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1  | INTRODUCTION

Psoriasis is a chronic immune-mediated inflammatory disease, affect-
ing 2-3% of the population worldwide.1 It is characterised by histo-
logical changes, including epidermal hyperproliferation, infiltration 
of T cells and dendritic cells, and a distinct increase in skin angio-
genesis.2 In psoriasis vulgaris, the epidermal hyperproliferation and 
inflammation leads to the typical skin lesion characterised by redness, 
thickness and scaling, which severely impairs patient quality of life.3 
Despite the current focus on the role of IL-23/Th17 immune axis in 

the pathogenesis of psoriasis, keratinocytes, the most predominant 
cell type in human epidermis, are hyperproliferative and deviate from 
the normal differentiation cycle, leading to the formation of plaque 
with a scaling surface.4,5 The activated keratinocytes also have a posi-
tive feedback impact on the local immune system by producing soluble 
proinflammatory mediators, including cytokines, chemokines and anti-
microbial peptides.6 However, the mechanism of keratinocyte activa-
tion in psoriasis is not well understood.

Serum amyloid A (SAA) is one of the most prominent positive 
acute phase proteins, which are highly elevated in serum due to 
inflammation, infections, neoplasia and tissue injury.7–9 SAA is induced 
in peripheral tissues in response to infection and acute injury, while it 
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Abstract
Objectives: Serum amyloid A (SAA), an acute phase protein, is highly expressed in 
psoriatic lesions but its function is not fully understood. The aim of this study was to 
explore its role in activation of keratinocytes.
Materials and methods: Real-time PCR and immunofluorescence were performed to 
examine SAA expression in imiquimod (IMQ)-induced psoriasis-like mice. In vivo func-
tion of SAA was examined by treating psoriasis-like mice with SAA neutralising anti-
body. Cell viability was monitored using the CCK-8 assay. Real-time PCR was 
performed to determine expression of genes associated with differentiation and in-
flammation. Ki67+ percentage and immunological markers were analysed by flow cy-
tometry. Involvement of formyl peptide receptor-like 1 (FPRL1) in SAA signal 
transduction was determined by RNA interference. Binding of SAA and FPRL1 was 
examined by co-immunoprecipitaion. Western blotting was conducted to assess phos-
phorylation of downstream signalling molecules.
Results: SAA was highly expressed in skin lesions of IMQ-treated psoriasis-like mice 
and neutralising SAA attenuated epidermal hyperplasia and inflammation. SAA in vitro 
promoted keratinocyte proliferation and expression of immunological mediators, 
while inhibiting differentiation. Effects of SAA on keratinocyte proliferation and in-
flammation were mediated by FPRL1, as well as activation of the PI3K/Akt pathway.
Conclusions: These observations indicate that SAA/FPRL1 contributed to pathogen-
esis of psoriasis by promoting keratinocyte proliferation and inflammation, thus pro-
viding a potential therapeutic target for disease therapy.
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can promote inflammation, in part through elicitation of proinflamma-
tory cytokine production and recruitment of granulocytes, monocytes, 
and T lymphocytes.10,11 In addition, SAA also plays an important role 
in regulating the cellular proliferation and apoptosis.12,13 It has been 
demonstrated that SAA promotes the proliferation and survival of 
human fibroblast-like synoviocytes.14

Recently, we and others have detected increased SAA mRNA and 
protein expression in psoriatic lesions.15,16 Rooney et al.16 reported 
that SAA is able to induce angiogenesis, a pathological hallmark of 
psoriasis. We demonstrated that SAA stimulated keratinocytes to pro-
duce IL-1β in a NLRP3 inflammasome-mediated mechanism, thereby 
providing positive feedback regulation of Th17 responses.15 However, 
it is unknown whether SAA plays any role in the proliferation and dif-
ferentiation of keratinocytes.

The aim of the present study was to determine the potential role 
of SAA in psoriasis. Our data showed that neutralising SAA could ame-
liorate epidermal hyperplasia and inflammation; we determined that 
SAA stimulated the proliferation and proinflammatory phenotype of 
normal human keratinocytes via binding to its receptor, formyl peptide 
receptor-like 1 (FPRL1), and that this effect is mediated by the activa-
tion of PI3K/Akt signalling pathway. These findings may constitute an 
attractive target for therapeutic interventions for psoriasis.

2  | MATERIALS AND METHODS

2.1 | Mice

Female BALB/c mice (8- to 11-week old) were purchased from the 
Shanghai SLAC Laboratory Animal Center, Chinese Academy of 
Science. All experiments were performed according to the Animal 
Care and Use Committee guidelines of Shanghai Skin Disease Hospital.

2.2 | Imiquimod-induced psoriasis-like mice

The imiquimod (IMQ)-induced psoriasis-like mice were constructed fol-
lowing previous protocols.17,18 The mice received a daily topical IMQ 
cream (5%) (Aldara; 3M Pharmaceutical, St Paul, MN, USA) or Vaseline 
(Unilever, London, UK) on the shaved back skin (n=6 for each group). For 
the antibody treatment, four groups of mice received the following inter-
ventions: (i) topical Vaseline with ip injection of control IgG (ab37373; 
Abcam, Cambridge, MA, USA); (ii) topical Vaseline with ip injection of anti-
SAA antibody (LS-C150247; LifeSpan BioSciences, Seattle, WA, USA); (iii) 
topical IMQ with ip injection of control IgG; and (iv) topical IMQ with ip 
injection of anti-SAA antibody (n=6 for each group). On day 14, all mice 
were sacrificed and skin specimens were collected and inspected.

2.3 | RNA isolation and real-time PCR

Total RNA was extracted from mouse skin tissues or cultured 
keratinocytes using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) in 
accordance with the manufacturer’s instructions. About 1 μg of total 
RNA isolated was reverse transcribed with the reverse transcriptase 
kit (Takara, Kusatsu, Shiga, Japan) according to the manufacturer’s 

protocol. FPRL1 cDNA was amplified using ExTaq DNA polymerase 
(Takara). PCR assay cycles were as follows: 94°C for 5 minutes, 35 
cycles of 94°C for 30 seconds, 56°C for 30 seconds and 72°C for 
30 seconds. The PCR products were visualised on 2% agarose gels 
and ethidium bromide staining. To check the mRNA levels of mouse 
SAA, IL-17A, CCL20, GAPDH in skin tissues, and the mRNA levels of 
human keratin 5, keratin 10, filaggrin, loricrin, FPRL1, IL-1β, CCL20, and 
DEFB4 and GAPDH in cultured keratinocytes, real-time PCR was per-
formed in triplicate with a real-time RT-PCR system (ABI PRISM 7500; 
Applied Biosystems, Foster City, CA, USA) using a SYBR detection kit 
(Takara) according to the standard protocol. The mRNA levels of each 
target gene were normalised to the levels of mouse or human GAPDH 
and were represented as fold induction. The primer sequences of for 
RT-PCR and real-time PCR are shown in Table 1.

2.4 | Histology and immunofluorescence

Mice back skin tissues were collected. The samples were fixed in 4% 
formalin-buffered solution and processed for standard haematoxylin 
and eosin (H&E) staining. For immunofluorescence, skin tissue sec-
tions were cryoprotected before freezing by overnight incubation in 
20% sucrose solutions in phosphate-buffered saline (PBS) and then 
in 30% sucrose in PBS overnight at 4°C. Tissues were embedded in 
optimal cutting temperature embedding medium (Sakura Finetek, 
Torrance, CA, USA) and frozen in liquid nitrogen. Cryosections were 
cut and collected on glass slides, dried at room temperature, and 
stored at −80°C until use. The skin cryosections were washed with 
PBS and incubated with blocking solution (10% goat serum in PBS) 
at room temperature for 2 hours with anti-SAA (sc-20275; Santa 
Cruz Biotechnology, Dallas, TX, USA) at 4°C overnight. After they 
were washed with PBS three times, sections were incubated at room 
temperature for 1 hour with secondary antibodies coupled to Alexa 
Fluor® 488 (1:1000 dilution; Invitrogen, Carlsbad, CA, USA). Nuclei 
were counterstained with Hoechst 33342. Sliders were analysed on a 
scanning laser confocal microscope.

2.5 | Cell cultures

The normal human epidermal keratinocytes were cultured in accord-
ance with a previously described procedure.15 In brief, the keratino-
cytes were grown in EpiLife cell culture medium (Cascade Biologics, 
Portland, OR, USA) containing 0.03 or 1.2 mmol/L Ca2+ and 1×EpiLife 
defined growth supplement at 37°C under standard tissue culture con-
ditions. Stock cultures were maintained for up to five passages in this 
medium with the addition of gentamicin (10 μg/mL) and amphotericin B 
(0.25 μg/mL). Cells at 60-80% confluency were stimulated for different 
time periods with SAA (1-50 μg/mL; Peprotech, Rocky Hills, NJ, USA).

2.6 | Cell viability assay

A CCK-8 viability assay kit (Dojindo, Kumamoto, Japan) was adopted to 
analyse cell viability according to the manufacture’s instruction. Briefly, 
cells were cultured in 96-well plates (Corning, Lowell, MA, USA) and 
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incubated with 10 μL CCK-8 solution in 100 μL of fresh media for 3 hours 
at 37°C. The absorbance at 450 nm was detected after incubation.

2.7 | Flow cytometry

To analyse the expression of Ki67, keratinocytes were harvested and 
washed by centrifugation. The cells were then fixed and permeabi-
lised for 60 minutes at 4°C using the fixation/permeabilisation dilu-
ent and concentrate (eBioscience, San Diego, CA, USA). Cells were 
then stained with Alexa Fluor 488-conjugated anti-Ki67 (ab197234; 
Abcam). To analyse the expression of HLA-DR and ICAM-1, treated 
keratinocytes were harvested and washed by centrifugation. Alexa 
Fluor 488-conjugated anti-HLA-DR (ab187601; Abcam) and FITC-
conjugated anti-ICAM-1 (ab27582; Abcam) were added to the cells. 
After incubation for 30 minutes at 4°C, the cells were washed twice 
with stain buffer (BD Biosciences, San Jose, CA, USA). FACS data 
analysis was performed using the Diva (BD Biosciences) and FlowJo 
(TreeStar, Ashland, OR, USA) software.

2.8 | Western blot analysis

After treatment, keratinocytes were harvested and lysed with RIPA 
buffer (Shenggong, Shanghai, Japan). Cytosol proteins from keratino-
cytes (40 μg/lane) were separated by electrophoresis in 8-12% SDS-
polyacrylamide gel and then transferred onto a PVDF membrane 
(Millipore, Bedford, MA, USA). Subsequently, the membrane was 
blocked in 2% BSA for 1 hour at room temperature and incubated 
overnight at 4°C with the primary antibodies against FPRL1 (ab63022; 
Abcam), phospho-PI3K (ab182651; Abcam), PI3K (ab40755; Abcam), 
phospho-Akt (ab8932; Abcam), Akt (ab25893; Abcam), phospho-Erk1/2 
(ab136926; Abcam), Erk1/2 (ab17942; Abcam), phospho-NF-κB p65 
(ab28856; Abcam), NF-κB p65 (ab16502; Abcam) and β-actin (ab8227; 
Abcam). After washing with PBST (phosphate buffer solution contain-
ing Tween-20) five times, the membranes were probed with horserad-
ish peroxidase-conjugated secondary antibodies. The level of β-actin 
was examined at the same time as an internal control. The membranes 
were developed with an enhanced chemiluminescence system from 
Amersham and exposed to X-ray film (Fuji Photo Film, Shanghai, China).

2.9 | Co-immunoprecipitation

Keratinocytes were cultured to subconfluency in six-well plates 
(Corning). The cells were treated for 10 minutes with 20 μg/mL of SAA. 
The cells were then harvested, and lysed in PBS with 1% Triton X-100, 
0.5% sodium deoxycholate and 0.1% sodium dodecyl sulphate (PBS-
TDS) as described previously. The protein concentration was deter-
mined by the bicinchoninic acid assay (BCA protein assay kit; Pierce, 
Rockford, IL, USA). Dynabeads protein G (25 μL) (Invitrogen) and 2 μg of 
anti-FPRL1 (ab63022; Abcam) were added to 500 μg protein samples. 
After overnight incubation at 4°C on a rotator platform, the immunopre-
cipitate was collected, and brought down and boiled in the presence of 
SDS to liberate antigen. And then the immunoprecipitate was analysed 
by Western blot with an anti-SAA (sc-20275; Santa Cruz Biotechnology) 
antibody following the same procedures as described above.

2.10 | Small interfering RNA (siRNA)

To reduce endogenous FPRL1 expression, keratinocytes were trans-
fected with 80 pmol of siRNA oligonucleotides following the manu-
facturer’s instructions. The cells were transfected with either a siRNA 
oligonucleotide against FPRL1 (sc-40123; Santa Cruz Biotechnology) 
or a non-targeted control siRNA oligonucleotide (sc-37007; Santa Cruz 
Biotechnology) and incubated for 7 hours at 37°C under standard cul-
ture conditions. At 12 hours post-infection, cells were washed with 
PBS and maintained in defined keratinocyte-serum-free media. After 
expansion in culture for 72 hours, the cells were used for in vitro assays.

2.11 | Statistical analysis

All results are shown as mean and the standard error of the mean 
(mean ± SEM). The data were assessed for normal Gaussian distribu-
tion with Kolmogorov-Smirnov test. We used two-tailed Student’s 

TABLE  1 The sequence of primers used for RT-PCR and real-time 
PCR

Gene Primers
aGAPDH 5′-ACC TGC CAA GTA TGA TGA C-3′

5′-CTG TTG CTG TAG CCG TAT-3′
aSAA 5′-CAG GAG ACA CCA GGA TGA-3′

5′-TAA TAG GAG GAC GCT CAG TA-3′
aIL-17A 5′-TTT AAC TCC CTT GGC GCA AAA-3′

5′-CTT TCC CTC CGC ATT GAC AC-3′
aCCL20 5′-GCC TCT CGT ACA TAC AGA CGC-3′

5′-CCA GTT CTG CTT TGG ATC AGC-3′
bkeratin 5 5′-AGG AGT TGG ACC AGT CAA CAT-3′

5′-TGG AGT AGT AGC TTC CAC TGC-3′
bkeratin 10 5′-ATG TCT GTT CGA TAC AGC TCA AG-3′

5′-CTC CAC CAA GGG AGC CTT TG-3′
bfilaggrin 5′-TGA AGC CTA TGA CAC CAC TGA-3′

5′-TCC CCT ACG CTT TCT TGT CCT-3′
bloricrin 5′-ATG TCT TAA CCT ACC TGG AAG-3′

5′-TTA TTG ACT GAG GCA CTG G-3′
bFPRL1 5′-CTC CAC TCC TCT GAA TGA AT-3′

5′-GTT GAT GTC CAC CAC GAT-3′
bIL-1β 5′-AGC TAC GAA TCT CCG ACC AC-3′

5′-CGT TAT CCC ATG TGT CGA AGA A-3′
bCCL20 5′-TGC TGC TAC TCC ACC TCT-3′

5′-GCA AGT GAA ACC TCC AAC-3′
bDEFB4 5′-CTC CTC TTC TCG TTC CTC TTC A-3′

5′-GCA GGT AAC AGG ATC GCC TAT-3′
bGAPDH 5′-AAT CCC ATC ACC ATC TTC C-3′

5′-TTG AGG CTG TTG TCA TAC TTC T-3′

aHuman genes.
bMurine genes.
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t-test to determine significances between two groups. We did analy-
ses of multiple groups by one-way analysis of variance (ANOVA) with 
Bonferroni post hoc test. A value of P<.05 was considered significant, 
where *P<.05, **P<.01 and ***P<.001. Analyses and graphical rep-
resentation were performed using Graph-Pad Prism 5.01 software 
(GraphPad Software, La Jolla, CA, USA).

3  | RESULTS

3.1 | SAA is abundantly expressed in IMQ-induced 
psoriatic skin lesions

Given that increased SAA expression was found in human psoriasis 
skin lesions in our previous report,15 we sought to explore its role in 
the pathogenesis of psoriasis. First, we established a psoriasis-like skin 
disorder in BALB/c mice using IMQ treatment, according to the previ-
ous reports.17,18 Then, we detected the SAA expression profile in the 
IMQ-treated mice. Using real-time PCR, we found that SAA expres-
sion in the back skins of IMQ-treated mice was significantly upregu-
lated (Figure 1A). Moreover, immunofluorescence confirmed the 
increased SAA expression at protein level, especially in the epidermis 
of IMQ-treated mice (Figure 1B).

3.2 | Neutralisation of SAA ameliorates skin lesions 
in IMQ-induced psoriasis-like mice

To investigate the role of SAA in psoriatic lesion formation, we treated 
IMQ-induced psoriasis-like mice with SAA neutralising antibody. 
Analysis of H&E-stained back skin sections revealed that anti-SAA 
antibody treatment reduced IMQ-induced epidermal thickness and 
the number of infiltrated inflammatory cells in the dermis (Figure 2A-
C). Meanwhile, the expression of psoriasis-associated cytokines, 
such as IL-17A and CCL20, were significantly decreased in anti-SAA 
antibody-treated group (Figure 2D,E). These data suggested that neu-
tralising SAA reduces epidermal hyperplasia and inflammation in skin 

lesions in vivo, and SAA might play an important role in the develop-
ment of skin lesions in psoriasis.

3.3 | SAA stimulates keratinocyte proliferation 
via the inhibition of differentiation genes

Keratinocyte proliferation and differentiation is critical in psoriatic epi-
dermal hyperplasia; therefore, we next investigated whether SAA was 
involved in the regulation of keratinocyte proliferation and differenti-
ation. When undifferentiated cultured keratinocytes were exposed to 
SAA, increased proliferation was observed as detected by an increase 
in cell number (Figure 3A). We also examined the keratinocyte pro-
liferation in response to SAA using Ki67 staining. The percentage of 
Ki67+ cells increased following SAA treatment in a dose-dependent 
manner (Figure 3B). Furthermore, we found that SAA significantly 
inhibited the expression of the terminal differentiation marker genes 
keratin 10 (KRT10), filaggrin (FLG), and loricrin (LOR) but not keratin 5 
(KRT5) in keratinocytes (Figure 3C). Extracellular calcium is a physi-
ological signal of terminal differentiation in keratinocytes. Thus, we 
treated keratinocytes with high calcium (1.2 mmol/L Ca2+) or low cal-
cium (0.03 mmol/L Ca2+) in the presence or absence of SAA. After 
24 hours, SAA increased cell number in both high and low calcium 
medium (Figure 3D). Moreover, the Ca2+-increased expression of LOR 
mRNA in keratinocytes was abrogated by SAA (Figure 3E). These data 
suggest that SAA can both increase keratinocyte proliferation and 
inhibit differentiation, supporting a potential role of SAA in psoriasis.

3.4 | FPRL1 mediates SAA-induced proliferation of 
keratinocytes

Having demonstrated the involvement of SAA in the regulation of 
keratinocyte proliferation and differentiation, we next sought to explore 
the mechanism by which keratinocytes respond to SAA. FPRL1 is one 
of the potential receptors for SAA, and has been implicated in regu-
lating cellular proliferation and survival.14,19 We thereby investigated 

F IGURE  1 Serum amyloid A (SAA) expression is increased in imiquimod (IMQ)-induced psoriatic skin lesions. IMQ-induced psoriasis 
mouse model was constructed as described in the Materials and methods section. A, SAA mRNA expression in back skins of control (topical 
Vaseline, n=6) and IMQ-treated mice (n=6) detected by real-time PCR. Each point represents a skin sample obtained from a control or IMQ-
treated mice. The data are presented as mean ± SEM of three different experiments (***P<.001, Student’s t-test). B, Representative results of 
immunofluorescence analysis using anti-SAA antibody in back skins of control and IMQ-treated mice are shown. Scale bar=100 μm. The data 
represent one of three independent experiments 
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F IGURE  2 Neutralising serum amyloid 
A (SAA) alleviates epidermal hyperplasia 
in imiquimod (IMQ)-induced mice. 
IMQ-induced mice were treated with 
neutralising anti-SAA antibody or control 
IgG. A, Representative clinical pictures (top) 
and H&E staining (bottom) are shown on 
skin sections of BALB/c mice treated with 
topical Vaseline and ip injection of anti-SAA 
antibody (n=6), topical Vaseline and ip 
control IgG (n=6), topical IMQ and ip anti-
SAA antibody (n=6), or topical IMQ and ip 
control IgG (n=6) at day 14 of treatment. 
Scale bar=50 μm. B, Epidermal thickness 
and (C) infiltrated cells in dermis were 
measured in back skin from the anti-SAA 
antibody or control IgG-treated mice. D,  
IL-17A and (E) CCL20 mRNA expression 
was detected by real-time PCR. For 
B-E, each point represents a skin sample 
obtained from a mouse. The data represent 
one of three independent experiments 
(*P<.05, **P<.01, one-way ANOVA)
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whether FPRL1 is required for the effects of SAA in keratinocytes. 
FPRL1 mRNA and protein were observed to be expressed in keratino-
cytes and treatment with SAA further increased its expression 
(Figure 4A,C,D). Moreover, the binding of SAA to FPRL1 in keratino-
cytes was demonstrated by immunoprecipitation of SAA-treated 
keratinocytes with FPRL1 antibody and detection with antibody to SAA 
(Figure 4B). In order to determine the effects of FPRL1 on keratinocyte 
proliferation and differentiation, we adopted siRNA. Transfection with 
siRNA efficiently downregulated FPRL1 mRNA and protein expression 
(Figure 4C,D). Knockdown of FPRL1 inhibited the capacity of SAA to 
increase cell viability (Figure 4E), and the upregulation of Ki67 induced 
by SAA was also blocked (Figure 4F). As shown in Figure 4G, silencing 
of FPRL1 also rescued SAA-induced LOR downregulation.

3.5 | SAA/FPRL1 stimulates the proinflammatory 
phenotype in keratinocytes

In psoriasis, keratinocytes produce proinflammatory mediators and 
upregulate immune-related surface markers.3,18 Next, we sought to 

examine the effect of SAA on the immunologic phenotype of keratino-
cyte. Treatment with SAA elevated the mRNA levels of IL-1β, CCL20 
and DEFB4 (Figure 5A-C), as well as the protein levels of HLA-DR and 
ICAM-1 (Figure 5D). Moreover, we showed that silencing of FPRL1 
significantly impaired these effects (Figure 5A-D), suggesting that 
SAA/FPRL1 enhances the proinflammatory phenotype of keratino-
cytes, which are associated with psoriasis development. The knock-
down of FPRL1 did not completely abrogate the cytokine-inducing 
ability of SAA, implying the remaining function of FPRL1. However, 
possibility exists that other potential receptors for SAA might also be 
responsible for its proinflammatory effects.

3.6 | SAA activates PI3K/Akt signalling pathway 
to regulate keratinocyte proliferation and 
differentiation

To further explore signalling pathways downstream of SAA/FPRL1, we 
analysed the activation of signalling molecules using Western blot. As 
shown in Figure 6A, phosphorylations of PI3K, Akt, Erk1/2 and NF-κB 

F IGURE  3 Serum amyloid A (SAA) increased keratinocyte proliferation and inhibited differentiation. Normal human keratinocytes were 
stimulated with different doses of SAA (0, 1, 5, 10, 20 and 50 μg/mL), after 72 h, (A) cell viability was evaluated with a CCK-8 assay, (B) and the 
Ki67+ percentage was assessed by flow cytometry analysis. Representative histograms of three independent experiments are shown. (C) Keratin 
5 (KRT5), keratin 10 (KRT10), filaggrin (FLG) and loricrin (LOR) gene expressions were then assessed by real-time PCR and normalised against 
the amount of GAPDH mRNA. Gene expression is graphed as mean fold induction over medium control. (D) Keratinocytes were treated with 
1.2 mmol/L CaCl2 or 0.03 mmol/L CaCl2 in the presence or absence of 20 μg/mL SAA. After 72 h, cell number was measured. (E) Keratinocytes 
were treated with 1.2 mmol/L CaCl2 or 0.03 mmol/L CaCl2 in the presence or absence of 20 μg/mL SAA. After 24, 48 and 72 h, gene expression 
of LOR was assessed by real-time PCR. The data from (A-E) represent the mean ± SEM of three experiments (*P<.05, **P<.01, one-way ANOVA)
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p65 were detected in keratinocyte following treatment of SAA. To inves-
tigate the role of these signalling molecules in SAA-induced activation of 
keratinocyte, we conducted blocking experiments using pharmacological 
inhibitors of the described signalling molecules. As shown in Figure 6B, 
pre-treatment of keratinocytes with the PI3K/Akt inhibtors Wortmannin 
or LY294002 resulted in significant blockage of the proliferative activities 
of SAA. However, these effects were not influenced by Erk1/2 inhibitor 
PD98059 and NF-κB inhibitor Bay 11-7082 (data not shown). Although 
we have previously shown that SAA activated the NLRP3 inflammasome 
signalling pathway,15 NLRP3 inflammasome inhibitor Z-YVAD-fmk did 
not impact on the viability of keratinocytes (data not shown). To confirm 
that PI3K/Akt is the downstream pathway for FPRL1, we next examined 

the SAA-induced Akt phosphorylation after FPRL1 was silenced. SAA 
markedly increased the phosphorylation of Akt and the increase was 
inhibited after FPRL1 was silenced (Figure 6D). All these data suggest 
that SAA activates FPRL1/PI3K/Akt signalling pathway to regulate 
keratinocyte proliferation and differentiation.

4  | DISCUSSION

In the present study, we found that SAA was upregulated in the 
lesional skin of IMQ-induced psoriasis-like mice. Neutralisation of 

F IGURE  4 FPRL1 is required in SAA-induced proliferation of keratinocytes. A, Gene expression of FPRL1 in cultured keratinocytes and 
immortal HaCaT cells was examined by RT-PCR. One experiment represents three experiments. B, The binding of SAA to FPRL1 in keratinocytes 
was analysed by co-immunoprecipitation. One experiment representative of three experiments. C, Keratinocytes were transfected with siRNA 
oligos specific for FPRL1 (siFPRL1) or a non-specific siRNA oligo (siControl), and subsequently stimulated with 20 μg/mL SAA for 24 h, and the 
(C) mRNA and (D) protein expression of FPRL1 was assessed using real-time PCR and Western blot. One experiment representative of three 
experiments. The siRNA-transfected keratinocytes were stimulated with 20 μg/mL SAA. After 72 h, (E) the cell viability was evaluated with a 
CCK-8 assay, (F) and the Ki67+ percentage was assessed by flow cytometry analysis, (G) and the gene expression of LOR was assessed by real-
time PCR. The data from (C, E, F and G) represent the mean ± SEM of three experiments (*P<.05, **P<.01, one-way ANOVA) 
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SAA function with monoclonal antibody in vivo reduced the epider-
mal hyperplasia and inflammation associated with psoriasis. In vitro 
experiments revealed that SAA induced the proliferative and proin-
flammatory phenotype of keratinocytes. Furthermore, the activities 
of SAA were mediated by FPRL1/PI3K/Akt pathway. These results 
revealed that SAA is closely linked to psoriatic skin lesions by promot-
ing keratinocyte proliferation and inflammation.

Serum amyloid A is a highly conserved, acute phase plasma protein, 
which is synthesised predominantly by the liver. During acute inflam-
mation, the liver directs a significant proportion of its synthetic capac-
ity into producing SAA.20 In addition to the liver, SAA is synthesised in 
various normal tissues such as kidney, breast and intestine, as well as 
in diseased tissues including atherosclerotic plaques, brain tissue of 
patients with Alzheimer’ s disease and synovial tissue of patients with 
rheumatoid arthritis.21–24 In our previous study, as well as Rooney et al. 
study showed that the expression of SAA was upregulated in psoriatic 
epidermis.15,16 To further investigate the expression and function of 
SAA in a mouse model of psoriasis, we adopted the well-described 
IMQ-induced psoriasis-like mice model. The observation of increased 
expression of SAA in the epidermis of IMQ-treated mice was consis-
tent with the results of human skin. The SAA expression is regulated 
by proinflammatory cytokines like TNF-α, IL-1β and IL-6.25 The IL-23/
IL-17A axis plays a crucial role in the pathogenesis of the psoriasis, 
as demonstrated by the detection of IL-23-producing dendritic cells 
and the expression of IL-17A and IL-22 by T cells and type 3 innate 
lymphoid cells in psoriatic lesions. We previously demonstrated that 
IL-17A could stimulate the SAA expression in human keratinocytes,15 
while Sano et al.26 reported that IL-22 induced SAA expression in 
murine intestine epithelial cells. As both IL-17A and IL-22 are required 
in the IMQ-induced psoriasis-like mice model, it is likely that IL-17A, 

IL-22 and other proinflammatory cytokines might act synergistically in 
upregulating SAA in epidermis.

Proliferation and differentiation of keratinocytes is dysregulated in 
psoriasis. SAA has been reported to regulate the proliferation of human 
fibroblast-like synoviocytes,14 but was not known to be involved in skin 
homeostasis. Here we found that treatment of SAA triggered cell pro-
liferation in human keratinocytes, indicating the increased SAA expres-
sion in psoriatic epidermis may be involved in the pathogenesis of the 
disease. Indeed, psoriasis is characterised by excessive proliferation of 
keratinocytes. In addition, psoriatic keratinocytes show a number of 
proliferation markers, such as Ki67, which has been found to be induced 
by SAA treatment. The epidermal hyperplasia could also be partly due 
to an alteration of keratinocyte differentiation leading to a thickening of 
supra-basal layers of epidermis. This is supported by a lowered expres-
sion of terminal differentiation genes (KRT10, LOR and FLG).

Most of the immune-related functions of SAA are mediated by 
its interactions with various cell surface receptors.20 Previous stud-
ies have reported that FPRL1 is one of these receptors. FPRL1 is a 
G protein-coupled receptor that possesses seven transmembrane 
domains and is expressed by a wide range of cell types.27–29 FPRL1 
is activated by multiple ligands, including mitochondrial and bacterial 
peptides, lipoxin A4, chemokines and amyloidogenic proteins.30 SAA 
mediates human neutrophil production of IL-8 and TNF-α through 
FPRL127; in monocytes, it induces the secretion of chemokine CCL2 
via FPRL119; the binding of SAA to FPRL1 also promoted the prolif-
eration of synoviocytes.14 Our results showed that the expression 
of FPRL1 was high in keratinocytes, and the knockdown of FPRL1 
expression resulted in impaired proliferation and activation of kerati-
nocytes stimulated by SAA. Thus, we determined that FPRL1 was the 
receptor of SAA in human keratinocytes.

F IGURE  5 FPRL1 mediates the 
activation of keratinocytes induced by 
SAA. The siRNA-transfected keratinocytes 
were treated with SAA for 24 h. (A) IL-1β, 
(B) CCL20 and (C) DEFB4 gene expressions 
were then assessed by real-time PCR and 
normalised against the amount of GAPDH 
mRNA. (D) Expression levels of HLA-
DR and ICAM-1 were analysed by flow 
cytometry. Representative histograms are 
shown. The data from (A-D) represent the 
mean ± SEM of three experiments (*P<.05, 
**P<.01, one-way ANOVA) 
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The upregulation of FPRL1 expression by SAA in our report sug-
gests an increased sensitivity of keratinocytes to SAA, representing 
a self-enhancing mechanism. However, the regulatory mechanism of 
FPRL1 expression in keratinocytes is not well understood. Upregulation 
of FPRL1 by proinflammatory TNF-α and IL-1β has previously been 
observed in synovial fibroblasts.28 Our data in keratinocytes extend 
the number of stimuli leading to FPRL1 upregulation by additionally 
identifying SAA as effective stimuli. As we previously reported that 
SAA induces the production of IL-1β from keratinocytes,15 whether 
SAA upregulates FPRL1 expression in a direct or indirect way remains 
to be further investigated. A previous study suggested that Erk1/2 
and NF-κB activation mediates the IFN-γ-induced FPRL1 expression 
in microglial cells.31 As we showed that Erk1/2 and NF-κB were acti-
vated by SAA in our data, we postulated that these signalling mole-
cules might be involved in SAA-induced FPRL1 upregulation.

Blockage of SAA-induced signalling pathways revealed specific 
functions in regard to proliferation and differentiation. Our present 
analysis indicated that PI3K/Akt was essential for SAA-induced kerati-
nocyte proliferation. Although we previously demonstrated that NF-κB 
and NLRP3 inflammasome activation were required for SAA-mediated 
IL-1β production, blocking NF-κB or inflammasome pathways was not 
efficient in reducing SAA-stimulated proliferation in the present study. 
It is very well known from different studies that PI3K/Akt signalling 
cascade is an important regulator of growth and proliferation of cells 

in hyperproliferative diseases like tumour and psoriasis.32,33 Thus, our 
study provides evidence that SAA utilises well-characterised pathways 
to induce proliferation and to inhibit differentiation in keratinocytes.

There are several potential mechanisms whereby SAA might exert 
positive effects on the pathogenesis of psoriasis. Firstly, as was sug-
gested in this study, SAA, which is produced locally by keratinocytes, 
can exert a stimulatory effect on the proliferation of keratinocytes, while 
inhibiting cellular differentiation. Secondly, keratinocytes are now con-
sidered to play a key role as bona fide innate immune cells, capable of 
secreting cytokines, chemokines and antimicrobial peptides in response 
to various stimuli. In previous and present studies, we demonstrated that 
SAA could act as a DAMP by activating the proinflammatory cascades 
in keratinocytes.15 Thirdly, SAA can promote neovascularisation,16,34,35 a 
crucial hallmark of psoriasis pathogenesis. Consequently, activated kerat-
inocytes might secrete increased quantities of SAA, which would then 
further stimulate the proliferation of keratinocytes in an autocrine man-
ner, thereby forming a positive feedback loop. Considering that SAA pro-
duction was induced by IL-17A, the key cytokine in psoriasis, SAA acts 
as a link in keratinocyte activation and skin inflammation, promoting the 
formation of a feed-forward and vicious cycle in psoriasis pathogenesis.

In conclusion, these findings support our discovery that SAA has a 
stimulatory role in keratinocyte proliferation and inflammation, lead-
ing to the formation of main pathological features of psoriasis. SAA 
was shown to induce the activation of keratinocytes, via its binding to 

F IGURE  6 SAA activated PI3K/Akt signalling pathway. A, Keratinocytes were treated with different concentrations of SAA for 15 min, and 
the phosphorylation of PI3K, Akt, Erk1/2 and NF-κB p65 was determined by Western blot. β-actin was used for the verification of equal protein 
loading in each lane. Representative blots of three independent experiments are shown. B, Keratinocytes were pre-treated with Wortmannin 
(100 nmol/L) or LY294002 (50 μmol/L) before the addition of SAA (20 μg/mL). After 72 h of incubation, the cell viability was evaluated with a 
CCK-8 assay. C, The LOR mRNA level was measured by real-time PCR. The data from (B and C) represent the mean ± SEM of three experiments 
with similar results (*P<.05, **P<.01, one-way ANOVA). (D) The siRNA-transfected keratinocytes were treated with SAA for 15 min, and the 
phosphorylation of Akt was analysed by Western blot. Representative blots of three independent experiments are shown
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its receptor, FPRL1. The effect of SAA is achieved via the stimulation 
of PI3K/Akt activity in the keratinocytes. Our findings suggest that the 
interaction between SAA and FPRL1 may be critical to the hyperplasia 
of keratinocytes, implicating the potential of SAA or FPRL1 as a ther-
apeutic target in psoriasis.
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