF-κB activity. Although
TNIP1 interacts with A20 and shares a common role in repressing NF-κB activity [19, 20],
TNIP1 can function independently of A20 [17, 21–23]. Interestingly, skin sections from
A20-deficient mice revealed thickened epidermis without inflammation [19], suggesting a role
for A20 in skin growth. However, whether TNIP1 shares the same role as A20 in skin growth
remains unknown.

Despite the current focus on immune disorder, especially on innate immune cells in the
pathogenesis of psoriasis [24–26], keratinocytes, the most predominant cell type in human epi-
dermis, are characterized by hyperproliferation and aberrant terminal differentiation, resulting
in the formation of plaque with a scaling surface in patients affected by psoriasis. Keratinocytes
also have a profound influence on the immune system by producing different inflammatory cy-
tokines and chemokines [27]. Since psoriasis is characterized by excessive epidermal growth,
we postulated whether TNIP1 could affect the proliferation of keratinocytes. In fact, one study
showed that overexpression of TNIP1 inhibited the growth of EGF receptor-overexpressing
tumor cells [28]. Similarly, TNIP2, another member of the TNIP family, delays liver generation
when overexpressed [29].

To date, the definite and precise role of TNIP1 in psoriatic epidermal cells remains unclear.
The aim of this study was to determine the potential role of TNIP1 in psoriasis. Our data
showed that TNIP1 played a role in modulating the proliferation of human keratinocytes and
exaggerated IMQ-induced psoriasis-like dermatitis in mice. These findings may constitute an
attractive target for therapeutic interventions for psoriasis.
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Materials and Methods
The experimental protocol was established according to the ethical guidelines of the Helsinki
Declaration and was approved by the Human Ethics Committee of Southwest Hospital of the
Third Military Medical University in Chongqing, China. Written informed consent was ob-
tained from individual participants. Written informed consent was obtained from the guard-
ians on behalf of the children enrolled in this study. All animal studies were approved by the
animal ethics committee of the Third Military Medical University according to Dutch legisla-
tion on animal experiments. Surgery was performed under sodium pentobarbital anesthesia,
and all efforts were made to minimize suffering.

Cell cultures
HaCaT, a spontaneously immortalized human keratinocyte cell line [30], was purchased from
Cell Resource Center (Beijing, China). Cells were cultured in RPMI 1640 (Hyclone, Logan, UT,
USA) with 10% fetal bovine serum (FBS, Hyclone) under a humidified atmosphere containing
5% CO2 at 37°C. PHKs were isolated from normal foreskin discarded during circumcision of
two patients (aged 9 years and 15 years, respectively) as previously described [31, 32]. Briefly,
an epidermal cell suspension was obtained by incubating dispase-separated epidermal sheets in
0.25% trypsin solution at 37°C for 15 min. Cells were cultured on tissue culture plates coated
with Collagen IV (Sigma, USA) in the presence of defined keratinocyte serum-free media
(DK-SFM) (Gibco, Carlsbad, CA) at 37°C in humidified atmosphere with 5% CO2. Pan-Cyto-
keratin AE1/AE3 was positive after PHKs were exposed to 10% FBS for 24 h, as confirmed by
immunofluorescence staining (S1 Fig). The experiments on PHKs were randomly conducted at
passages 2–4.

Immunofluorescence staining and confocal microscopy
HaCaT cells or PHKs were first fixed in acetone, permeabilized with 0.25% Triton for 10 min,
blocked with 1% BSA for 30 min, and then incubated with mice anti-human TNIP1 monoclo-
nal antibody (1:200 dilution, eBioscience, USA) or mouse monoclonal anti-Pan-Cytokeratin
AE1/AE3 antibody (1:100 dilution, abcam, UK), respectively. FITC-labeled goat anti-mice IgG
was used to detect bound antibodies. 40-6-Diamidino-2-phenylindole (DAPI) was used for nu-
clear counterstaining. PHKs were incubated in RPMI 1640 containing 10% FBS for 24 h before
fixing. The cells were observed by confocal microscopy (LSM780, Zeiss, Jena, Germany). A
negative (no antibody) control was included.

Small interfering RNA (siRNA) transfection
The C/EBPβ-targeting oligonucleotide was designed based on the full-length human C/EBPβ
cDNA sequence (NM_005194) (Shanghai Genechem Co. Ltd., Shanghai, China). Three se-
quences (S1 Table) targeting different regions of the C/EBPβ gene were designed. The first se-
quence, which matches the sequence located at nucleotides 1448–1466 of the C/EBPβ cDNA,
was the most effective and was used to knock down endogenous C/EBPβ in the following ex-
periments. A nonsilencing-siRNA (S1 Table) was used as a negative control.

The transfection process was performed according to the Lipofectamine 2000 instructions.
Briefly, 24 h before transfection, cells were grown in six-well plates and the media was changed
with 800 μL growth media supplemented with serum, but without antibiotics. In addition, 6 μL
of 20 μM siRNA or 4 μL of Lipofectamine 2000 was added to 100 μL of 1640 media without
serum and incubated for 5 min at room temperature separately before mixing. The mixture
was incubated for 20 min at room temperature before it was added to the cells, and the final
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concentration of siRNA was 120nM. Eight hours later, media was replaced with fresh complete
media without antibiotics. Cells were collected after 48 h for further study.

Lentiviral construction and infection
For the TNIP1 shRNAs, four self-complementary oligonucleotides carrying shRNAs against
human TNIP1 (NM_006058.4) were designed (Shanghai Sunbio, Shanghai, China) (S2 Table).
shRNA #4, which had a targeted gene sequence located in the homologous region of TNIP1,
was effective at decreasing the TNIP1mRNA expression level and was used in the remaining
experiments. The green fluorescent protein (GFP) tagged pMagic 4.1 lentiviral vectors and the
red fluorescent protein (RFP) tagged pMagic 5.1 lentiviral vectors (Shanghai Sunbio). The
GFP-tagged lentivirus was used in cell studies and the percentage of GFP-positive cells reflected
the infection efficiency. The RFP-tagged lentivirus was used in animal experiments, and the
red fluorescence observed in mice skin reflected the success of TNIP1 shRNA infection in vivo.
Both vectors were driven by the RNA polymerase III specific promoter hU6. The AgeI and
EcoRI sites in pMagic 4.1 and pMagic 5.1were used to introduce annealed shRNA oligonucleo-
tides. To insert the shRNA oligonucleotides, 600 pmoles of each of the two oligonucleotides
were annealed in 50 μL of annealing buffer (0.1 M NaCl, 10 mM Tris HCl, pH 7.6) by heating
the solution to 95°C and then cooling to room temperature. 10 nM of annealed shRNA oligo-
nucleotides was ligated to 120 ng of vectors in a 20 μL reaction containing 1 μL of T4 DNA li-
gase (Fermentas) overnight at 16°C. These vectors were verified by sequencing and by PCR
(Primer sequences see S3 Table).

For recombinant TNIP1 (rTNIP1), the human TNIP1 (NM_006058.4) sequence was ampli-
fied by PCR from a cDNA template, which was generated from the mRNA of 293 cells grown
under standard conditions using the primers of TNIP1-EcoR I (S3 Table). This product was
cloned into the pLVX-EGFP-3FLAG lentiviral vector with EcoR I as the only restriction en-
zyme site upstream of the extrinsic GFP gene. The negative control oligonucleotides are shown
in S2 Table (Shanghai Sunbio).

Lentiviruses were generated by co-transfecting 20 μg of recombinant lentiviral vector, 15 μg
of pHelper vector 1.0, and 10 μg of pHelper vector 2.0 into 293T cells using a transfection re-
agent (Shanghai Sunbio). Supernatants containing lentiviral particles were collected 48 h after
transfection, filtered through a 0.45μmmembrane, and concentrated by ultracentrifugation
(4°C, 82700×g, 2h).

HaCaT cells were infected by lentiviral particles according to the manufacturer’s recom-
mendations. Briefly, 24 h before infection, cells were grown in six-well plates in 2 ml of com-
plete media without antibiotics. 15–30 μL of viral stock (MOI = 20) and 20 μL of 1 mg/mL
polybrene were added to the cells and incubated at 37°C in a 5% CO2-humidified incubator. Fi-
nally media was changed with fresh complete media at 12 hours post-infection. Cells that stably
expressed rTNIP1 or TNIP1 shRNA were obtained and validated by cell sorting using flow cy-
tometry. Selected clones were frozen in liquid nitrogen after expansion before further use.

PHKs were infected by the same protocol as described for HaCaT cells with slight modifica-
tions. At 12 h post-infection, cells were washed with phosphate buffered saline and maintained
in defined keratinocyte-serum free media. After expansion in culture for 72 h, the cells were
used for in vitro assays.

Real-time quantitative reverse transcription–polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from human epidermis or HaCaT cells using TRIzol reagent (Invitro-
gen, USA) according to the manufacturer’s protocol. RNAse-free DNase I was used to eliminate
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DNA contamination. qRT-PCR was performed according to standard methods. The primers
used in qRT-PCR are shown in S3 Table. The relative quantification was obtained using the
ΔΔCTmethod relative to a reference gene (β-actin).

Western blotting
Total protein was prepared from cells or dispase-separated epidermis and then quantified by
the Bradford method. Briefly, the detergent-soluble fractions were subjected to SDS-PAGE ac-
cording to a standard protocol. Separated protein bands were transferred to a nitrocellulose fil-
ter. Membranes were blocked with 5% skim milk powder at room temperature for 2 h and
incubated overnight with primary antibody at 4°C. Detection of the secondary antibody was
performed using the ECL Plus kit (Amersham Pharmacia, Uppsala, Sweden) according to the
manufacturer’s instructions. Primary antibodies used in Western blotting included mice
monoclonal anti-TNIP1 (1:1000 dilution, USA), rabbit polyclonal anti-cytokerotin (CK) 6
(1:1000 dilution, GeneTex), rabbit polyclonal anti-C/EBPβ (1:1000 dilution, GeneTex), rabbit
polyclonal anti-Erk1/2(1:1000 dilution, GeneTex), rabbit monoclonal anti-p-Erk1/2 (1:1000 di-
lution, Cell Signaling Technology, USA), and rabbit polyclonal anti-TNIP1 (1:1000 dilution,
LSBio, USA) antibodies. HRP-conjugated goat anti-mouse IgG and goat anti-rabbit IgG were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The images were captured
and analyzed using Quantity One software.

Immunohistochemistry (IHC)
Serial 4-μm thick sections from formaldehyde-fixed paraffin-embedded skin tissue were depar-
affinized in 100% xylene and rehydrated in descending dilutions of ethanol and water washes.
Heat-induced antigen retrieval was performed, followed by endogenous peroxidase activity
and non-specific antigen blocking with 3% hydrogen peroxide and serum, respectively. Prima-
ry antibodies used in IHC staining included mice anti-human TNIP1 (1:200 dilution,
eBioscience), rabbit polyclonal anti-IκBα (1:100 dilution BOSTER, China), rabbit polyclonal
anti-TNFα (1:100 dilution, BOSTER), rabbit anti-mice IL-1a (1:100 dilution, BOSTER), and
rabbit polyclonal anti-IL-1b (1:100 dilution, BOSTER). Then samples were subsequently incu-
bated with biotin-labeled rabbit anti-mice or goat anti-rabbit antibody, and streptavidin-conju-
gated HRP (Maixin Inc, China). Sections were visualized with 3, 3’-diaminobenzidine and
counterstained with hematoxylin.

The IHC results were evaluated and scored independently by two pathologists in a semi-
quantitative manner. The percentage scoring of staining positive cells was as follows: 0 (0%),
1 (1–10%), 2 (11–50%), and 3 (>50%). The staining intensity was visually scored and stratified
as follows: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). A final immunoreactivity score
was obtained for each case by multiplying the percentage and the intensity score.

Co-Immunoprecipitation (Co-IP)
HaCaT cells were collected and lysed in ice-cold Pierce IP lysis buffer (Thermo Scientific,
USA). TNIP1 complex was immunoprecipitated with anti-TNIP1 antibody (1:1000 dilution,
eBioscience) and detected with anti-Erk2 antibody (1:1000 dilution, GeneTex). The Erk2 com-
plex was immunoprecipitated with anti-Erk2 antibody and detected with anti-TNIP1 antibody.
Protein A-Sepharose beads were added to bind the complex from solution. The complex was
brought down in the pellet by centrifugation and boiled in the presence of SDS to liberate anti-
gen. The immunoblotting procedures were the same as described above. Naive IgG was used as
a negative control.
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Cell Counting Kit-8 (CCK-8) assay
A CCK-8 proliferation assay kit (Dojindo, Kumamoto, Japan) was used to analyze cell viability
according to the manufacture’s instruction. Briefly, cells were cultured in 96-well plates (Colla-
gen IV-coated 96-well plates for PHKs, the below is same) and incubated with 10 μL CCK-8 so-
lution in 100 μL of fresh media for 3 h at 37°C. The absorbance at 450 nm was detected after
incubation.

BrdU assay
A Cell Proliferation ELISA BrdU colorimetric kit (Roche Applied Science, Penzberg, Germany)
was used to determine the quantity of BrdU incorporated into cells, which is a direct indication
of cell proliferation, according to the manufacturer’s protocol. Briefly, cells were cultured in
96-well plates and incubated with BrdU for 2 h at 37°C. Then, the cells were fixed and the
DNA was denatured by adding FixDenat solution (Roche). The anti-BrdU peroxidase conju-
gated antibody was added for 45 min at room temperature, and then the cells were rinsed. Im-
mune complexes were detected by adding substrate solution and stop solution at an absorbance
of 450 nm.

Mice and treatments
BALB/c mice were purchased from the laboratory animal center of the Third Military Medical
University (Chongqing, China) and were maintained under specific pathogen-free conditions
according to standard laboratory procedures.

Mice, 8 to 10 weeks of age, received intradermal back injections of RFP-tagged lentiviral
particles encoding TNIP1 shRNA (7.5×107 TU, 150 μL) or control shRNA (7.5×107 TU, 50 μL)
on their back skin. A whole-body optical imaging system (CRi's NEWMaestro EX In-Vivo Im-
aging System, CRi Inc., Woburn, MA, USA) was used to detect red fluorescence seven days
after the intradermal injections. An excitation wavelength of 630 nm and an emission wave-
length of 800 nm were used. Skin biopsies around the injection sites were collected to detect
TNIP1 expression by Western blotting, and to detect IκBα, TNFα, IL-1a and IL-1b expression
by IHC staining.

IMQ treatments were performed as previously described [24, 33]. Mice received a daily topi-
cal IMQ cream (5%) (Mingxin, Sichuan, China) or lotion control (Ctrl) for six consecutive
days. Skin inflammation was scored using a previously described scoring system [24, 33]. His-
tological sections were prepared by the Pathology Room of Dermatology Department of South-
west Hospital.

Statistical analysis
Data were analyzed using SPSS 13.0 software, and results are expressed as mean ± standard de-
viation (SD) or mean ± standard error of the mean (SEM). Statistical differences between the
groups were assessed by one-way analysis of variance (ANOVA) followed by Duncan’s Multi-
ple Range test. �, p<0.05; ��, p<0.01.

Results

TNIP1 expression was decreased in psoriatic lesions compared with
normal skin
TNIP1 was previously shown to be significantly different between psoriatic skin and normal
skin [6]. To quantify the expression level of TNIP1 /TNIP1 specifically in the epidermis, we
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separated the epidermis and dermis using Dispase treatment. qRT-PCR was performed to ex-
amine the expression level of TNIP1 in the epidermis of psoriatic (n = 12) and control (n = 12)
biopsies. TNIP1 expression was increased 5.7-fold in the epidermis of psoriatic biopsies com-
pared with normal skin sections (Fig 1A). Next, we collected four skin biopsy samples from
moderate to severe plaque psoriasis patients and from four healthy controls. Using Western
blotting, there was a 2-fold reduction of TNIP1 in the epidermis of psoriatic biopsies (Fig 1B).
In contrast, the expression of CK6, a marker of epidermal proliferation, was increased at both
the mRNA (2.7-fold increase) (Fig 1A) and protein levels (3.8-fold increase) (Fig 1B) in the epi-
dermis of psoriatic biopsies.

In order to identify which cell type(s) in the skin were responsible for the reduced expres-
sion of TNIP1, we examined the expression of TNIP1 protein in a series of psoriatic (n = 8)
and control (n = 8) biopsies using IHC (Fig 1C). TNIP1 was expressed strongly throughout the
normal epidermis (Fig 1C, panel a), whereas its expression was either very weak (Fig 1B, panel
b) or completely absent (Fig 1B, panel c) in psoriatic epidermis samples. In addition, TNIP1
was mainly expressed in the cytoplasm and nucleus of keratinocytes in both normal and psori-
atic samples. The same cellular distribution was observed in a spontaneously immortalized
human keratinocyte line (Fig 1D), which was in line with a previous study by Gurevich et al
[12]. Our data indicated that decreased TNIP1 expression in psoriatic skin results from its
reduced expression in keratinocytes, potentially leading to abnormal proliferation and
differentiation.

Effects of altering TNIP1 expression on keratinocyte proliferation
We used lentiviral vectors encoding TNIP1 shRNA in the HaCaT cell line, which has been
shown to express endogenous TNIP1 (Fig 1D), to downregulate the expression level of TNIP1.
To upregulate the expression of TNIP1, the lentiviral vector containing cDNA of the full-length
human TNIP1 gene (NM_006058.4) (rTNIP1) was used. The same unspecific shRNA (control
shRNA) was employed as control. Green fluorescence was observed in HaCaT cells 72 h post
infection (Fig 2A). Downregulation of TNIP1/ TNIP1 expression levels in HaCaT cells was
both confirmed at the gene level (2.5-fold decrease) (Fig 2B) and protein level (4.8-fold de-
crease) (Fig 2C) by qRT-PCR and Western blotting, respectively. Infection of rTNIP1 in
HaCaT cells led to a 2.3–fold increase in the mRNA level (Fig 2B) and a 9.6-fold increase in the
protein level of TNIP1 (Fig 2C).

In order to determine the effects of TNIP1 expression on keratinocyte proliferation, we
measured cell viability and proliferation using the CCK-8 assay and BrdU incorporation.
TNIP1 downregulation increased cell proliferation (Fig 2D and 2E), and the CK6 expression
level was upregulated to 114% of the control gene level (Fig 2F) and 144% of the control protein
level (Fig 2G), which was consistent with an increase in cell proliferation. TNIP1 upregulation
led to decreased cell viability (Fig 2D) and reduced BrdU incorporation into cells (Fig 2E). Fur-
thermore, the CK6 expression level decreased (Fig 2F and 2G).

We then confirmed these results in PHKs (Fig 3A and 3B) using the CCK8 (Fig 3C) and the
BrdU incorporation assays (Fig 3D). The CK6 expression was found to be concomitant with
the proliferation rate (Fig 3E).

The role of TNIP1 on the Erk1/2 and C/EBPβ signaling pathways
Previous studies have shown that TNIP1 interacts with Erk2 and attenuates Erk2 signals in
TNIP1-expressing Saos-2 cells [34]. We performed Co-IP and confirmed that TNIP1 interacts
with Erk2 in HaCaT cells (Fig 4A). Western blotting showed that the phosphorylation level of
Erk1/2 (p-Erk1/2) was upregulated to 248% of control in TNIP1 shRNA HaCaT cells and
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downregulated to 50% of control in rTNIP1 HaCaT cells, while total Erk1/2 (t-Erk1/2) re-
mained the same level (Fig 4B). TNIP1 downregulation promoted Erk1/2 phosphorylation, in-
dicating enhanced Erk1/2 activation. Conversely, overexpression of TNIP1 suppressed Erk1/
2 phosphorylation.

To investigate the molecular pathways associated with CK6 upregulation in HaCaT cells,
U0126 (Beyotime, Shanghai, China) was used to selectively inhibit Erk1/2 signaling. TNIP1
shRNA infected HaCaT cells were pre-incubated with U0126 (20 μM) for 12 h. CK6 expression
level was assessed with Western blotting (Fig 4C). U0126 significantly reduced the expression
of CK6 to 55% of control (TNIP1 shRNA HaCaT cells), but was still higher than that in
HaCaT cells, confirming that the Erk1/2 pathway was involved in TNIP1 regulation of CK6 ex-
pression. DMSO showed no significant effect on Erk1/2 or CK6. Interestingly, we found that
inhibition of p-Erk1/2 in TNIP1 shRNA HaCaT cells increased the level of C/EBPβ to 160% of
that in TNIP1 shRNA HaCaT cells (Fig 4C), which was consistent with a previous study that
showed C/EBPβ could be negatively regulate by phosphorylation of Erk in the IL-17R signaling
pathway [35]. However, there may be other factors contributing to the regulation of CK6 by
Erk1/2 in TNIP1 knock-down HaCaT cells.

Fig 1. TNIP1/TNIP1 and CK6 expression in psoriatic lesions. (A) Expression of TNIP1 and CK6mRNA levels based on qRT-PCR in the epidermis of
psoriatic plaque of patients with moderate to severe plaque psoriasis (n = 12) and the epidermis of normal controls (n = 12). Data shown represent mean ± SD;
(B) Expression of TNIP1 and CK6 protein levels based onWestern blotting in psoriatic plaque (n = 4) and controls (n = 4) skin. Data shown represent
mean ± SD. (C) Tissue sections obtained from patients with psoriasis (n = 8; panel b and panel c) or from healthy controls (n = 8; panel a) were stained with
mice anti-TNIP1 antibody and counterstained with hematoxylin. Bar = 100 μm. Staining intensity was scored in a semiquantitative manner by two independent
observers. Data are presented as mean staining intensity grade ± SEM. (D) The distribution of TNIP1 in HaCaT cells identified by immunofluorescence
staining. Bar = 30 μm. *, p<0.05; **, p<0.01.

doi:10.1371/journal.pone.0127957.g001
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TNIP1 has been shown to selectively control C/EBPβ activity in primary immune cells [21].
We detected the expression level of C/EBPβ in TNIP1-altered HaCaT cells by Western blotting.
TNIP1 downregulation led to 2.14-fold increase in C/EBPβ expression (Fig 4B), indicating that
the C/EBPβ pathway was activated in TNIP1 shRNA infected HaCaT cells. Conversely, overex-
pression of TNIP1 decreased C/EBPβ expression to 55% of control (Fig 4B).

Furthermore, we knocked down the expression of endogenous C/EBPβ via C/EBPβ-target-
ing siRNA in TNIP1shRNA infected HaCaT cells. A scrambled siRNA was used as the control.
The cells were collected 48 hours post-transfection, and the CK6 expression level was detected
by Western blotting. The expression level of C/EBPβ protein was decreased by 40% following
siRNA knockdown when compared with that treated with control (p = 0.04), but was higher
than that of HaCaT cells. However, this difference rather represented a trend, since it was not
significant (p = 0.18). Notably, the control siRNA demonstrated an unspecific effect as it sup-
pressed the C/EBPβ level to 88% of the untreated TNIP1 shRNA HaCaT cells (p = 0.41). C/
EBPβ knockdown prominently reduced CK6 expression levels to 51% of control (TNIP1
shRNA HaCaT cells), but was still higher than that in HaCaT cells, which was 7% of control
(Fig 4D), indicating that C/EBPβ was an important intermediator between TNIP1 and CK6.
Similar results were also obtained in PHKs (Fig 4E).

Decreased TNIP1 expression exaggerated psoriatic conditions in an
IMQ-induced mice model
To investigate the effect of TNIP1 downregulation in vivo, we intradermally injected RFP-
tagged TNIP1 shRNA lentiviral particles in mice skin. Previous studies have shown that lenti-
viral-mediated silencing can lead to stable and long lasting RNAi-based gene knockdown [36,

Fig 2. Upregulation or downregulation of TNIP1/TNIP1 expression in HaCaT cells and the anti-proliferative effect of TNIP1 on HaCaT cells (A)
Green fluorescence observed in HaCaT cells stably infected by lentiviral particles respectively encoding rTNIP1, TNIP1 shRNA or a non-specific shRNA
(control shRNA) as control. Bar = 100 μm. (B) mRNA expression levels of TNIP1 in HaCaT cells confirmed by qRT-PCR. (C) The increase of TNIP1 in rTNIP1
infected HaCaT cells and the decrease of TNIP1 in shRNA infected HaCaT cells was confirmed byWestern blotting. (D) Cell viability was assessed using the
CCK-8 assay in rTNIP1, TNIP1 shRNA or control shRNA HaCaT cells. (E) HaCaT Cells stably infected with rTNIP1, TNIP1 shRNA, or control shRNA were
assessed using the BrdU assay. (F, G) CK6mRNA and protein levels were assessed by qRT-PCR andWestern blotting, respectively, in rTNIP1, TNIP1
shRNA or control shRNA infected HaCaT cells. Data shown represent mean ± SD of three independent experiments performed in duplicates. *, p<0.05; **,
p<0.01.

doi:10.1371/journal.pone.0127957.g002
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37]. In addition, intradermal injection is efficient for lentiviral gene delivery to the skin [38].
Although the sequence of shRNA against TNIP1 was designed based on the human gene se-
quence (NM_006058.4) in our study, mice were successfully infected, as confirmed by whole-
body optical imaging (Fig 5A). Moreover, the efficiency of this shRNA against TNIP1 was con-
firmed by Western blotting using tissues around the injection area seven days post injection
(Fig 5B). Knock-down by TNIP1 shRNA led to increased NF-κB activity, as demonstrated by
downregulation of IκBα (Fig 5C). It also significantly increased IL-1b expression levels, but
had no obvious effect on TNFα or IL-1a expression levels, as demonstrated by IHC staining
(Fig 5C).

To investigate whether downregulation of TNIP1 expression could increase the severity of
psoriasis, we used a widely accepted IMQ-induced psoriasis-like mice model, which is clinically
and pathologically similar of human psoriasis [33]. Briefly, 8–10 week old BALB/c mice re-
ceived an intradermal injection of lentiviral vectors encoding TNIP1 shRNA to downregulate
TNIP1 expression levels. After seven days, IMQ was topically applied daily to induce psoriatic
lesions. Treatment of mice with IMQ led to markedly increased redness, scaling, and skin
elevation in TNIP1 shRNA infected mice compared with control mice (Fig 5D). This was

Fig 3. Alteration of TNIP1 expression in PHKs and the anti-proliferative effect of TNIP1 on PHKs. (A) Green fluorescence observed in PHKs stably
infected by lentiviral particles respectively encoding rTNIP1, TNIP1 shRNA or a non-specific shRNA (control shRNA). Bar = 100 μm. (B) Alteration of TNIP1
in PHKs is confirmed byWestern blotting. PHKs stably infected with rTNIP1, TNIP1 shRNA, or control shRNA were assessed using (C) the CCK-8 assay, (D)
the BrdU assay and (E) Western blotting (for CK6 protein level). Data are presented as mean ± SD of three independent experiments (*P<0.05 or **P<0.01
compared with control cells).

doi:10.1371/journal.pone.0127957.g003

TNIP1 Regulates the Proliferation of Keratinocytes

PLOS ONE | DOI:10.1371/journal.pone.0127957 June 5, 2015 10 / 18



Fig 4. TNIP1modulates the proliferation of keratinocytes by targeting Erk1/2 and C/EBPβ. (A) The interaction of TNIP1 and Erk2 in HaCaT cells was
detected by Co-IP; (B) Downregulated TNIP1 resulted in the upregulation of p-Erk1/2 and C/EBPβ in HaCaT cells. (C) The pro-proliferative effect of
downregulated TNIP1 in HaCaT cells was abrogated by U0126, an inhibitor of Erk1/2. TNIP1 shRNA HaCaT cells were cultured in the absence or presence
of 20 μMU0126 (Beyotime, Shanghai, China) for 12 h. Dimethyl sulfoxide (DMSO) was used as control. Western blotting was performed to detect TNIP1,
total Erk-1/2 (t-Erk1/2), phospho-Erk-1/2 (p-Erk1/2), C/EBPβ and CK6. (D) The pro-proliferative effect of downregulated TNIP1 in HaCaT cells was abrogated
by C/EBPβ targeting siRNA. TNIP1 shRNA HaCaT cells were incubated in the absence or presence of 120 nM C/EBPβ targeting siRNA (Shanghai
GenechemCo. Ltd.) for 8 h. A scrambled siRNA was used as control siRNA. Western blotting was performed to detect TNIP1, C/EBPβ and CK6 at 48 post-
transfection. (E) Downregulated TNIP1 resulted in the upregulation of p-Erk1/2 and C/EBPβ in PHKs. Data are presented as mean ± SD of three independent
experiments (*P<0.05 or **P<0.01 compared with control cells).

doi:10.1371/journal.pone.0127957.g004
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Fig 5. Downregulation of TNIP1 exaggerates IMQ-induced psoriasis-like dermatitis in vivo. (A) Red fluorescence observed in mice seven days after
intradermal injections of lentiviral particles encoding TNIP1 shRNA or control shRNA, respectively. Blue arrows indicate the unspecific fluorescence of mice
hair. The back of the mice had been shaved. (B) Western blotting was performed to verify that the TNIP1 expression level was decreased around the injection
site. (C) Skin sections obtained seven days after injection from control shRNAmice (n = 4) or from TNIP1 shRNAmice (n = 4) were stained with rabbit anti-
IκBα antibody, rabbit anti-TNFα antibody, rabbit anti-IL-1a antibody and rabbit anti-IL-1b antibody, respectively. Bar = 200 μm. Staining intensity was scored
in a semiquantitative manner by two independent observers. Data are presented as mean staining intensity grade ± SEM. (D) Clinical scores of IMQ-induced
psoriasis-like dermatitis in control shRNA or TNIP1 shRNA-injected mice at the indicated days with or without IMQ treatment. (E) H&E-stained sections of
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probably due to the proliferation of keratinocytes and leukocyte infiltration into the skin. In fact,
histological examination of skin sections from TNIP1 shRNA treated mice showed significant
epidermal hyperplasia (Fig 5E, panel b). Hypogranulosis, hyperkeratosis, and parakeratosis with
neutrophils were also observed more severely in shRNA treated mice (Fig 5E, panel b). No signif-
icant clinical responses (Fig 5D) or pathological changes (Fig 5E, panel a) were observed after the
TNIP1 shRNA treated mice were treated with topical emollient (the control). Hence, downregu-
lated TNIP1 expression in the skin increases the susceptibility to experimental psoriasis in mice.

Discussion
In this study, we demonstrated that TNIP1 was significantly downregulated in psoriatic epider-
mis and that TNIP1 modulates keratinocyte proliferation. Besides its pivotal role in anti-in-
flammation, TNIP1 also regulates keratinocyte growth.

TNIP1 is a widely expressed ubiquitin protein that plays important roles in many physiolog-
ical and pathological processes in humans. In particular, TNIP1 has been implicated in inflam-
mation and autoimmunity, and its endogenous targets include A20 [14], Erk2 [34], retinoic
acid receptor-α and—γ [22], peroxisome proliferator-activated receptors [39], and C/EBPβ
[21]. These distinctly different targets suggest broad biological functions of TNIP1. Moreover,
TNIP1 expression is increased in esophageal cancer and decreased in prostate cancer [12], sug-
gesting TNIP1 plays different or even opposite roles in different tissue/cell types. We also
showed that TNIP1 was distributed in both the cytoplasm and nucleus in epidermal cells and
HaCaT cells. This finding is quite different from most other cell types, in which TNIP1 is only
expressed in the cytoplasm [12]. These results strongly indicate that further studies are needed
to determine the effects of TNIP1 on keratinocytes.

In this study, our results, as well as Nair et al. study [6], showed that the mRNA expression
of TNIP1 was upregulated in psoriatic epidermis. Interestingly, TNIP1 protein was downregu-
lated in psoriatic epidermis, as confirmed by IHC and Western blotting in our study. It is a
common phenomenon that mRNA levels do not correlate with protein levels [40][41]. One
possible reason for the discrepancy between mRNA and protein levels may be the presence of
microRNAs (miRNAs), a class of small non-coding RNAs that bind to target mRNAs and pro-
mote transcript degradation and/or inhibit translation [42]. Studies have shown that TNIP1 is
a direct functional target of miR-517a/c [43], and the overexpression of miR-486 repressed the
expression level of TNIP1 in vitro [44]. Interestingly, miR-486 is decreased in psoriatic skin
[45], which strongly suggested that there may be other miRNAs contributing to the inhibition
of TNIP1 translation. On the other hand, the increased TNIP1mRNA level may be the result of
negative feedback regulation of decreased TNIP1 protein levels. However, it is currently un-
known whether reduced TNIP1 epidermal expression in psoriasis is caused by transcriptional
or post-transcriptional regulation. In this study, we focused on the effect of altered TNIP1 pro-
tein levels on keratinocytes.

We found that low TNIP1 expression triggered cell proliferation in both HaCaT cells and
PHKs, indicating low TNIP1 expression in psoriatic epidermis may be involved in the patho-
genesis of the disease. Indeed, psoriasis is characterized by excessive proliferation of keratino-
cytes. In addition, psoriatic keratinocytes show a number of proliferation markers, such as CK6

back skin from the mice at the indicated areas treated with or without IMQ. The epithelial layer (epi) is indicated by brackets. Green arrows indicate neutrophil
infiltration and black arrows indicate parakeratosis. The epidermal layer thickness was more prominent, but unevenly distributed in TNIP1 shRNA-injected
mice (panel b) compared with control shRNA-injected mice (panel c). No obvious epidermal hyperplasia was observed in TNIP1 shRNA-injected mice
treated with topical emollient (the control, panel a). Bar = 100 μm. Data are presented as mean ± SD of three independent experiments (* P<0.05 or
**P<0.01 compared with controls).

doi:10.1371/journal.pone.0127957.g005
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[46], which has been found to be induced by TNIP1 downregulation in our cultured
keratinocytes.

Furthermore, we investigated the mechanism of TNIP1-induced keratinocyte proliferation.
TNIP1 has been reported to interact with Erk2 [34]. In our study, we showed that TNIP1
downregulation increased the level of p-Erk1/2 in cultured keratinocytes, which is consistent
with Johansen C’s findings that the level of p-Erk1/2 increased in psoriatic skin when com-
pared with normal skin [47]. Erk1/2 are members of the mitogen activated protein kinase
super family and play a role in mediating cell proliferation [48]. We also found that the expres-
sion of CK6 was partially suppressed by the Erk1/2-specific inhibitor U0126.

TNIP1 also selectively controlled the C/EBPβ signaling pathway [21]. In human keratino-
cytes, C/EBPβ binds with the CK6 promoter and directly induces the synthesis of CK6 [49]. In
this study, we speculated that TNIP1 might affect keratinocyte proliferation by targeting C/
EBPβ and sequentially modulating CK6 synthesis. C/EBPβ consists of three different isoforms,
including the 38 kDa Full and the 34 kDa liver-enriched transcriptional activator protein LAP
isoforms, and the 20 kDa liver-enriched transcriptional inhibitory protein LIP [50]. The ratio
of these isoforms varies significantly depending on the cell type and developmental stage and
can be altered by different stimuli [51]. In this study we focused on LAP because it is thought
to be the most transcriptionally active isoform of C/EBPβ, and TNIP1 selectively controls the
levels of LAP [21]. C/EBPβ-targeted siRNA was employed to transiently decrease C/EBPβ, re-
sulting in decreased expression of CK6. Taken together, we concluded that TNIP1 regulated
keratinocyte proliferation partially by targeting the Erk1/2 and C/EBPβ signaling pathways.

The IMQ-induced psoriasis-like dermatitis mice model has been widely accepted to study
erythema, scales and psoriatic plaque formation. IMQ is a ligand for TLR7 and TLR8, which
are mainly expressed by monocytes, macrophages, and dendritic cells [52], and is thought to
function via the IL-23/IL-17 axis [33]. In our study, TNIP1 shRNA was used to infect mice
skin in vivo, which was based on previous studies [38, 53, 54]. We employed a midium dose
among those recommended, as a high dose would increase the off-target effect, while a low
dose would affect the knock-down efficiency. We found 1.5x107 TU of lentivirus led to no obvi-
ous fluorescent signal (data not shown). However, 7.5x107 TU of TNIP1 shRNA led to TNIP1
downregulation, as confirmed by fluorescence and Western blotting. In addition, knockdown
of TNIP1 led to increased NF-κB activity and increased levels of IL-1b in mice skin, but did not
affect the levels of TNFα or IL-1a (IHC staining). These findings are consistent with the study
by Zhou J, et al [21]. The high transgene dose used in this study could cause off-target effects,
which mainly depended on the dose of siRNA transfected [55, 56]. In our pre-experiment, as
S2 Fig shows, we used siRNA #2 as the template for the construction of TNIP1 shRNA, and
100nM as the siRNA transfection concentration. As an additional control, TNIP1 levels were
not affected by equivalent amounts (100nM) of control siRNA treatment (lane 6), thereby ex-
cluding an undesired effect.

Our study revealed that mice with decreased TNIP1 were more vulnerable to IMQ-induced
psoriasis-like dermatitis. These findings are consistent with Callahan’s study [57]. Most nota-
bly, IMQmice treated with TNIP1 shRNA had a thicker epidermal layer compared with con-
trol mice (Fig 5E), indicating increased proliferation of epidermal cells. Interestingly, the skin
sections from IMQmice treated with TNIP1 shRNA had an obvious uneven epidermal layer.
This might have been associated with an uneven distribution of lentiviral particles, leading to
uneven levels of TNIP1 in mice skin. In addition, we noted that TNIP1 downregulation not
only promoted epidermal cell proliferation, but also led to more severe inflammation, as dem-
onstrated by significant neutrophil infiltration, and disturbed keratinocyte differentiation, as
demonstrated by retention of nuclei in the stratum corneum (parakeratosis) in mice skin sec-
tions (Fig 5E). These findings suggest that TNIP1 may be involved in other mechanisms other
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than regulating keratinocyte proliferation. The increased production of proinflammatory cyto-
kines and chemokines by hyperproliferative epidermal cells may also contribute to this compli-
cated situation [27]. Our animal study had one limitation that should be noted. TNIP1 is widely
expressed throughout the body, and thus other cell types at the injection site could have sensed
TNIP1 downregulation. Thus, other cell types could have contributed to the scaling hyperplasia.
In fact, Callahan’s study showed that TNIP1 downregulation in dendritic cells led to epidermal
hyperplasia [50]. Nevertheless, we confirmed that TNIP1 downregulation in mice skin led to ex-
aggerated psoriasis-like dermatitis. However, to clarify the mechanism of TNIP1 in the patho-
genesis of psoriasis, it is necessary to extensively explore the functions of TNIP1 in vivo.

Taken together, our results show that TNIP1 inhibits keratinocyte proliferation, which is
partially mediated by the inhibition of Erk1/2 and C/EBPβ. Moreover, downregulation of
TNIP1 in the skin leads to keratinocyte hyperproliferation in mice. Thus, TNIP1 may be a po-
tential therapeutic target for psoriasis.
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S1 Fig. Pan-Cytokeratin AE1/AE3 expression in PHKs. The distribution of Pan-Cytokeratin
AE1/AE3 in PHKs was identified by immunofluorescence staining. Bar = 100μm.
(TIF)

S2 Fig. The TNIP1 siRNA selected as the template for the construction of TNIP1 shRNA.
TNIP1 protein level was most effectively downregulated by 100nM of siRNA2 (TNIP1 siR-
NA2-H, lane 8). Data analysis was performed in the group transfected by 100nM siRNA. The
lower concentration (L) is 70nM.
(TIF)

S1 File. ARRIVE Checklist.
(PDF)

S1 Table. Oligonucleotides used for the creation of anti-C/EBPβ siRNA.
(DOC)

S2 Table. Oligonucleotides used for the creation of anti-TNIP1 shRNA expression cassettes.
(DOC)

S3 Table. Primer sequences used in PCR.
(DOC)

Acknowledgments
This research was funded by the National Science Foundation of China (NO 81101200). The
funders had no role in study design, data collection and analysis, decision to publish, or prepa-
ration of the manuscript.

Author Contributions
Conceived and designed the experiments: YC HY FH. Performed the experiments: YC HY ZS
FC HW JN XS DZ NZ ZZ BZ LC TQ. Analyzed the data: YC HY ZS. Contributed reagents/ma-
terials/analysis tools: FH. Wrote the paper: YC.

References
1. Lowes MA, Bowcock AM, Krueger JG (2007) Pathogenesis and therapy of psoriasis. Nature 445

(7130): 866–873. PMID: 17314973

TNIP1 Regulates the Proliferation of Keratinocytes

PLOS ONE | DOI:10.1371/journal.pone.0127957 June 5, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127957.s006
http://www.ncbi.nlm.nih.gov/pubmed/17314973


2. Wrone-Smith T, Nickoloff BJ (1996) Dermal injection of immunocytes induces psoriasis. J Clin Invest
98(8): 1878–1887. PMID: 8878440

3. Zenz R, Eferl R, Kenner L, Florin L, Hummerich L, Mehic D, et al. (2005) Psoriasis-like skin disease and
arthritis caused by inducible epidermal deletion of Jun proteins. Nature 437(7057): 369–375. PMID:
16163348

4. International Psoriasis Genetics C (2003) The International Psoriasis Genetics Study: assessing link-
age to 14 candidate susceptibility loci in a cohort of 942 affected sib pairs. Am J HumGenet 73(2):
430–437. PMID: 12851855

5. Tsoi LC, Spain SL, Knight J, Ellinghaus E, Stuart PE, Capon F, et al. (2012) Identification of 15 new
psoriasis susceptibility loci highlights the role of innate immunity. Nat Genet 44(12): 1341–1348. doi:
10.1038/ng.2467 PMID: 23143594

6. Nair RP, Duffin KC, Helms C, Ding J, Stuart PE, Goldgar D, et al. (2009) Genome-wide scan reveals as-
sociation of psoriasis with IL-23 and NF-kappaB pathways. Nat Genet 41(2): 199–204. doi: 10.1038/
ng.311 PMID: 19169254

7. Sun LD, Cheng H, Wang ZX, Zhang AP, Wang PG, Xu JH, et al. (2010) Association analyses identify
six new psoriasis susceptibility loci in the Chinese population. Nat Genet 42(11): 1005–1009. doi: 10.
1038/ng.690 PMID: 20953187

8. Gateva V, Sandling JK, HomG, Taylor KE, Chung SA, Sun X, et al. (2009) A large-scale replication
study identifies TNIP1, PRDM1, JAZF1, UHRF1BP1 and IL10 as risk loci for systemic lupus erythema-
tosus. Nat Genet 41(11): 1228–1233. doi: 10.1038/ng.468 PMID: 19838195

9. Han JW, Zheng HF, Cui Y, Sun LD, Ye DQ, Hu Z, et al. (2009) Genome-wide association study in a Chi-
nese Han population identifies nine new susceptibility loci for systemic lupus erythematosus. Nat
Genet 41(11): 1234–1237. doi: 10.1038/ng.472 PMID: 19838193

10. Zhang DM, Cheng LQ, Zhai ZF, Feng L, Zhong BY, You Y, et al. (2013) Single-nucleotide polymor-
phism and haplotypes of TNIP1 associated with systemic lupus erythematosus in a Chinese Han popu-
lation. J Rheumatol 40(9): 1535–1544. doi: 10.3899/jrheum.121391 PMID: 23858047

11. Tejasvi T, Stuart PE, Chandran V, Voorhees JJ, Gladman DD, Rahman P, et al. (2012) TNFAIP3 gene
polymorphisms are associated with response to TNF blockade in psoriasis. J Invest Dermatol 132(3 Pt
1): 593–600. doi: 10.1038/jid.2011.376 PMID: 22113471

12. Gurevich I, Zhang C, Francis N, Aneskievich BJ (2011) TNIP1, a retinoic acid receptor corepressor and
A20-binding inhibitor of NF-kappaB, distributes to both nuclear and cytoplasmic locations. J Histochem
Cytochem 59(12): 1101–1112. doi: 10.1369/0022155411427728 PMID: 22147607

13. Verstrepen L, Carpentier I, Verhelst K, Beyaert R (2009) ABINs: A20 binding inhibitors of NF-kappa B
and apoptosis signaling. Biochem Pharmacol 78(2): 105–114. doi: 10.1016/j.bcp.2009.02.009 PMID:
19464428

14. Heyninck K, De Valck D, Vanden BergheW, Van CriekingeW, Contreras R, Fiers W, et al. (1999) The
zinc finger protein A20 inhibits TNF-induced NF-kappaB-dependent gene expression by interfering with
an RIP- or TRAF2-mediated transactivation signal and directly binds to a novel NF-kappaB-inhibiting
protein ABIN. J Cell Biol 145(7): 1471–1482. PMID: 10385526

15. El Bakkouri K, Wullaert A, HaegmanM, Heyninck K, Beyaert R (2005) Adenoviral gene transfer of the
NF-kappa B inhibitory protein ABIN-1 decreases allergic airway inflammation in a murine asthma
model. J Biol Chem 280(18): 17938–17944. PMID: 15722346

16. Wagner S, Carpentier I, Rogov V, Kreike M, Ikeda F, Lohr F, et al. (2008) Ubiquitin binding mediates
the NF-kappaB inhibitory potential of ABIN proteins. Oncogene 27(26): 3739–3745. doi: 10.1038/sj.
onc.1211042 PMID: 18212736

17. Oshima S, Turer EE, Callahan JA, Chai S, Advincula R, Barrera J, et al. (2009) ABIN-1 is a ubiquitin
sensor that restricts cell death and sustains embryonic development. Nature 457(7231): 906–909. doi:
10.1038/nature07575 PMID: 19060883

18. Nanda SK, Venigalla RK, Ordureau A, Patterson-Kane JC, Powell DW, Toth R, et al. (2011) Polyubiqui-
tin binding to ABIN1 is required to prevent autoimmunity. J Exp Med 208(6): 1215–1228. doi: 10.1084/
jem.20102177 PMID: 21606507

19. Lee EG, Boone DL, Chai S, Libby SL, Chien M, Lodolce JP, et al. (2000) Failure to regulate TNF-in-
duced NF-kappaB and cell death responses in A20-deficient mice. Science 289(5488): 2350–2354.
PMID: 11009421

20. Wertz IE, O'Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, et al. (2004) De-ubiquitination and ubi-
quitin ligase domains of A20 downregulate NF-kappaB signalling. Nature 430(7000): 694–699. PMID:
15258597

21. Zhou J, Wu R, High AA, Slaughter CA, Finkelstein D, Rehg JE, et al. (2011) A20-binding inhibitor of NF-
kappaB (ABIN1) controls Toll-like receptor-mediated CCAAT/enhancer-binding protein beta activation

TNIP1 Regulates the Proliferation of Keratinocytes

PLOS ONE | DOI:10.1371/journal.pone.0127957 June 5, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/8878440
http://www.ncbi.nlm.nih.gov/pubmed/16163348
http://www.ncbi.nlm.nih.gov/pubmed/12851855
http://dx.doi.org/10.1038/ng.2467
http://www.ncbi.nlm.nih.gov/pubmed/23143594
http://dx.doi.org/10.1038/ng.311
http://dx.doi.org/10.1038/ng.311
http://www.ncbi.nlm.nih.gov/pubmed/19169254
http://dx.doi.org/10.1038/ng.690
http://dx.doi.org/10.1038/ng.690
http://www.ncbi.nlm.nih.gov/pubmed/20953187
http://dx.doi.org/10.1038/ng.468
http://www.ncbi.nlm.nih.gov/pubmed/19838195
http://dx.doi.org/10.1038/ng.472
http://www.ncbi.nlm.nih.gov/pubmed/19838193
http://dx.doi.org/10.3899/jrheum.121391
http://www.ncbi.nlm.nih.gov/pubmed/23858047
http://dx.doi.org/10.1038/jid.2011.376
http://www.ncbi.nlm.nih.gov/pubmed/22113471
http://dx.doi.org/10.1369/0022155411427728
http://www.ncbi.nlm.nih.gov/pubmed/22147607
http://dx.doi.org/10.1016/j.bcp.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19464428
http://www.ncbi.nlm.nih.gov/pubmed/10385526
http://www.ncbi.nlm.nih.gov/pubmed/15722346
http://dx.doi.org/10.1038/sj.onc.1211042
http://dx.doi.org/10.1038/sj.onc.1211042
http://www.ncbi.nlm.nih.gov/pubmed/18212736
http://dx.doi.org/10.1038/nature07575
http://www.ncbi.nlm.nih.gov/pubmed/19060883
http://dx.doi.org/10.1084/jem.20102177
http://dx.doi.org/10.1084/jem.20102177
http://www.ncbi.nlm.nih.gov/pubmed/21606507
http://www.ncbi.nlm.nih.gov/pubmed/11009421
http://www.ncbi.nlm.nih.gov/pubmed/15258597


and protects from inflammatory disease. Proc Natl Acad Sci U S A 108(44): E998–1006. doi: 10.1073/
pnas.1106232108 PMID: 22011580

22. Gurevich I, Aneskievich BJ (2009) Liganded RARalpha and RARgamma interact with but are repressed
by TNIP1. Biochem Biophys Res Commun 389(3): 409–414. doi: 10.1016/j.bbrc.2009.08.159 PMID:
19732752

23. Heyninck K, Kreike MM, Beyaert R (2003) Structure-function analysis of the A20-binding inhibitor of
NF-kappa B activation, ABIN-1. FEBS Lett 536(1–3): 135–140. PMID: 12586370

24. Wohn C, Ober-Blobaum JL, Haak S, Pantelyushin S, Cheong C, Zahner SP, et al. (2013) Langerin
(neg) conventional dendritic cells produce IL-23 to drive psoriatic plaque formation in mice. Proc Natl
Acad Sci U S A 110(26): 10723–10728. doi: 10.1073/pnas.1307569110 PMID: 23754427

25. Yoshiki R, Kabashima K, Honda T, Nakamizo S, Sawada Y, Sugita K, et al. (2014) IL-23 from Langer-
hans cells is required for the development of imiquimod-induced psoriasis-like dermatitis by induction
of IL-17A-producing gammadelta T cells. J Invest Dermatol 134(7): 1912–1921. doi: 10.1038/jid.2014.
98 PMID: 24569709

26. Pantelyushin S, Haak S, Ingold B, Kulig P, Heppner FL, Navarini AA, et al. (2012) Rorgammat+ innate
lymphocytes and gammadelta T cells initiate psoriasiform plaque formation in mice. J Clin Invest 122
(6): 2252–2256. doi: 10.1172/JCI61862 PMID: 22546855

27. Albanesi C, De Pita O, Girolomoni G (2007) Resident skin cells in psoriasis: a special look at the patho-
genetic functions of keratinocytes. Clin Dermatol 25(6): 581–588. PMID: 18021896

28. Huang L, Verstrepen L, Heyninck K, Wullaert A, Revets H, Baetselier P, et al. (2008) ABINs inhibit EGF
receptor-mediated NF-kappaB activation and growth of EGF receptor-overexpressing tumour cells. On-
cogene 27(47): 6131–6140. doi: 10.1038/onc.2008.208 PMID: 18622428

29. Li CC, Chou CK, Wang MH, Tsai TF (2006) Overexpression of ABIN-2, a negative regulator of NF-kap-
paB, delays liver regeneration in the ABIN-2 transgenic mice. Biochem Biophys Res Commun 342(1):
300–309. PMID: 16480954

30. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, Fusenig NE (1988) Normal kera-
tinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J Cell Biol 106(3):
761–771. PMID: 2450098

31. Zellmer S, Gaunitz F, Salvetter J, Surovoy A, Reissig D, Gebhardt R (2001) Long-term expression of
foreign genes in normal human epidermal keratinocytes after transfection with lipid/DNA complexes.
Histochem Cell Biol 115(1): 41–47. PMID: 11219607

32. Aasen T, Izpisua Belmonte JC (2010) Isolation and cultivation of human keratinocytes from skin or
plucked hair for the generation of induced pluripotent stem cells. Nat Protoc 5(2): 371–382. doi: 10.
1038/nprot.2009.241 PMID: 20134422

33. van der Fits L, Mourits S, Voerman JS, Kant M, Boon L, Laman JD, et al. (2009) Imiquimod-induced
psoriasis-like skin inflammation in mice is mediated via the IL-23/IL-17 axis. J Immunol 182(9): 5836–
5845. doi: 10.4049/jimmunol.0802999 PMID: 19380832

34. Zhang S, Fukushi M, Hashimoto S, Gao C, Huang L, Fukuyo Y, et al. (2002) A new ERK2 binding
protein, Naf1, attenuates the EGF/ERK2 nuclear signaling. Biochem Biophys Res Commun 297(1):
17–23. PMID: 12220502

35. Shen F, Li N, Gade P, Kalvakolanu DV, Weibley T, Doble B, et al. (2009) IL-17 receptor signaling inhib-
its C/EBPbeta by sequential phosphorylation of the regulatory 2 domain. Sci Signal 2(59): ra8. doi: 10.
1126/scisignal.2000066 PMID: 19244213

36. Abbas-Terki T, Blanco-BoseW, Deglon N, PralongW, Aebischer P (2002) Lentiviral-mediated RNA in-
terference. HumGene Ther 13(18): 2197–2201. PMID: 12542850

37. Raoul C, Abbas-Terki T, Bensadoun JC, Guillot S, Haase G, Szulc J, et al. (2005) Lentiviral-mediated
silencing of SOD1 through RNA interference retards disease onset and progression in a mouse model
of ALS. Nat Med 11(4): 423–428. PMID: 15768028

38. JakobsenM, Stenderup K, Rosada C, Moldt B, Kamp S, Dam TN, et al. (2009) Amelioration of psoriasis
by anti-TNF-alpha RNAi in the xenograft transplantation model. Mol Ther 17(10): 1743–1753. doi: 10.
1038/mt.2009.141 PMID: 19568223

39. Flores AM, Gurevich I, Zhang C, Ramirez VP, Devens TR, Aneskievich BJ (2011) TNIP1 is a corepres-
sor of agonist-bound PPARs. Arch Biochem Biophys 516(1): 58–66. doi: 10.1016/j.abb.2011.08.014
PMID: 21967852

40. Battle A, Khan Z, Wang SH, Mitrano A, Ford MJ, Pritchard JK, et al. (2015) Genomic variation. Impact
of regulatory variation from RNA to protein. Science 347(6222): 664–667. doi: 10.1126/science.
1260793 PMID: 25657249

41. Zhang B, Wang J, Wang X, Zhu J, Liu Q, Shi Z, et al. (2014) Proteogenomic characterization of human
colon and rectal cancer. Nature 513(7518): 382–387. doi: 10.1038/nature13438 PMID: 25043054

TNIP1 Regulates the Proliferation of Keratinocytes

PLOS ONE | DOI:10.1371/journal.pone.0127957 June 5, 2015 17 / 18

http://dx.doi.org/10.1073/pnas.1106232108
http://dx.doi.org/10.1073/pnas.1106232108
http://www.ncbi.nlm.nih.gov/pubmed/22011580
http://dx.doi.org/10.1016/j.bbrc.2009.08.159
http://www.ncbi.nlm.nih.gov/pubmed/19732752
http://www.ncbi.nlm.nih.gov/pubmed/12586370
http://dx.doi.org/10.1073/pnas.1307569110
http://www.ncbi.nlm.nih.gov/pubmed/23754427
http://dx.doi.org/10.1038/jid.2014.98
http://dx.doi.org/10.1038/jid.2014.98
http://www.ncbi.nlm.nih.gov/pubmed/24569709
http://dx.doi.org/10.1172/JCI61862
http://www.ncbi.nlm.nih.gov/pubmed/22546855
http://www.ncbi.nlm.nih.gov/pubmed/18021896
http://dx.doi.org/10.1038/onc.2008.208
http://www.ncbi.nlm.nih.gov/pubmed/18622428
http://www.ncbi.nlm.nih.gov/pubmed/16480954
http://www.ncbi.nlm.nih.gov/pubmed/2450098
http://www.ncbi.nlm.nih.gov/pubmed/11219607
http://dx.doi.org/10.1038/nprot.2009.241
http://dx.doi.org/10.1038/nprot.2009.241
http://www.ncbi.nlm.nih.gov/pubmed/20134422
http://dx.doi.org/10.4049/jimmunol.0802999
http://www.ncbi.nlm.nih.gov/pubmed/19380832
http://www.ncbi.nlm.nih.gov/pubmed/12220502
http://dx.doi.org/10.1126/scisignal.2000066
http://dx.doi.org/10.1126/scisignal.2000066
http://www.ncbi.nlm.nih.gov/pubmed/19244213
http://www.ncbi.nlm.nih.gov/pubmed/12542850
http://www.ncbi.nlm.nih.gov/pubmed/15768028
http://dx.doi.org/10.1038/mt.2009.141
http://dx.doi.org/10.1038/mt.2009.141
http://www.ncbi.nlm.nih.gov/pubmed/19568223
http://dx.doi.org/10.1016/j.abb.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21967852
http://dx.doi.org/10.1126/science.1260793
http://dx.doi.org/10.1126/science.1260793
http://www.ncbi.nlm.nih.gov/pubmed/25657249
http://dx.doi.org/10.1038/nature13438
http://www.ncbi.nlm.nih.gov/pubmed/25043054


42. SunW, Julie Li YS, Huang HD, Shyy JY, Chien S (2010) microRNA: a master regulator of cellular pro-
cesses for bioengineering systems. Annu Rev Biomed Eng 121–27.

43. Olarerin-George AO, Anton L, Hwang YC, Elovitz MA, Hogenesch JB (2013) A functional genomics
screen for microRNA regulators of NF-kappaB signaling. BMC Biol 1119.

44. Song L, Lin C, Gong H, Wang C, Liu L, Wu J, et al. (2013) miR-486 sustains NF-kappaB activity by dis-
rupting multiple NF-kappaB-negative feedback loops. Cell Res 23(2): 274–289. doi: 10.1038/cr.2012.
174 PMID: 23247627

45. Joyce CE, Zhou X, Xia J, Ryan C, Thrash B, Menter A, et al. (2011) Deep sequencing of small RNAs
from human skin reveals major alterations in the psoriasis miRNAome. HumMol Genet 20(20): 4025–
4040. doi: 10.1093/hmg/ddr331 PMID: 21807764

46. McKay IA, Leigh IM (1995) Altered keratinocyte growth and differentiation in psoriasis. Clin Dermatol
13(2): 105–114. PMID: 7780913

47. Johansen C, Kragballe K, Westergaard M, Henningsen J, Kristiansen K, Iversen L (2005) The mitogen-
activated protein kinases p38 and ERK1/2 are increased in lesional psoriatic skin. Br J Dermatol 152
(1): 37–42. PMID: 15656798

48. Johnson GL, Lapadat R (2002) Mitogen-activated protein kinase pathways mediated by ERK, JNK,
and p38 protein kinases. Science 298(5600): 1911–1912. PMID: 12471242

49. Komine M, Rao LS, Freedberg IM, Simon M, Milisavljevic V, Blumenberg M (2001) Interleukin-1 in-
duces transcription of keratin K6 in human epidermal keratinocytes. J Invest Dermatol 116(2): 330–
338. PMID: 11180011

50. Descombes P, Schibler U (1991) A liver-enriched transcriptional activator protein, LAP, and a transcrip-
tional inhibitory protein, LIP, are translated from the samemRNA. Cell 67(3): 569–579. PMID: 1934061

51. HsuW, Kerppola TK, Chen PL, Curran T, Chen-Kiang S (1994) Fos and Jun repress transcription acti-
vation by NF-IL6 through association at the basic zipper region. Mol Cell Biol 14(1): 268–276. PMID:
8264594

52. Schon MP, Schon M (2007) Imiquimod: mode of action. Br J Dermatol 157 Suppl 28–13.

53. Baek SC, Lin Q, Robbins PB, Fan H, Khavari PA (2001) Sustainable systemic delivery via a single in-
jection of lentivirus into human skin tissue. HumGene Ther 12(12): 1551–1558. PMID: 11506697

54. Woodley DT, Keene DR, Atha T, Huang Y, RamR, ChenM (2004) Intradermal injection of lentiviral vec-
tors corrects regenerated human dystrophic epidermolysis bullosa skin tissue in vivo. Mol Ther 10(2):
318–326. PMID: 15294178

55. Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, Mao M, et al. (2003) Expression profiling
reveals off-target gene regulation by RNAi. Nat Biotechnol 21(6): 635–637. PMID: 12754523

56. Semizarov D, Frost L, Sarthy A, Kroeger P, Halbert DN, Fesik SW (2003) Specificity of short interfering
RNA determined through gene expression signatures. Proc Natl Acad Sci U S A 100(11): 6347–6352.
PMID: 12746500

57. Callahan JA, Hammer GE, Agelides A, Duong BH, Oshima S, North J, et al. (2013) Cutting edge: ABIN-
1 protects against psoriasis by restricting MyD88 signals in dendritic cells. J Immunol 191(2): 535–539.
doi: 10.4049/jimmunol.1203335 PMID: 23785118

TNIP1 Regulates the Proliferation of Keratinocytes

PLOS ONE | DOI:10.1371/journal.pone.0127957 June 5, 2015 18 / 18

http://dx.doi.org/10.1038/cr.2012.174
http://dx.doi.org/10.1038/cr.2012.174
http://www.ncbi.nlm.nih.gov/pubmed/23247627
http://dx.doi.org/10.1093/hmg/ddr331
http://www.ncbi.nlm.nih.gov/pubmed/21807764
http://www.ncbi.nlm.nih.gov/pubmed/7780913
http://www.ncbi.nlm.nih.gov/pubmed/15656798
http://www.ncbi.nlm.nih.gov/pubmed/12471242
http://www.ncbi.nlm.nih.gov/pubmed/11180011
http://www.ncbi.nlm.nih.gov/pubmed/1934061
http://www.ncbi.nlm.nih.gov/pubmed/8264594
http://www.ncbi.nlm.nih.gov/pubmed/11506697
http://www.ncbi.nlm.nih.gov/pubmed/15294178
http://www.ncbi.nlm.nih.gov/pubmed/12754523
http://www.ncbi.nlm.nih.gov/pubmed/12746500
http://dx.doi.org/10.4049/jimmunol.1203335
http://www.ncbi.nlm.nih.gov/pubmed/23785118

