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Purpose: Psoriasis is a common and well-studied autoimmune skin disease, which is 
characterized by plaques. The formation of psoriasis plaques occurs through the hyperpro-
liferation and abnormal differentiation of keratinocytes, infiltration of numerous immune 
cells into the dermis, increased subepidermal angiogenesis, and various autoimmune- 
associated cytokines and chemokines. According to previous research, Lin28 regulates the 
let-7 family, and let-7b is associated with psoriasis. However, the link between Lin28 and 
psoriasis is unclear. In this study, an association was identified between Lin28a and psoriasis 
progression, which promoted the pathological characteristic of psoriasis in epidermal 
keratinocytes.
Patients and Methods: This study aims to investigate the role of Lin28a and its underlying 
mechanism in psoriasis through in vivo and in vitro models, which include the Lin28a- 
overexpressing transgenic (TG) mice and Lin28a-overexpressing human keratinocyte 
(HaCaT) cell lines, respectively.
Results: In vivo and in vitro results revealed that overexpression of Lin28a downregulated 
microRNA let-7 expression levels and caused hyperproliferation and abnormal differentia-
tion in keratinocytes. In imiquimod (IMQ)-induced psoriasis-like inflammation, Lin28a 
overexpressing transgenic (TG) mice exhibited more severe symptoms of psoriasis.
Conclusion: Mechanistically, Lin28a exacerbated psoriasis-like inflammation through the 
activation of the extracellular-signal-regulated kinase (ERK) and signal transducer and 
activator of transcription 3 signaling (STAT 3) by targeting proinflammatory cytokine 
interleukin-6 (IL-6).
Keywords: psoriasis, keratinocyte, Lin28a, let-7

Introduction
Psoriasis affects approximately 3% of the global population and is one of the most 
common and well-researched chronic autoimmune skin diseases.1 In addition to its 
dermatological manifestations, psoriasis significantly impacts the afflicted person’s 
quality of life.2 Psoriasis vulgaris, which is referred to as chronic plaque psoriasis, 
is characterized by well-demarcated scaly erythematous plaques,3 which involve 
any part of the skin; however, it commonly presents on the extensor surfaces (eg, 
elbows and knees) and scalp.4 Psoriasis causes three different processes of cellular 
alteration in the skin: abnormal differentiation of keratinocytes; hyperproliferation 
of keratinocytes; and infiltration of immune cells into the dermis and epidermis.5 In 
addition, psoriasis is often associated with systemic inflammation due to the 
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production and infiltration of proinflammatory neutrophils 
and monocytes, which cause comorbidities, which include 
arthritis, cardiovascular disease, and liver inflammation.6 

Psoriasis can be triggered by environmental, infectious, 
and genetic factors, which are stress factors for keratino-
cytes. These triggers initiate a cascade of events, which 
include the activation of dendritic cells and differentiation 
of naive T cells into T helper 1 and T helper 17 cells, 
which mediate immune responses that are characterized by 
the release of proinflammatory cytokines. Despite numer-
ous conceptual breakthroughs that have elucidated the 
pathophysiology of psoriasis, the underlying mechanisms 
of these pathognomonic changes remain unclear.

Lin28 is an important factor in the regulation of self- 
renewal, pluripotency, and the differentiation and develop-
ment of stem cells.7 In addition, Lin28 is an important 
regulator of microRNA let-7, which is expressed in small 
quantities in embryonic stem cells that express high levels 
of Lin28. When the expression of Lin28 decreases during 
differentiation, the expression of let-7 increases.8 These 
changes in the expression of Lin28 and let-7 are the same 
in most cells and tissues, and embryonic stem cells.

Recent studies demonstrated the potential of 
microRNAs to regulate gene expression, which might 
play a role in psoriasis.9 MicroRNAs are a group of 
small non-coding RNAs that can regulate specific gene 
expression that are involved in diverse biological func-
tions, which include development, lifespan, cell prolifera-
tion, differentiation, and signaling pathways.10 The 
microRNA let-7 is one of the first human microRNAs 
that was identified and is a member of the let-7 family.11 

Specifically, let-7b is involved in the proliferation and 
differentiation of neural stem cells.12 A recent study 
demonstrated that let-7b inhibits keratinocyte differentia-
tion by targeting interleukin-6 (IL-6)-dependent extracel-
lular-signal-regulated kinases (ERK1/2) signaling, which 
might play a role in the pathogenesis of psoriasis.13 

According to previous research Lin28 downregulates the 
let-7 family, of which let-7b is a member; however, the 
link between Lin28 and psoriasis remains unclear.

This study aims to investigate the role of Lin28a and its 
underlying mechanism in psoriasis through in vivo and 
in vitro models, which include the Lin28a-overexpressing 
transgenic (TG) mice and Lin28a-overexpressing human 
keratinocyte (HaCaT) cell lines, respectively. A previous 
study illustrated that let-7b did not affect keratinocyte 
proliferation and apoptosis,13 overexpression of Lin28 
enhanced cell proliferation in HaCaT cell lines and 

induced epidermal hyperproliferation in mice. In the estab-
lished models, overexpression of Lin28a induced 
increased proliferation and changes in the differentiation 
pattern of HaCaT cells. In addition, Lin28a expression 
levels were significantly upregulated in psoriasis-induced 
mouse skin tissue. In imiquimod (IMQ)-induced inflam-
mation, Lin28a-overexpressing TG mice demonstrated 
severer symptoms of psoriasis, such as epidermal kerati-
nocyte hyperproliferation and immune cell infiltration of 
the dermis. Lin28a exacerbated psoriasis-like inflamma-
tion through the activation of ERK and signal transducer 
and activator of transcription 3 (STAT3) signaling by 
targeting proinflammatory cytokine IL-6. In combination, 
these data uncovered a pivotal role of Lin28a TG mice as 
a psoriasis mouse model.

Materials and Methods
Cell Culture and Transfection
HaCaT cells were purchased from AddexBio Technologies 
(San Diego, CA, USA). HaCaT cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 
MA, USA) that was supplemented with 10% fetal bovine 
serum (FBS, Gibco) and 1% penicillin-streptomycin (P/S, 
Gibco) followed by incubation at 37°C in 5% CO2. To 
establish stable Lin28a-overexpressing cell lines, cells 
were seeded into 6-well plates without P/S. After 24 h, 
the cells were transfected with pAcGFP-N1 (Mock) or 
pAcGFP-N1-Lin28a (Lin28a) using the FuGENE HD 
Transfection Reagent (Promega, WI, USA) following the 
manufacturer’s instructions. HaCaT cells were then treated 
with 100 μg/mL G418 Sulfate (Gibco) for 7 days to detect 
successfully transfected cells.

Psoriasis-Like Inflammation Induce by 
rhIL-36γ Treatment in HaCaT
HaCaT cell lines with stable f Lin28a overexpression were 
starved with DMEM/1% FBS for 24 h before stimulation. 
Then, 1 μg/mL recombinant human interleukin-36γ (IL- 
36γ, R&D systems, MN, USA) was treated with Mock and 
Lin28a. Cells were harvested at 0, 6, and 12 h after treat-
ment for RNA analysis, and 0, 24, and 48 h for protein 
analysis.

Cell Counting Kit-8 Assay
Cell proliferation was measured using the Cell Counting 
Kit-8 (CCK-8) assay (Dojindo, MD, USA). Cells were 
seeded into 96-well plates and incubated for 0, 24, 48, 
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and 72 h at 37°C in 5% CO2. Then, 10 μL of CCK-8 
solution was added to each well, and the cells were incu-
bated for an additional 1 h at 37°C in a 5% CO2 incubator. 
The optical density of each well was measured at 450 nm 
using a SPECTROstar Nano (BMG LABTECH, 
Germany).

Mice
The cytomegalovirus (CMV) promoter was used to gen-
erate the whole body Lin28a overexpressing mice. C57BL/ 
6 wild-type (WT) and Lin28a TG mice, 8–12 weeks of 
age, were housed in cages under a strict light/dark cycle 
(light on at 06:00 h and off at 18:00 h). Genomic DNA was 
extracted from the tail, and a Lin28a transgene was 
detected via polymerase chain reaction (PCR) with 
Lin28a-specific primers. The protocols for all animal 
experiments followed the National Institutes of Health 
guidelines for the care and use of laboratory animals and 
were approved by the Committee for Handling and Use of 
Animals, Kyungpook National University (Approval 
No.2020–0117).

IMQ-Induced Mouse Model for Psoriasis
The mice were treated with a daily topical dose of 62.5 mg 
of IMQ cream (5%) that was applied to each shaved back 
for 5 or 7 consecutive days. Control mice were treated 
with the same dose of vehicle cream (Vaseline (Vas)) for 5 
or 7 days. After treatment for 5 or 7 days, the mice were 
sacrificed and skin and spleen tissue were obtained.

MicroRNA Reverse Transcription
Total RNA was extracted from cells or mouse skin tissue 
using TRIzol reagent (Invitrogen, MA, USA) following 
the manufacturer’s instructions. To measure the 
microRNA expression level, 10 ng of total RNA were 
reverse transcribed using TaqMan MicroRNA Reverse 
Transcription Kit (Applied Biosystems, MA, USA), and 
subjected to quantitative real-time PCR (qRT-PCR) using 
TaqMan MicroRNA Assay (Applied Biosystems). qRT- 
PCR was performed to determine the microRNAs expres-
sion levels of let-7a, let-7b, and U6. For each sample, the 
relative expression levels were quantified using the ∆∆Ct 
method and were normalized against those of U6.

Immunohistochemistry Analysis
Mouse skin tissues were fixed with 4% PFA and embedded 
in paraffin, and 6 μm sections were prepared and stained 
with Lin28a (1:500, Abcam, UK), keratin 1 (CK1) 

(1:1000, Santa Cruz Biotechnology, TX, USA), keratin 
10 (CK10) (1:10,000, Abcam), filaggrin (1:1000, Santa 
Cruz Biotechnology), involucrin (1:1000, Santa Cruz 
Biotechnology), and Ki67 (1:200, Abcam), which ana-
lyzed using immunohistochemistry methods. The 
VECTASTAIN ABC kit (Vector Labs, CA, USA) was 
used for anti-rabbit and anti-mouse antibodies. Signals 
were detected using 3,3′-diaminobenzidine- 
tetrahydrochloride-dihydrate peroxidase substrate (DAB, 
Vector Labs) staining.

qRT-PCR
Total RNA was extracted from the cells or mouse skin tissue 
using a TRIzol reagent (Invitrogen) following the manufac-
turer’s instructions. To measure the mRNA expression level, 
1000 ng of total RNA was reverse transcribed using 
PrimeScript 1st strand cDNA Synthesis Kit (TAKARA, 
Japan), and subjected to qRT-PCR using TB Green 
Advantage qPCR Premix (TAKARA). qRT-PCR was per-
formed to determine the expression levels of Lin28a, CK16, 
CK1, CK10, filaggrin, involucrin, IL-6, interleukin 1β (IL- 
1β), IL-36γ, tumor necrosis factor α (TNF-α), interleukin- 
17A (IL-17A), S100A9, and β-actin. For each sample, the 
relative expression levels were quantified using the ∆∆Ct 
method and normalized against those of β-actin.

Western Blotting
The total protein was extracted from the cells and mouse 
skin tissue using PRO-PREP lysis buffer (iNtRON 
Biotechnology, Korea) following the manufacturer’s 
instructions. Western blotting was performed using pri-
mary antibodies against mouse Lin28a (1:2000, Abcam), 
GFP (1:200, Santa Cruz Biotechnology), CK16 (1:1000, 
Invitrogen), CK1 (1:1000, Santa Cruz Biotechnology), 
CK10 (1:10,000, Abcam), filaggrin (1:1000, Santa Cruz 
Biotechnology), involucrin (1:1000, Santa Cruz 
Biotechnology), ERK (1:1000, Cell Signaling 
Technology), phospho-ERK (p-ERK) (1:1000, Cell 
Signaling Technology), STAT3 (1:2000, Cell Signaling 
Technology, MA, USA), p-STAT3 (1:2000, Cell 
Signaling Technology), IκBα (1:1000, Cell Signaling 
Technology), p-IκBα (1:1000, Cell Signaling 
Technology), and β-actin (1:10,000, Santa Cruz 
Biotechnology).

Statistical Analysis
All data are presented as the mean ± SEM. Statistical 
analyses were performed using GraphPad Prism version 
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9.1.2 (GraphPad Software, San Diego, CA, USA). 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results
Lin28a Overexpression Promotes the 
Proliferation and Differentiation of 
Keratinocytes and Regulates 
Psoriasis-Related Genes in HaCaT
To study the function of Lin28 in the human skin epider-
mis, HaCaT were used for experimentation. First, the 
human Lin28a plasmid vector (pAcGFP-N1-Lin28a) 
was transfected in HaCaT. When stable cell lines were 
established, the mRNA expression level of Lin28a was 
investigated by RT-PCR. Lin28a mRNA expression 
levels were approximately 12 times higher in Lin28a- 
overexpressing cells (Lin28a) than in Mocks 
(Figure 1A). The expression levels of let-7a and let-7b, 
which are members of the microRNA let-7 family, sig-
nificantly decreased in Lin28a-overexpressing cells 
(Figure 1B). In addition, the result of Western blotting 
showed higher levels of Lin28a proteins in the Lin28a 
cell line compared with that of Mocks (Figure 1C). In 
addition, the CCK-8 proliferation assay results showed 
that Lin28a overexpression significantly enhanced HaCaT 
cell proliferation (Figure 1D). These observations agreed 
with the results from previous studies where Lin28a pro-
moted cell growth and proliferation by repressing let-7 
microRNAs biogenesis.7

To investigate the effect of Lin28 overexpression on 
keratinocyte differentiation, early and late differentiation 
markers were confirmed. Early differentiation markers for 
keratinocytes, CK1, and CK10 increased in Lin28a- 
overexpressing cells (Figure 1E). In addition, an increase 
in the keratinocyte late differentiation markers, filaggrin 
and involucrin, was observed (Figure 1E). Out of the 
proinflammatory cytokines, IL-6, TNF-α, and interferon- 
gamma (IFN-γ), the expression levels of IL-6 and TNF-α 
were enhanced by Lin28a overexpression (Figure 1F). 
However, there was no difference in the expression level 
of IFN-γ (Figure 1F). Although IL-6, TNF-α, and IFN-γ 
are all major cytokines in psoriasis, IL-6 and TNF-α are 
mainly secreted from keratinocytes and T cells during 
early psoriasis, and IFN-γ is mainly secreted from T cells 
during late psoriasis.14 In combination, the overexpression 
of Lin28a influenced the proliferation and abnormal differ-
entiation of keratinocytes with a change in cytokine 
expression.

Expression of Differentiation Markers and 
Cytokines After IL-36γ Treatment for the 
Psoriasis-Like Condition in HaCaT
To investigate the function of Lin28a in the inflammatory 
condition, cells were stimulated with recombinant human 
IL-36γ, which might trigger psoriasis through the chronic 
activation of keratinocytes. Psoriasis is usually character-
ized by hyperproliferation and abnormal differentiation of 
keratinocytes.15 Following cytokine treatment, cells were 
harvested at specific time points (0, 6, and 12 h), and the 
differentiation markers were examined by RT-PCR. At 
these time points, mRNA expression levels of the early 
and late differentiation markers were higher in the Lin28a- 
overexpressing cell line than in Mocks (Figure 2A). These 
results meant that Lin28a overexpression maintained the 
expression of abnormal differentiation markers without sti-
mulation and when psoriasis-like conditions were induced. 
To determine if Lin28a overexpression affected the produc-
tion of proinflammatory cytokines in the inflammatory con-
dition, the relative mRNA levels of IL-6 and TNF-α were 
measured. These results showed that psoriasis-like inflam-
mation that was induced by IL-36γ increased cytokine 
expression at specific time points. IL-6 expression was 
highest at 6 h in Mocks and Lin28a-overexpressing cells, 
and higher expression was maintained in Lin28a- 
overexpressing cells. TNF-α showed the highest expression 
at 12 h, and the expression of TNF-α was higher than that of 
Mocks in Lin28a-overexpressing cells (Figure 2B). These 
data implied that the overexpression of Lin28a played 
a pivotal role in psoriasis-like inflammation.

Time-Dependent Change in Lin28a and 
Psoriasis-Related Markers in 
IMQ-Induced Psoriasis-Like Mice
To identify a link between Lin28 and psoriasis, Lin28a 
expression in IMQ-induced mice was evaluated. First, 
IMQ cream, which is commonly used to induce psoriasis 
in mouse models,16 was applied to WT mice for 7 days, 
then the mice were sacrificed to retrieve skin tissue after 7 
days. The relative mRNA expression levels of Lin28a in 
WT mice increased after IMQ treatment. In addition, the 
expression level of Lin28a was highest 5 days after IMQ 
treatment (Figure 3A). MicroRNA let-7a and let-7b 
expression levels decreased and Lin28a expression 
increased by psoriasis induction (Figure 3B). Due to the 
observed correlation between Lin28a and induced 
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Figure 1 Lin28a overexpression promotes proliferation and differentiation of keratinocytes and regulates psoriasis-related genes in HaCaT: (A) total RNAs were isolated from Mocks 
and Lin28a HaCaT cell lines and reverse transcribed. Relative mRNA expression levels of Lin28a were analyzed by RT-PCR; (B) total RNAs were isolated from Mocks and Lin28a HaCaT 
cell lines and reverse transcribed using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). Relative expression levels of let-7 microRNAs were examined through RT- 
PCR using TaqMan MicroRNA Assay (Applied Biosystems); (C) total proteins were isolated from Mocks and Lin28a HaCaT cell lines. Expression levels of Lin28a-GFP fusion, Lin28a, and 
β-actin protein levels were analyzed via Western blotting; (D) proliferation ability was analyzed using CCK-8 assays until 72 h; (E) relative mRNA expression levels of early and late 
differentiation markers in Mocks and Lin28a HaCaT cell lines were examined through RT-PCR; (F) relative mRNA expression levels of proinflammatory cytokines in Mocks and Lin28a 
HaCaT cell lines were examined through RT-PCR. T-tests were performed using GraphPad Prism 9. All data are presented as mean ± SEM; *p < 0.05, ***p < 0.001, and ****p < 0.0001 
compared with Mocks.
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psoriasis, psoriasis-related proliferation and differentiation 
markers were confirmed in mouse skin tissue. The prolif-
eration marker, CK16, significantly increased after 

psoriasis was induced in mRNA and protein levels. 
(Figure 3C and D). This result corresponded to previous 
results that Lin28a promotes cell proliferation and is 

Figure 2 Expression of differentiation markers and cytokines after IL-36γ treatment for the psoriasis-like condition in HaCaT. Mocks and Lin28a-overexpressing HaCaT 
were treated with recombinant human IL-36γ for 0, 6, and 12 h. Total RNAs were isolated from Mocks and Lin28a HaCaT cell lines treated with IL-36 γ and reverse 
transcribed; (A) relative mRNA expression levels of differentiation markers were measured by RT-PCR; and (B) relative mRNA expression levels of proinflammatory 
cytokines were examined through RT-PCR. Two-way ANOVA followed by Tukey’s multiple comparisons test was performed using GraphPad Prism 9. All data are presented 
as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with each group.
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linked to a crucial feature of psoriasis, which is signifi-
cantly increased proliferation of keratinocytes.7 Each of 
the early and late differentiation markers, CK1 and filag-
grin, increased in the mRNA levels following IMQ treat-
ment (Figure 3C). In addition, increased protein levels of 
the proliferation and differentiation markers were detected 
(Figure 3D). The expression levels of Lin28a and psoria-
sis-related markers were highest in day 5 skin from the 
mice. Based on these results, IMQ treatment was per-
formed for 5 days, and samples were collected on day 6 
for use in the following experiments.

Promoted Proliferation of Keratinocytes 
in Lin28a TG Mice
To determine the role of Lin28a in epidermal keratinocytes 
in vivo, TG mice that overexpressed Lin28a under the CMV 
promoter were studied. Genotyping was performed using PCR 
to verify the successful generation of Lin28a TG mice 
(Figure 4A). The Lin28a level was highly expressed in the 
skin tissue (Figure 4B). Western blotting revealed a higher 
expression of Lin28a protein in Lin28a TG mice than in WT 
mice (Figure 4C). In addition, expression levels of let-7a and 
let-7b microRNAs were lower in Lin28a TG mice (Figure 4D). 
Lin28a-overexpressing TG mice were developed for these 

experiments, and 8–12-week-old WT and Lin28 TG mice 
were used in the subsequent experiments.

To determine the potential role of Lin28a in skin psor-
iasis, IMQ cream that contained 5% IMQ was topically 
applied to the shaved back skin of Lin28 TG and WT mice 
for 5 consecutive days to induce psoriasis. Although Lin28a 
TG and WT mice that were treated with IMQ developed 
erythematous lesions covered with white silver scales, the 
skin from Lin28 TG mice appeared to be more erythematous 
than WT without IMQ treatment (Figure 4E). Hematoxylin 
and eosin (H&E) staining was performed on mouse skin 
samples (Figure 4F) and based on this result, the thickness 
of the epidermis was measured. According to the measure-
ment analysis, the epidermis thickness of Lin28a TG was 
thicker than that of WT, which agreed with the comparison 
between the Vas and IMQ-treated groups (Figure 4G). In 
addition, the H&E results revealed immune cell infiltration 
in Lin28a TG and WT mice. Immune cell infiltration was 
performed by counting stained cells in the dermis. According 
to these results, untreated Lin28a TG had more infiltration of 
immune cells than WT mice with or without IMQ, but IMQ- 
treated Lin28a TG mice did not differ from IMQ-treated WT 
mice (Figure 4H). To account for the thick epidermis thick-
ness of Lin28a TG mice, the expression of proliferation 

Figure 3 Time-dependent change in Lin28a and psoriasis-related markers in IMQ-induced WT mice. WT mice were treated with a daily topical dose of 62.5 mg of IMQ 
cream (5%) for 0, 1, 3, 5, and 7 days; (A) total RNAs were isolated from mouse skin tissue and reverse transcribed. Relative mRNA expression patterns of Lin28a were 
analyzed by RT-PCR; (B) total RNAs were isolated from mouse skin tissue and reverse transcribed using TaqMan MicroRNA Reverse Transcription Kit. Relative expression 
levels of let-7 microRNAs were measured by RT-PCR using TaqMan MicroRNA Assay; (C) relative mRNA expression level of proliferation marker (CK16) and differentiation 
markers (CK1 and filaggrin) are shown at specified dates; (D) protein levels of proliferation and differentiation markers in WT mouse skin after IMQ treat using Western 
blotting. One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using GraphPad Prism 9. All data are presented as mean ± SEM; *p < 0.05, **p < 
0.01, ***p < 0.001 and ****p < 0.0001 as compared with untreated WT mice.
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Figure 4 Promoted proliferation of keratinocytes in established Lin28a TG mice: (A) PCR was performed to identify Lin28a overexpressing mice. Primers pAcGFP.N1.F and 
Lin28a.R were used to detect the exogenous gene for PCR genotyping; (B) total RNAs were isolated from mouse skin tissue and reverse transcribed. Lin28a mRNA 
expression levels in the skin were analyzed via RT-PCR. Tissue samples were collected from 8–12-week-old mice (n = 6–7); (C) overexpressed protein levels were confirmed 
through Western blotting in mouse skin tissue; (D) total RNAs were isolated from mouse skin tissue and reverse transcribed using TaqMan MicroRNA Reverse 
Transcription Kit. Relative expression levels of let-7 microRNAs were measured by real-time PCR using TaqMan™ MicroRNA Assay. T-tests were performed using 
GraphPad Prism 9. All data are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with WT mice. WT and Lin28a TG mice were 
treated with a daily topical dose of 62.5 mg of IMQ cream (5%) for 5 consecutive days and control mice were treated with the same dose of Vas for 5 consecutive days: (E) 
phenotypic presentation of mouse back skin for WT and Lin28a TG mice treated with IMQ or Vas for 5 days; (F) light microscopy examination of skin sections stained with 
H&E. Scale bars represent 128 μm; (G) skin thickness was measured in the epidermis of WT and Lin28a TG mice treated with IMQ or Vas for 5 days; (H) immune cell 
infiltration was measured by counting the cells stained in the dermis from the results of H&E staining; (I) total RNAs were isolated from mouse skin tissue and reverse 
transcribed. Relative mRNA expression levels of CK16, proliferation marker, were analyzed by RT-PCR; (J) light microscopy examination of skin sections stained with Lin28a 
or Ki67 antibody, scale bars = 128 μm; (K) phenotypic presentation of mouse spleen and spleen/body weight for WT and Lin28a TG mice treated with IMQ or Vas for 5 
days. Two-way ANOVA followed by Tukey’s multiple comparisons test was performed using GraphPad Prism 9. All data are presented as mean ± SEM; *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001 compared with each group.
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markers was identified. The expression levels of CK16 was 
higher in Lin28a TG than in WT; untreated Lin28a TG was 
higher than untreated WT, and IMQ-treated Lin28a TG was 
higher than IMQ-treated WT (Figure 4I). Microscopic exam-
ination of Ki67-stained skin sections from Lin28 TG and WT 
mice revealed that the increased expression of Ki67 in Lin28 
TG mice indicated accelerated keratinocyte proliferation 
(Figure 4J). Although CK16 mRNA expression in psoriasis- 
like Lin28a TG was higher than that in psoriasis-like WT, 
there was no difference in the protein expression of Ki67, 
which was confirmed by immunohistochemistry. In agree-
ment with the literature, the spleens of IMQ-treated mice 
became swollen.17 However, the spleens of Lin28 TG mice 
were significantly larger than those of WT mice without IMQ 
treatment (Figure 4H). In combination, these data indicated 
that Lin28a accelerated the clinical manifestations of 
psoriasis.

Lin28a Induces Abnormal Differentiation 
in Lin28a TG Mice by Regulating 
Cytokines and Signaling Pathways
To confirm that the increased proliferation in Lin28a TG 
mice and the abnormal differentiation and cytokine increase 
in Lin28a overexpressing HaCaT cells in the previous fig-
ures (Figures 1 and 4) was due to the regulation of let-7 by 
Lin28a, the expression of let-7 was confirmed when psor-
iasis was induced in WT and Lin28a TG mice. In this result, 
WT and Lin28a TG mice had decreased expression of let-7 
when psoriasis was induced, and the psoriasis-like TG 
showed a lower let-7 expression compared with the psor-
iasis-like WT mice (Figure 5A). To investigate the potential 
role of Lin28a in the pathogenesis of psoriasis, differentia-
tion markers were used to compare the expression levels of 
Lin28a TG and WT mice using qRT-PCR of the skin tissue. 
The results showed an increase in early and late differentia-
tion markers in Lin28a TG + Vas than WT + Vas. After 
induction by IMQ, mRNA expression of CK1, CK10, and 
filaggrin were higher in Lin28a TG mice compared with 
WT. However, the expression of involucrin in the epidermis 
of Lin28a TG mice was not significantly different in WT 
mice skin. CK1 increased in Lin28a TG mice compared 
with untreated TG mice when psoriasis was induced, and 
the other differentiation markers did not change signifi-
cantly when psoriasis was induced in Lin28a TG mice 
compared with untreated TG mice (Figure 5B). In addition, 
changes in the differentiation markers, which were analyzed 
using immunohistochemistry of the mice skin (Figure 5C), 

suggested that Lin28a might have a relationship with psor-
iasis by enhancing the differentiation of keratinocytes.

Cytokines lead to abnormal keratinocyte maturation 
and the activation of dendritic cells.18 Stressed kerati-
nocytes release IL-6, which recruits macrophages and 
neutrophils to the inflammation sites. Previous studies 
revealed that IL-6 is a direct target of let-7b and IL-6 
mediated differentiation via signaling cascades, which 
include ERK, STAT3, and NF-κB signaling.13 To eluci-
date if Lin28a promoted the differentiation of keratino-
cytes via ERK, STAT3, and NF-κB by regulating IL-6, 
psoriasis-related cytokines and chemokines, IL-6, TNF- 
α, IL-17A, IL-36γ, IL-1β, and S100A9, were evaluated. 
Some of these cytokines and chemokines increased after 
IMQ treatment in WT mice. The mRNA levels of all 
these cytokines and chemokines were higher in Lin28a 
TG mice + Vas compared with WT mice + Vas. For IL- 
6, IL-36γ, and S100A9, psoriasis-like Lin28a TG mice 
through IMQ showed higher expression than IMQ- 
treated WT mice (Figure 5D). In addition, the phosphor-
ylation of signaling was examined using Western blot-
ting. Lin28a overexpression increased phosphorylation 
of ERK, STAT3, and NF-κB in nontreated mice. The 
induction of psoriasis through IMQ increased ERK, 
STAT3, and NF-κB in WT and Lin28a TG mice. 
However, the signaling pathways in which Lin28a TG 
mice with IMQ was highly expressed compared with 
WT with IMQ were ERK and STAT3 (Figure 5E). 
These results show that the overexpression of Lin28a 
upregulated cytokines, which play an important role in 
psoriasis, and aggravated psoriasis through the phos-
phorylation of ERK and STAT3.

Discussion
Psoriasis might be a manifestation of impaired commu-
nication between keratinocytes and immune cells that 
are caused by genetic and environmental factors, this 
includes T cells, dendritic cells, and neutrophils.19,20 In 
psoriasis, T cell infiltration into the dermis and epider-
mal hyperplasia are key histological features. As self- 
reactive T cells infiltrate the skin, they secrete proin-
flammatory cytokines, such as IL-17 and IL-36γ.21–23 

The IL-17 family of cytokines induce proliferation and 
differentiation in keratinocytes. During the early phase 
of the pathogenic cascade, IL-17 drives a feed-forward 
inflammatory loop. In response to these cytokines, ker-
atinocytes secrete chemokines (CCL19, CCL20, 
CXCL1-3, CXCL9, and CXCL10), which recruit 

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S312963                                                                                                                                                                                                                       

DovePress                                                                                                                       
4307

Dovepress                                                                                                                                                              Jang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 5 Lin28a induces abnormal differentiation in Lin28a TG mice by regulating cytokines and signaling pathways: (A) total RNAs were isolated from mouse skin tissue and reverse 
transcribed using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). Relative expression levels of let-7 microRNAs were examined through RT-PCR using TaqMan 
MicroRNA Assay (Applied Biosystems); (B) total RNAs were isolated from mouse skin tissue and reverse transcribed. Relative mRNA expressions of early and late differentiation 
markers were analyzed by RT-PCR; (C) skin samples of WT and Lin28a TG with Vas or IMQ were stained with CK1, CK10, filaggrin, and involucrin. Scale bars represent 128 μm; (D) 
relative mRNA expression of cytokines and chemokines, which play important roles in psoriasis were examined by qRT-PCR; (E) Western blotting analysis of phosphorylated ERK and 
total ERK, phosphorylated Iκ-Bα and total Iκ-Bα, p-STAT3 and total STAT3. Two-way ANOVA followed by Tukey’s multiple comparisons test was performed using GraphPad Prism 9. All 
data are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with each group.
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neutrophils, IFN-γ, or IL-17 producing T cells, and 
mature dendritic cells.10,19,24 Then, these highly inflam-
matory skin-infiltrating dendritic cells cause the activa-
tion of autoreactive T cells, and therefore, boost 
inflammation.24

Recently, the role of keratinocytes in psoriasis has 
become an important research focus. The predominant 
cell type in human skin is keratinocytes,25 which are 
a major source of inhibitory cytokines. These cytokines 
enable the skin to remain in an inflammatory quiescent 
state with no triggers, which would otherwise activate 
local dendritic cells.26 However, an imbalance between 
the anti-inflammatory and proinflammatory signals might 
cause the development of inflammatory skin diseases, such 
as psoriasis and atopic dermatitis.27 In this study, we 
focused on the imbalance of proliferation and differentia-
tion of keratinocytes as the reason for the exacerbation of 
psoriasis.

Other studies identified the genome association and an 
increasing number of genetic markers for psoriasis 
susceptibility.10 However, only one-quarter of the herit-
ability of psoriasis has been described, which suggests 
that there are susceptibility factors that have not been 
discovered. Because most of the loci that have been iden-
tified are in non-coding DNA, genetic variations in func-
tional RNAs, such as microRNAs, might contribute to 
psoriasis susceptibility. In other studies, let-7b directly 
acted on IL-6, which affected keratinocyte differentiation 
through ERK signaling.13 Therefore, from the results of 
this study, Lin28, which is the RNA-binding protein that 
post-transcriptionally inhibits the biogenesis of let-7 
miRNAs, might be instrumental in the pathogenesis of 
psoriasis. In this study, the results were confirmed by 
in vitro and in vivo analyses in keratinocytes and TG 
mice, respectively, that Lin28a plays a pivotal role in 
keratinocytes during psoriasis.

Wound healing and the pathogenesis of psoriasis have 
similar characteristics, in particular, with the inflammatory 
response, keratinocyte proliferation, and proliferation and 
differentiation of vascular endothelial cells.28 Skin transi-
tion involves a series of programmed changes that convert 
basal keratinocytes into anucleate corneocytes. This trans-
formation occurs for approximately 50 days in healthy 
skin: however, it only requires 5 days to form on lesional 
psoriatic skin. The epidermis is a dynamic tissue that is 
composed primarily of keratinocytes that undergo a tightly 
controlled differentiation process when they migrate from 
the basal to suprabasal layers.29 In the epidermal spinous 

layer, keratinocytes express CK1 and CK10.30 Therefore, 
the expressions of CK1 and CK10 are the first signs of 
differentiation. During keratinization, additional proteins 
(eg, filaggrin and involucrin) are required to form corneo-
desmosomes and cornified envelopes.3 In addition, in this 
study, the results revealed an increase in proliferation and 
the expression of CK1, CK10, filaggrin, and involucrin in 
Lin28a-overexpressing keratinocytes and TG mice com-
pared with Mocks and untreated WT mice. This suggested 
that the abnormal increase in the proliferation and differ-
entiation of keratinocytes when Lin28a was overexpressed 
had a significant effect on keratinogenesis, which is one of 
the hallmarks of psoriasis.

IL-36α and IL-36γ were identified as being overex-
pressed in psoriatic lesions.31,32 In addition, overexpres-
sion of IL-36 cytokine in mice revealed a psoriasis-like 
pathology of the skin and IL-36 treatment of keratinocytes 
induced proinflammatory signaling.33 The results after IL- 
36γ treatment showed an increased expression of early and 
late differentiation and proinflammatory cytokines in the 
Lin28a-overexpressing cell line (Figure 2A and B). In 
addition, IL-36γ was highly expressed in the skin of 
Lin28a TG mice (Figure 5D).

For the in vivo experiments, IMQ cream, which is 
a TLR7 agonist that induces skin inflammation, was 
applied in a mouse model to study human psoriasis.16 

The results confirmed that WT mouse skin has higher 
Lin28a levels combined with a decrease in let-7 after 
psoriasis inducement by IMQ treatment, which meant 
that Lin28a might affect psoriasis (Figure 3). 
Proliferation and differentiation markers increased with 
the increase in Lin28a expression levels (Figure 3). In 
psoriasis-induced Lin28a TG mice, epidermal thickness 
and spleen size were larger than those of WT with IMQ 
mice (Figure 4G and K). In agreement with the results 
from HaCaT, CK1, and filaggrin mRNA expression 
increased in psoriasis-induced Lin28a-overexpressing 
mice compared with WT + IMQ and TG + Vas mice. 
Although the mRNA level of involucrin decreased after 
psoriasis inducement in WT and Lin28a TG mice, the 
immunohistology results showed higher protein levels of 
involucrin in psoriasis-like inflammation. Of note, CK10 
mRNA and the protein levels of Lin28a-overexpressing 
mice decreased after psoriasis inducement. This result 
could be explained in previous other studies where CK10 
in normal skin cells was lower or had no difference com-
pared with psoriasis patient’s keratinocytes.
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Stressed keratinocytes release IL-6, which mobilizes 
macrophages and neutrophils to the site of inflammation.34 

In addition, IL-6 mediates differentiation through several sig-
naling cascades, which includes ERK1/2, STAT3, and NF-κB 
signaling. In addition, let-7b directly regulates IL-6, which is 
a strong mediator of a host’s response to tissue damage and 
infection and is produced by keratinocytes and leukocytes. 
The expression levels of IL-6 in Lin28a-overexpressing 
HaCaT and Lin28a TG mice increased combined with an 
increase in other psoriasis-associated proinflammatory cyto-
kines (TNF-α, IL-1β, IL-36γ, and IL-17A) and chemokines 
(S100A9). Therefore, the characteristic cytokine and chemo-
kines of psoriasis, IL-36γ and S100A9, were highly expressed 
in nontreated Lin28a TG, and when psoriasis was induced, 
they increased compared with psoriasis-like WT mice. 
However, other proinflammatory cytokines (TNF-α, IL-1β) 
and IL-17 did not show a significant increase in psoriasis- 
like TG mice compared with psoriasis-like WT mice 
(Figure 5D). As mentioned earlier, let-7 targets and inhibits 
IL-6.13 In addition, according to other studies, let-7 inhibits the 
differentiation of IL-6-dependent Th17 cells.35 According to 
this study, it was not surprising that the secretion of IL-6 and 
IL-17 increases when let-7 expression is suppressed by Lin28a 
overexpression. However, if psoriasis was induced by IMQ in 
a state when IL-6 and IL-17 was already high due to Lin28a 
overexpression, the results might be different. The induction 
of psoriasis by IMQ was achieved by regulating various path-
ways, which included TLR7/8 and NLRP3/NALP3 or adeno-
sine receptors. Although IMQ is the most widely used 
psoriasis modeling method, it remains unclear how the cyto-
kines, which are already elevated in Lin28a TG mice due to 
Lin28a overexpression, are regulated by IMQ. Therefore, in 
this study, changes in the proliferation and differentiation of 
keratinocytes in the skin rather than on cytokines were 
focused on.

For the mechanisms of Lin28a in keratinocytes, the 
downstream signaling pathways of IL-6, ERK1/2, STAT3, 
and NF-κB signaling were analyzed (Figure 5E). ERK1/2 
phosphorylation has been demonstrated in lesioned psoriatic 
skin compared with non-lesioned psoriatic skin. In agree-
ment with previous reports, Lin28a-overexpressing mice 
skin showed stronger ERK1/2 phosphorylation, and the 
total and phosphorylated forms of p44/42 ERK1/2 were 
stronger in IMQ-treated mouse skin. In addition, the activa-
tion of STAT3 signaling that was measured by Western 
blotting increased in Lin28a TG mice compared with WT 
mice. In the case of STAT3, Lin28a overexpressing TG mice 

showed increased basal levels as well as phosphorylated 
levels (Figure 5E). From other research, STAT3 is a target 
of let-7b, and let-7b negatively regulates STAT3 mRNA and 
protein expression levels.36 According to this research, the 
increase in basal levels of STAT3 expression might be due to 
let-7b suppression by Lin28a overexpression. However, NF- 
κB signaling was hardly different in WT and TG after psor-
iasis induction with IMQ (Figure 5E). This result was 
thought to be due to the psoriasis induction pathway of 
IMQ. IMQ induces psoriasis by regulating TLR7/8 and its 
downstream signals. TLR7/8, which is stimulated by IMQ, 
amplifies NF-κB through MyD 88, which results in the 
increased secretion of inflammatory cytokines. Therefore, 
NF-κB activation increased when IMQ was treated in WT 
and TG mice in this result. In addition, Lin28a overexpres-
sion activates IL-6-dependent NF-κB by regulating let-7. 
However, the activation of NF-κB was not higher in TG 
with IMQ compared with TG with IMQ, which could be 
due to the regulation of NF-κB by Lin28a and the regulation 
of NF-κB IMQ conflicted with each other. In combination, 
the overexpression of Lin28a enhanced the expression of 
inflammatory cytokines, especially IL-6, that led to acantho-
sis and disease severity by the activation of ERK and STAT3 
signaling. According to the literature, STAT3 is a target of 
let-7b and let-7b negatively regulates STAT3 mRNA and 
protein expression levels.37

In this study, the overexpression of Lin28a in TG mice 
led to increased proliferation and differentiation via ERK1/ 
2 and STAT3 signaling, and aggravated disease severity in 
the psoriasis mouse model.
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