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Therapeutic application of circular RNA 
aptamers in a mouse model of psoriasis

Si-Kun Guo    1,9, Chu-Xiao Liu    1,9, Yi-Feng Xu    1,9, Xiao Wang1,9, Fang Nan2,9, 
Youkui Huang1, Siqi Li1, Shan Nan1, Ling Li1,3, Edo Kon4, Chen Li1, Meng-Yuan Wei1, 
Rina Su5, Jia Wei2, Shiguang Peng5, Nitay Ad-El    4, Jiaquan Liu1, Dan Peer    4, 
Ting Chen    6, Li Yang    2 & Ling-Ling Chen    1,3,7,8 

Efforts to advance RNA aptamers as a new therapeutic modality have been 
limited by their susceptibility to degradation and immunogenicity. In a 
previous study, we demonstrated synthesized short double-stranded 
region-containing circular RNAs (ds-cRNAs) with minimal immunogenicity 
targeted to dsRNA-activated protein kinase R (PKR). Here we test the 
therapeutic potential of ds-cRNAs in a mouse model of imiquimod-induced 
psoriasis. We find that genetic supplementation of ds-cRNAs leads to 
inhibition of PKR, resulting in alleviation of downstream interferon-α 
and dsRNA signals and attenuation of psoriasis phenotypes. Delivery of 
ds-cRNAs by lipid nanoparticles to the spleen attenuates PKR activity in 
examined splenocytes, resulting in reduced epidermal thickness. These 
findings suggest that ds-cRNAs represent a promising approach to mitigate 
excessive PKR activation for therapeutic purposes.

Several RNA-based drug modalities have received regulatory approval, 
including small interfering RNAs, antisense oligonucleotides, mRNA 
vaccines and RNA aptamers1,2. Compared to other categories of RNA 
drugs, RNA aptamers face greater challenges owing to their suscepti-
bility to RNase enzymes and their immunogenicity, as well as poorly 
defined mechanisms of action. Covalently closed circular RNAs  
(circRNAs) have been shown to offer high stability3,4, unique conforma-
tion5,6 and low immunogenicity7,8, compared to linear RNAs, offering 
great pharmaceutical potential9.

Overactivation of double-stranded RNA (dsRNA)-activated  
protein kinase R (PKR) is linked to auto-inflammatory diseases10–14, 

such as systemic lupus erythematosus (SLE)6, suggesting that  
blocking PKR activation holds therapeutic promise for such diseases. 
While chemical inhibitors of PKR suffer from off-target effects and 
reduced in vivo activity15–17, modulating PKR activity can be achieved 
by RNA duplexes10, such as short double-stranded region-containing 
circular RNAs (ds-cRNAs) via ectopic plasmids in SLE-derived periph-
eral blood mononuclear cells (PBMCs)6, and synthesized ds-cRNAs 
with low immunogenicity in cultured cells8.

Psoriasis, a chronic papulosquamous skin disease, primarily 
presents as chronic plaque or psoriasis vulgaris18. Reduced expres-
sion of endogenous circRNAs was observed in PBMCs from patients 
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imidazolide (NAI) for secondary conformation8,26. The 27 nt extraneous 
sequence alone formed a stable stem-loop at the junction site, barely 
interfering with examined cargo sequences (Extended Data Fig. 1b). By 
contrast, the 13 and 7 nt versions were unlikely to form a pair (Fig. 1b) 
and failed to efficiently produce RNA circles (Fig. 1c and Extended 
Data Fig. 1a). Notably, unlike PIE with long stretches of extraneous 
nucleotides (186 or 66 nt), RNA circles generated by the 27 nt version 
minimally triggered expression of transcripts for inflammatory factors 
such as IFNβ, IL6, TNFα or RIG-I in A549 cells (Extended Data Fig. 1c). 
Altogether, the 27 nt version PIE represents an efficient approach to 
circularize RNA with little immunogenicity. We thereafter named it 
Ana_PIE_27nt for simplicity.

Increased yield and efficacy of ds-cRNAs as PKR inhibitors
As an effective RNA aptamer requires a desired conformation for func-
tions, we aimed to design a junction site to avoid dsRNA structural 
distortion in the RNA circle. circPOLR2A_Lig, synthesized by direct liga-
tion, could form desired imperfect duplexes to inhibit PKR activation8. 
To make a potent ds-cRNA aptamer by PIE resembling circPOLR2A_Lig, 
we designed the junction site located at the distal single-stranded 
region, resulting in circPOLR2A_J (Extended Data Fig. 1d). The origi-
nal junction site of circPOLR2A_Lig (ref. 8), which was located in the 
imperfect duplex region (Extended Data Fig. 1d), was included for 
self-splicing to produce circPOLR2A_Ana_27nt as a control.

These different ds-cRNAs generated by Ana_PIE_27nt were tested 
for their inhibitory effects on PKR activation (phosphorylated PKR, 
p-PKR), stimulated by 79 bp dsRNA in vitro (Fig. 1e and Extended 
Data Fig. 1e,f). CircPOLR2A_J displayed the most potent inhibitory 
effect on PKR activation (Fig. 1e), indicating that circPOLR2A_J folds 
into the most desired conformation to suppress PKR activation. Of 
note, neither the linear form of POLR2A (Fig. 1e) nor a circle of 27 nt 
extraneous nucleotides alone (Extended Data Fig. 1f) could suppress 
PKR phosphorylation. Given that PKR is conserved27,28, circPOLR2A_J 
also showed a remarkably inhibition on mouse p-Pkr (Extended Data 
Fig. 1g). Consistently, aligning the minimum free energy of the pre-
dicted secondary structure showed that circPOLR2A_J was more stable 
than circPOLR2A_Lig (Extended Data Fig. 1d). We hereafter named 
circPOLR2A_J as efficient PKR inhibitor ds-cRNA (EPIC).

The low yield of circPOLR2A_Lig was due to extra guanosine 
monophosphates added during transcription for 5′ end priming, and 
limited circularization capability by the competition of intermolecular 
ligation8. By contrast, EPIC production had advantages in transcrip-
tion and time-saving self-splicing (Fig. 1f). Analyzing yields of EPIC 
and circPOLR2A_Lig purified under the same procedure, in which 
linear RNAs were removed by RNase R followed by the alkaline phos-
phatase treatment to reduce traceable immunogenicity, showed that 
EPIC was about tenfold higher in yield than circPOLR2A_Lig (Fig. 1g). 
Transfection of EPIC was unable to induce significant expression of 

with lupus6 and in lesional skin affected by chronic inflammatory skin 
diseases such as psoriasis and atopic dermatitis19–21. These obser-
vations have prompted us to investigate the connection between 
reduced circRNAs and increased inflammation, and to explore whether 
ds-cRNAs can suppress the hyperactive PKR-related inflammation in 
psoriatic mice.

Here we optimized a user-friendly permuted-intron–exon (PIE) 
strategy to produce RNA circles with high yield and low immunogenic-
ity. Such ds-cRNAs with high binding capacity to PKR can alleviate 
inflammation by attenuating pathological PKR activity in an imiquimod 
(IMQ)-induced psoriasis mouse model22, representing RNA aptamers 
with therapeutic potential.

Results
Optimized PIE for circRNA synthesis
RNA circles produced via direct ligation with a few extraneous nucle-
otides showed little cellular immunogenicity, but efficiency of this 
method depend on length and structure of precursor sequences23, 
and could be limited for long sequences without additional effort on 
termini proximity8. The PIE strategy derived from group I autocatalytic 
introns can produce RNA circles with high efficiency; however, extra-
neous fragments introduced by PIE often fold into distorted circular 
structures, provoking innate immune responses8. As PIE had advan-
tages in yield, we sought to optimize it to produce scalable and low 
immunogenic RNA circles.

We generated Anabaena transfer RNA (tRNA)Leu-derived PIE with 
varied lengths of extraneous nucleotides, including reported 66 nucle-
otides (nt) (ref. 24) and 186 nt (ref. 25) where each contains an additional 
spacer to form a long duplex at the junction site to promote circulariza-
tion, and five shorter versions (Fig. 1a). In silico secondary structure 
prediction showed a clover-like structure for the 49 nt, a dumbbell-like 
structure for the 41 nt, a stem-loop from the anticodon arm of tRNALeu 
for the 27 nt and a single-stranded region for 13 and 7 nt versions that 
might interfere with adjacent sequences (Fig. 1b).

We tested their circularization capability for short (the human 
circPOLR2A(9,10), 336 nt) and long (internal ribosome entry site 
(IRES)-mCherry, 1,452 nt) cargos individually (Fig. 1c and Extended 
Data Fig. 1a). Denaturing polyacrylamide gel electrophoresis (PAGE) 
of each sample produced by in vitro transcription (IVT), circularization 
and RNase R digestion revealed that the extraneous 27 nt in PIE showed 
a high efficiency in circularizing many RNAs (Fig. 1c and Extended Data 
Fig. 1a), with a size up to roughly 7,000 nt (Fig. 1d), suggesting its gen-
erality in producing RNA circles. In silico structure prediction showed 
that the 27 nt tended to form a 5 basepair (bp) strong pairing stem and 
a 7 nt loop at the junction site (Extended Data Fig. 1b), which appeared 
to be sufficient for circularization. This was confirmed by selective 
2′-hydroxyl acylation analyzed by primer extension and mutational 
profiling for circRNAs (circSHAPE-MaP) with 2-methylnicotinic acid 

Fig. 1 | Synthesized ds-cRNA (EPIC) via an engineered circularization strategy 
prevents PKR activation. a, Schematic illustration of the circularization strategy 
based on the permuted Anabaena group I intron24,25 optimized with truncated 
extraneous sequences. Blue, sequences to be circularized; coral, 3′ extraneous 
nucleotides from exon 1 (E1); green, 5′ extraneous nucleotides from exon 2 (E2); 
gray, catalytic intron. b, In silico secondary structure prediction of different 
extraneous nucleotides. Blue and yellow shadows indicate 5′ and 3′ extraneous 
nucleotides in Ana_PIE_27nt, respectively. c, The 27 nt extraneous sequence 
(Ana_PIE_27nt) is sufficient to improve circularization for both short and long 
cargos. Circularized RNA products are analyzed with PAGE (Extended Data Fig. 
1a) and quantified with ImageJ. Data are shown as dots and means connected 
with lines from three replicates. d, Ana_PIE_27nt can efficiently produce different 
circular cargos with the examined size up to roughly 7,000 nt. Circularized RNA 
products are analyzed with denaturing PAGE, except *, with agarose gel. Bands of 
RNA circles are verified with RNase R and marked with blue arrows. e, Engineered 
ds-cRNA suppresses p-PKR efficiently. Purified PKR (0.6 μM) is activated by 79 bp 

dsRNA (0.01 μM) in vitro, shown by autoradiography using [γ-32P]ATP. 0.01 μM  
of each POLR2A-derived aptamer candidate is used. f, A comparison of the key 
steps and their performance in the two RNA circularization strategies.  
g, Products of each step shown in f, are analyzed by denaturing PAGE and 
quantified by spectrophotometry. Quantification for the yield of each reaction 
is shown in right from four replicates. The hollow circles are RNA circles; 
single daggers, linear precursors; double daggers, nicked circles; asterisks, 
concatenations. h, EPIC did not induce inflammatory cytokines in cells. 
Relative expression of inflammatory cytokines after 6 hours of transfection are 
measured by RT–qPCR, normalized to expression of mock transfection. i, EPIC 
did not induce inflammatory cytokines in vivo. The same amounts of EPIC and 
control RNAs (1 μg for each sample) were delivered by LNPs into mice spleens 
(n = 3). Relative expression of inflammatory cytokines in mice spleen cells after 
6 hours of delivery are measured by RT–qPCR, normalized to expression of PBS 
treatment. e,g–i, not significant (NS) P > 0.05, *P < 0.05, **P < 0.005, ***P < 0.001, 
two-tailed Student’s t-test, data are shown as mean ± standard deviation (s.d.).
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inflammatory cytokines in A549 cells (Fig. 1h), nor by in vivo delivery 
by lipid nanoparticles (LNPs, also Fig. 4) into mice (Fig. 1i).

Robust binding of ds-cRNA to PKR in solution
Possessing a high specificity for target binding is an essential criterion 
of a therapeutic aptamer. circPOLR2A_Lig showed a 1,000-fold higher 

inhibitory effect than ATP-binding site-directed small molecules on 
PKR activation8; EPIC showed an even higher suppressive effect than 
circPOLR2A_Lig on long dsRNA-stimulated PKR activity (Fig. 1e). To 
address how circular aptamers achieve the potent suppression of 
p-PKR, we used single-molecule total internal reflection fluorescence 
(smTIRF) microscopy to observe dynamic PKR–RNA interactions29,30. 

h

a b

Ref. 24 Ref. 25 This study

186 nt 66 nt

7 nt

27 nt49 nt

41 nt

13 nt

c d

Extraneous
nucleotides

(not to scale)

66 nt

41 nt
27 nt
13 nt

186 nt

Anabaena
pre-tRNALeu E1 E2

Catalytic intron

7 nt

49 nt

Re
la

tiv
e 

ci
rc

RN
A 

 le
ve

l (
%

)

100

50

0

150

Extraneous
nucleotides186 nt

66 nt
41 n

t
27 n

t
13 nt

7 n
t

49 nt

200
circPOLR2A circmCherry

f

E�icient
85–100 µg

Less e�icient
15–20 µg

Self-splicing
8 min

T4 RNA ligase 1
3.5 h

30–40 µg
circRNA 

3–5 µg
circRNA 

Step 1:
IVT (from 1 µg 
DNA template) 

Step 2:
circularization

Step 3:
purification

EPIC

circPOLR2A
_Lig

g circPOLR2A
_Lig

Step 1
Step 2

Step 3
Step 1

Step 2
Step 3

EPIC

* 

* 

0

10

20

30

40

50

EPIC

circPOLR2A
_Lig

ci
rc

RN
A 

(µ
g)

 p
er

 re
ac

tio
n ***

i In vivo

40

30

20

0

50

10

**
NS

Il6
20

0

10

*
* **

NS

0

1

2

3

4

5

Fo
ld

 c
ha

ng
e

(n
or

m
al

iz
ed

 to
 A

ct
b)

IFNB1

2,000
1,000

50
40
30
20
10

0

NS***
NS

3,000

A549

IL6

400

300

200

100

0

NS***
NS500 300

200

100

0

NS*
NS

TNF

Ifnb1 Tnf

Fo
ld

 c
ha

ng
e

(n
or

m
al

iz
ed

 to
 18

S)

**

Purified PKR  +

Incubate with
RNAs (32P+) 

Autoradiography

e

Ana_PIE_27nt

RNase R

C
irc

ul
ar

iz
at

io
n 

of
di

�e
re

nt
 R

N
As

EGF

978
 nt

+–

POLR
2A

336 nt

+–

FG
F

1,3
05 nt

+–

mCherry

1,4
52 n

t

+–

RBD

1,5
15

 nt

+–

G6PC

1,9
02 n

t

+–

PAH

2,1
84 nt

+–

Lu
c

2,4
63 nt

+–

HGF

3,024
 nt

DMD*

 6,693 nt

+–+–

–
27

 nt

+–

80

90

40

20

50

60

66
1

100

1105

40 120

30

20

10

130
140

150

160

170

1

10 20

1 49

30

40

10

20

10

20

27

1

10

1

30

40

1

Mock

Poly(
I:C

)

circ
POLR

2A
_Li

g
EPIC

Mock

Poly(
I:C

)

circ
POLR

2A
_Li

g
EPIC

Mock

Poly(
I:C

)

circ
POLR

2A
_Li

g
EPIC PBS

Poly(
I:C

)
EPIC PBS

Poly(
I:C

)
EPIC PBS

Poly(
I:C

)
EPIC

PKR 

79 bp dsRNA (0.01 µM)

32P

– + + + + + +

– – 1 2 3 4 5 POLR2A (0.01 µM)

Aptamer candidates:
1. circPOLR2A_Lig
2. Linear POLR2A
3. circPOLR2A_Ana_186 nt
4. circPOLR2A_Ana_27 nt 
5. circPOLR2A_J (EPIC)

Re
la

tiv
e 

le
ve

l o
f 32

P 
(%

) 

100

50

0

150

*** *
NS

NS

30

180186



Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02204-4

We synthesized 79 bp dsRNA (PKR activator), 33 bp dsRNA (PKR inhibi-
tor), EPIC and an RNA circle lacking a duplex region (non-ds-cRNA, 
circSMARCA5), which were labeled with Cy5 and biotin simultane-
ously. The labeling had no apparent impact on EPIC conformation, 
shown by similar SHAPE signals between labeled and unlabeled EPICs 
(Extended Data Fig. 2a). Labeled RNAs were immobilized on a quartz 
surface coated with PEG-biotin through biotin–neutravidin interac-
tions. Single RNA molecules were then recorded, followed by PKR-Cy3 
injection. This allowed us to visualize dynamics of PKR on distinct 
RNA-Cy5 substrates (Fig. 2a).

Numerous PKR molecules were colocalized with dsRNAs or EPIC, 
whereas the colocalization between PKR and circSMARCA5 was barely 
detected (Fig. 2b and Extended Data Fig. 2b), showing that PKR bound 
to both dsRNAs and EPIC, but not non-ds-cRNA. Two versions of linear 
RNA substrate harboring the 23 bp imperfect duplex from EPIC were 
also generated as a 73 nt hairpin bearing a flexible linker and a 23 bp 
imperfect duplex alone (Fig. 2c). Notably, smTIRF assays revealed 
that both substrates copied the transient binding pattern of 79 or 
33 bp dsRNAs (Fig. 2d), highlighting the unique property of EPIC in a 
circular conformation.

Further investigation into PKR–RNA association revealed that 
the binding of PKR to EPIC was robust, characterized by mostly 
‘stable-binding events’ (binding time >120 s, 75.9%) than the 79 bp 
(20.7%), 33 bp (19.2%), 73 nt hairpin (18.6%) or 23 bp imperfect duplex 
(12.3%) (Fig. 2e). To compare the stability of RNA-bound PKR, a wash 
step was introduced after PKR injection to prevent proteins from 
rebinding (Fig. 2f). Survival probability analyses showed that PKR 
displayed a much longer lifetime on the single EPIC molecule than 
those on the linear dsRNA molecule (Fig. 2f,g). Consistently, a similar 
robust binding was observed between PKR and another ds-cRNA, circ-
CAMSAP1 (ref. 8) (Extended Data Fig. 2c). Thus, ds-cRNAs effectively 
hindered PKR activation likely due to their strong binding capability, 
and the tertiary structure within the ds-cRNA appears essential for 
this stable binding.

Tertiary conformation of ds-cRNA enables specificity for PKR
As the intensity of PKR-Cy3 on the single EPIC molecule was progres-
sively increased (Fig. 2b), we speculated that one EPIC might asso-
ciate with more than one PKR. To examine this hypothesis, we used 
single-molecule photobleaching analysis to determine protein stoichi-
ometry31. As single-step photobleaching is indicative of a single emitter, 
such as a monomer, counting the bleaching steps provides a direct 
way for measuring the quantity of labeled proteins. A hidden Markov 
model32 was developed for the unbiased analysis of single-molecule 
data to obtain step information (Extended Data Fig. 2d). Frequency 
distribution showed that the number of PKR-Cy3 bleaching steps on the 
single EPIC ranged from 1 to 8 (Fig. 2h), consistent with the increased 
progressive binding of PKR to EPIC.

As PKR contains an intrinsically disordered region (IDR) between 
its RNA binding domain and kinase domain33 (Extended Data Fig. 2e), 
such an IDR may lead to multivalent colocalization of PKR in solution 
where a single EPIC binds to multiple PKR molecules, resulting in a 
nonlinear binding pattern (Fig. 2h). We tested this idea by replacing 
wild-type (WT) PKR with the PKR IDR truncation (ΔIDR) in smTIRF 
system (Extended Data Fig. 2e). The interactions between EPIC and 
PKR-ΔIDR were similar to WT PKR (Extended Data Fig. 2e), excluding 
the possibility that PKR could phase separate with EPIC.

Next, we attempted to build a three-dimensional (3D) model 
of how PKR binds to EPIC based on the secondary conformation via 
circSHAPE-MaP with or without PKR binding.circSHAPE-MaP showed 
that most nucleotides within EPIC exhibited similar SHAPE reac-
tivities on PKR addition as those in EPIC alone, except five adjoin-
ing loops (pink) (Extended Data Fig. 3a,b). Illustrating the predicted 
EPIC folding accordingly, the imperfect 23 bp RNA duplex (yellow) 
is located in a central flexible region connecting distal stem loops  

(Extended Data Fig. 3a,b). This setting is sufficient for PKR binding. 
Of note, the length of distal stem loops did not meet the RNA duplex 
binding criteria of monomeric PKR34 (Extended Data Fig. 3b).

As PKR binding would influence NAI accessibility in nearby regions, 
altered SHAPE reactivities in these distal loop regions suggested their 
spatial proximity to the predicted RNA duplex bound by PKR (Extended 
Data Fig. 3a,b). Results of PKR-Cy3 bleaching steps analysis indicated 
that each EPIC molecule prefers to bind two PKR molecules (Fig. 2h). 
Next, we tried to simulate the binding mode of EPIC with two Alpha-
Fold2-predicted PKR molecules (Extended Data Fig. 3c) by the lowest 
docking score using HDOCK35. PKR binding modes achieved lower 
‘lowest docking scores’ on EPIC than on the 79 bp dsRNA (Extended 
Data Fig. 3c), consistent with the robust suppression of EPIC on PKR 
activation mediated by the 79 bp dsRNA (Fig. 1e). While two PKR mol-
ecules preferred to dock on the 23 bp RNA duplex of EPIC with an 
antiparallel direction (Extended Data Fig. 3c), likely preventing their 
kinase domains from forming an activated configuration33,36,37. How-
ever, we cannot exclude the possibility that additional PKR may bind 
loosely to distal stem loops, resulting in altered NAI accessible regions 
(Extended Data Fig. 3a,b).

Dysregulated circRNA–PKR axis in psoriasis mice
A dysregulated RNase L–circRNA–PKR axis was found in SLE 
patient-derived cells6. Given that SLE is one of the most heterogene-
ous autoinflammation disorders38,39, we sought to explore a less com-
plicated model featuring dysregulated RNase L–circRNA–PKR axis to 
evaluate the therapeutic potent of ds-cRNAs in vivo.

Daily administration of IMQ at day (D) 0, 1, 2, 3, 5 and 8 onto the 
back skin of mice induces inflamed scaly skin lesions resembling 
plaque-type psoriasis, representing a classic model with most fea-
tures of human psoriasis22,40 (Extended Data Fig. 4a). Reported spleen 
enlargement22,40 was observed starting on D2, and reached a peak on 
D5 (Extended Data Fig. 4a). Given the frequent occurrence of systemic 
inflammatory defects of psoriasis, we opted to use the ds-cRNA treat-
ment by targeting spleen.

Total RNAs of spleens in mice treated with IMQ at different days 
were collected (Fig. 3a). An increased expression of psoriasis-related 
Il17a and Il23a mRNAs on D5 (Extended Data Fig. 4b) was consistent 
with a previous report22, supporting the feasibility of using splenocytes 
for investigating psoriasis pathogenesis. We also observed expression 
of Pkr and Il6 (Extended Data Fig. 4b), along with RNase L activation, 
peaking on D1 (Extended Data Fig. 4c). Correspondingly, dramati-
cally increased PKR levels on D1 and D2 and p-PKR from D2 to D5 were 
observed (Fig. 3b), suggesting that transient Pkr expression could result 
in prolonged PKR phosphorylation and cascade downstream inflamma-
tory effects mediated by PKR activation41. Of note, the elevated expres-
sion of these fast-responding genes corresponded to the increased 
thickness of interfollicular epidermis initiated on D1 and reaching a 
plateau on D2 (Extended Data Fig. 4d). Thus, blocking PKR activation, 
in principle, may mitigate psoriasis progression.

Consistent with transient RNase L activation (Extended Data 
Fig. 4c), analysis of the ribosomal RNA (rRNA)-depleted RNA sequenc-
ing (RNA-seq) of psoriatic spleens via CIRCexplorer42 revealed a greater 
global reduction of circRNAs than linear RNAs on IMQ (Fig. 3c and 
Extended Data Fig. 4e,f). Collectively, these analyses suggested a pre-
viously uncharacterized dysregulated RNase L–circRNA–PKR axis in 
psoriatic pathogenesis.

PKR is one fast-responding inflammatory factor in  
psoriasis mice
Although thickened interfollicular epidermis was initiated on D1 
(Extended Data Fig. 4d), currently available transcriptomics of the 
IMQ mice have only been analyzed on D5 (refs. 22,40), indicating a 
possible overlook of fast-responding inflammatory factors, such as Pkr 
and Il6, during this process (Extended Data Fig. 4b). We thus analyzed 
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dynamic transcriptomics along IMQ treatment on mice to discern their 
possible correlations with psoriatic pathogenesis.

We selected genes with over threefold upregulation on D1 com-
pared to D0 in two biological repeats, and identified 787 differentially 
expressed genes (DEGs) (Extended Data Fig. 5a). These elevated DEGs 
on D1 displayed divergent patterns afterwards, which could be grouped 
into six clusters by Mfuzz43,44 (Fig. 3d). PKR was classified into cluster 
1 along with 150 others, whose expression was increased remarkably 
on D1, but declined to the initial D0 level afterwards (Fig. 3d). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analyses showed that the most altered genes of Cluster 1 belonged to 
the interferon (IFN) α-related genes and dsRNA sensor related pathways 
(Extended Data Fig. 5b). As IFNα belongs to the type I IFN family, which 
can activate immature dendritic cells to produce IL-12, IL-15, IL-18 and 
IL-23 (ref. 45), IFNα has been considered to be one initiator of psoria-
sis inflammation acting as an upstream cytokine within the psoriatic 
inflammatory cascades46. We thus subclassified these Cluster 1 genes 
as fast-responding inflammatory factors (Extended Data Fig. 5c).

In terms of the time-course pattern following D1, Cluster 2 genes 
declined by roughly 70% to a level higher than D0 (Fig. 3d). Cluster 3 
genes maintained high expression on D2 and then declined by roughly 
75% on D5 (Fig. 3d). A total of 158 genes of Cluster 2 and 112 genes of 
Cluster 3 were mostly enriched in pathways related to protein transla-
tion and metabolism (Extended Data Fig. 5d,e), indicating changes in 
proteome and cellular homeostasis initiated after the innate immune 
responses triggered by Cluster 1 genes (Extended Data Fig. 5c). Cluster 
4 genes peaked on D2 with about sevenfold upregulation to D0 and 
declined on D5 (Fig. 3d), and this cluster included 103 genes enriched 
in pathways of neutrophil formation and SLE pathogenesis (Extended 
Data Fig. 5f). Cluster 5 plateaued with four- to sixfold upregulation 
compared to D0, while Cluster 6 genes kept ascending from D1 to D5 
(Fig. 3d). Genes in Clusters 5 and 6 were enriched in pathways related 
to cell cycle, DNA replication and repair, highlighting changes in gene 
expression in the late-stage pathogenesis related to long-term psoriatic 
phenotypes including spleen enlargement and epidermal hyperplasia 
(Extended Data Fig. 5g,h).

PKR modulates the early inflammation in psoriatic 
pathogenesis
We asked whether such a distinct PKR activation plays a role in psoriatic 
pathogenesis. We generated PKR-deficient (Pkr−/−) mice (Extended 
Data Fig. 6a), which appeared normal in development compared 
with WT mice as reported47. Treating Pkr−/− mice with IMQ as WT mice 
(Fig. 3a) followed by total RNA-seq of psoriatic spleens revealed that 
PKR depletion did not affect circRNA levels (Extended Data Fig. 6b) 
compared with WT samples (Fig. 3c) as expected. Increased expression 
of fast-responding inflammatory factors on D1 was largely impaired in 
Pkr−/− mice (Fig. 3e and Extended Data Fig. 6c). Given that TLR7 is a key 
factor in the IMQ model40, the decreased Tlr7 expression in Pkr−/− mice 

strengthens the role of PKR in IMQ-induced psoriatic pathogenesis 
(Extended Data Fig. 6c). PKR depletion also mildly affected IL-23/IL-17 
expression (Extended Data Fig. 6c): signature genes of late-stage IMQ 
mice (Extended Data Fig. 4b)46. Consistently, reduced epidermis thick-
ness was observed in Pkr−/− mice, compared to WT mice, after IMQ treat-
ment (Fig. 3f).

Collectively, our results in splenocytes of the IMQ mice exhibited 
a general consistency with the context in skin as shown previously48–50. 
These earlier reports indicated that skin inflammation was triggered by 
dsRNAs in psoriatic keratinocytes50 and that dampened dsRNA sensor 
pathways could alleviate psoriasis development48,49, but the key role of 
PKR in psoriatic mice has not been specified previously.

Ds-cRNA knock-in dampens PKR-mediated inflammation  
in mice
Next, we asked whether ds-cRNA could dampen the activation of 
fast-responding inflammatory factors involved in IMQ-induced pso-
riatic mice. We generated ds-cRNA-constitutive overexpression mice 
using CRISPR–Cas9 with a fragment insertion at the ROSA26 locus. The 
inserted fragment was driven by an EF1α or a CAG promoter, followed 
by circularizable exons of the human circPOLR2A (9,10) containing the 
intramolecular dsRNA duplexes51,52 with flanking intronic complemen-
tary sequences (hereafter C_OE mice, Extended Data Fig. 7a). These 
designs allowed human circPOLR2A (9,10) to be produced using both 
promoters with a clear background in mice (Extended Data Fig. 7b,c).

Northern blot (NB) confirmed that the EF1α-driven circPOLR2A 
(9,10) expressed at the highest level in spleen among examined tis-
sues, while the CAG promoter mice showed a high circPOLR2A (9,10) 
expression in heart, lung and liver (Extended Data Fig. 7b). No discern-
ible weight or other detectable difference was observed between the 
WT and littermates carrying the EF1α promoter C_OE (Extended Data 
Fig. 7d), or between the WT and the CAG promoter C_OE mice (data 
not shown). These observations indicate that the supplementation of 
ds-cRNAs in vivo is unlikely to have affected the development of the 
mice even under constitutive expression and suggest that the use of 
ds-cRNAs as a therapeutic aptamer is likely to have minimal side effects.

We chose EF1α promoter C_OE mice for subsequent analyses in 
spleens. About 400 copies of ds-cRNA per splenocyte were observed, 
which was estimated to come from a knocked-in C_OE mouse stem 
cell R1 line (Extended Data Fig. 7e,f). We first compared psoriatic 
phenotypes in WT and littermate C_OE mice on D1 and D2 IMQ. We 
observed a reduced expression of fast-responding inflammatory fac-
tors, including Il6, Ifi44, Isg5 and Mx2, in psoriatic spleen cells of C_OE 
mice, compared to those in WT mice (Extended Data Fig. 8a). The same 
attenuated fast-responding inflammatory factors were also observed 
in B cells, T cells and monocytes (Fig. 3g,h), along with reduced p-PKR 
and its downstream p-eIF2α in C_OE mice on D2 (Fig. 3i and Extended  
Data Fig. 8b). Consistently, C_OE mice exhibited a mild reduction in 
epidermal thickness (data not shown) compared to Pkr−/− mice (Fig. 3f). 

Fig. 3 | PKR knockout or genetic supplement of ds-cRNA alleviates 
inflammation in IMQ-induced psoriasis mice. a, Schematic of the IMQ-induced 
psoriasis inflammation mice model. b, The transient PKR/eIF2α expression  
and prolonged PKR phosphorylation in IMQ animals. Left, western blot of  
PKR/eIF2α expression and phosphorylation in spleens derived from IMQ 
mice (n = 3 at the indicated time point). Right, quantification with ImageJ and 
normalized to mActin; each dot represents one repeat. c, The expression of 721 
high-confidence circRNAs of samples on D0, D1, D2 and D5. The CIRCscore42 of 
high-confidence circRNAs on D0 is significantly higher than those at subsequent 
time points. The fragments per billion mapped bases (FPB) value of each time 
point is the mean from the two repeats; each repeat includes two biologically 
independent animals. Data are shown as median and interquartile range. 
Wilcoxon rank-sum test, ***P < 0.001. d, DEGs are separated into six clusters 
according to their time-course expression patterns from D0 to D5. e, The 
expression level of fast-responding inflammatory factors in Pkr−/− (gray line) and 

paired WT (red line) mice spleens on consecutive IMQ treatments. Expression 
of each gene is shown by scaled fragments per kilobase of transcript per million 
mapped reads calculated by Mfuzz44. f, Pkr−/− mice showed mitigated epidermal 
thickness on IMQ treatment. Quantification of epidermal thickness from IMQ-D2 
(WT, n = 5; Pkr−/−, n = 4) was shown. g, Workflow of experiments shown in h.  
h, Human circPOLR2A (9, 10) dampens the inflammatory responses in 
splenocytes in IMQ mice. Relative expression of representative factors of the 
IFNα signaling pathway in C_OE mice (n = 4), compared to WT mice (n = 5) in B 
cells, T cells and monocytes of splenocytes on D1, determined by RT–qPCR.  
i, Human circPOLR2A (9, 10) dampens PKR activation in IMQ mice. PKR activation 
kinetics were analyzed in C_OE (n = 5) and WT (n = 5) mice on D2. The relative 
levels of p-PKR and p-eIF2α in each tested mouse were quantified. f,h,i, Each dot 
represents one individual animal. NS, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, 
two-tailed Student’s t-test, data are shown as mean ± s.d.
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Such incomplete rescues at PKR cascade or epidermal thickness were 
due to activated RNase L at D1 IMQ (Extended Data Figs. 4c and 8c) lead-
ing to reduced circPOLR2A (9,10) in C_OE mice (Extended Data Fig. 8d).

Delivery of EPICs in spleen is beneficial for psoriatic mice
To explore the therapeutic potential of synthesized ds-cRNAs, we 
attempted to deliver LNPs-encapsulated EPIC (EPIC-LNPs) to spleens 
with a reported formulation53 (Extended Data Fig. 9a). Physicochemical 
characterization of EPIC-LNPs resulted in an average size of 86 ± 13.5 nm, 
polydispersity index of 0.059 ± 0.063 and zeta potential of −1.32 ± 0.54 

(Extended Data Fig. 9b). Encapsulation efficiency was evaluated as 
95.07% for EPIC-LNPs (Extended Data Fig. 9b). The consistent range of 
particle sizes of EPIC-LNPs was confirmed by a polydispersity index less 
than 0.1 (Extended Data Fig. 9b) and by transmission electron micro-
graphs (Extended Data Fig. 9c).

We compared the turnover between ds-cRNAs and the linear 
cognates by intravenous (i.v.) injection of 1 μg of LNP-encapsulated 
individual RNAs for spleen delivery (Fig. 4a), followed by NB at 6, 24 
and 48 hours postinjection (Fig. 4b). These analyses showed at least 
a threefold lower turnover of EPICs than linear cognates in spleens 
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24 hours after i.v. injection, followed by an additional decay to less than 
10% of their original level 48 hours after i.v. injection (Fig. 4b), revealing 
a prolonged turnover of ds-cRNAs compared to their linear cognates, 
albeit the linear cognates cannot fold into the desired conformation6.

We asked whether LNP encapsulation would alter EPIC fold-
ing status. Freshly made EPICs and EPIC-LNPs were subjected to 
circSHAPE-MaP, which showed comparable SHAPE signals (Fig. 4c). 
Further ΔSHAPE analysis showed that the slight difference in SHAPE 
reactivity resulting from LNP encapsulation was not higher than the 
variation of SHAPE reactivity among three biological replicates of 

naked EPICs, indicating that the encapsulation procedure alone is 
unlikely to have altered EPIC conformation (Fig. 4c).

To ask whether EPIC-LNPs attenuate psoriatic phenotypes, we first 
injected 5, 50 and 150 pmol intravenously on D1.5 (Fig. 4d), after the 
D1 RNase L activation (Extended Data Fig. 4c). Psoriatic mice admin-
istered with EPIC-LNPs showed reduced p-PKR and p-eIF2α in spleens 
in a dose-dependent manner 24 hours after i.v. injection, while the 
expression of PKR and eIF2α remained largely unaltered (Fig. 4e). Fur-
ther delineating the inhibitory effects of EPICs on PKR in splenocytes, 
including B cells, T cells and monocytes, all showed about 50% p-PKR 
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reduction (Fig. 4f). These results indicated a general suppression of 
EPICs on PKR in independent cell types in vivo.

Consistently, the epidermal thickness was reduced to the level of 
that in Pkr−/− mice, when administrated with the EPIC dosage at 50 pmol 
(Fig. 4g), at which p-PKR in psoriatic spleens was effectively inhibited 
(Fig. 4e). Total endogenous circRNAs 24 hours after EPIC-LNPs (i.v. 
injection) on D1.5 remained the same level as those without EPIC deliv-
ery (Extended Data Fig. 9d), indicating that such treatment did not 
affect endogenous circRNAs.

Furthermore, administrating EPIC-LNPs on D2.5 or D3.5 (Fig. 4h) 
displayed similarly roughly 25% reduced epidermis thickness to the 
D1.5 treatment (Fig. 4g). These results together indicated that syn-
thesized ds-cRNAs dampened psoriatic regression via attenuating 
PKR-mediated inflammatory responses.

EPIC attenuates PKR-mediated inflammation in patient 
samples
Analyzing published datasets of lesional and nonlesional skins derived 
from patients with psoriasis19,20 revealed a similar reduction of overall 
circRNAs without much change in cognate mRNAs in lesional skins 
(Extended Data Fig. 10a), similar to observations in the psoriatic mice 
(Fig. 3c and Extended Data Fig. 4e). Consistent with previous reports54, 
the IL-23–IL-17 axis and psoriasis-associated genes were augmented 
in lesional skins compared to nonlesional skins derived from patients 
(Extended Data Fig. 10b). We observed the same trend of elevated 
expression of fast-responding inflammatory factors, including PKR 
(EIF2AK2) in patients with psoriasis (Extended Data Fig. 10b). Finally, 
EPIC-LNPs rescued aberrant expression of psoriasis signature genes 
in PBMCs isolated from patients, diagnosed with the Psoriasis Area 
Severity Index55,56 (Supplementary Table 6). Such treatment resulted 
in reduced expression of transcripts for fast-responding inflammatory 
factors, such as IFI44 and IL6, as well as psoriasis signature factors 
IL17A, IL23A and IL23R (Extended Data Fig. 10c).

Discussion
The unique circRNAs’ conformation5,6, stability3,4 and immunogenic-
ity7,8,57 have endowed them with potential for therapeutic advantages. 
Evidence of engineered translatable circRNAs shows potential in vac-
cine development58 and protein therapies25. Our results indicate RNA 
circles as potential therapeutic aptamers in dampening psoriatic pro-
gression through targeting PKR (Figs. 2–4).

We have optimized the PIE system for simple and scalable synthesis 
of RNA circles with minimized immunogenicity (Fig. 1 and Extended 
Data Fig. 1), including aptamers suppressing PKR (Fig. 1e), and those for 
translation up to around 7,000 nt (Fig. 1d and Extended Data Fig. 1a), 
broadening the capacity of designing circRNA-based modalities. Syn-
thesized ds-cRNA displayed a remarkable stability for PKR association 
(Fig. 2 and Extended Data Figs. 2 and 3), highlighting that the circular 

conformation ensures its tertiary folding to confine PKR movement, 
thereby effectively suppressing p-PKR. Future determination of atomic 
structures of ds-cRNA-PKR complexes will be of interest for under-
standing the molecular basis.

Suppression of PKR activity could attenuate auto-inflammatory 
responses in cells derived from patients with SLE6, patients with pso-
riasis (Extended Data Fig. 10) and in psoriatic mice (Figs. 3 and 4), all of 
which exhibited disease pathology at least partially driven by unwanted 
PKR activation. However, no PKR inhibitor has been approved in clinic 
due to off-target effects, cell toxicity and inability to manipulate PKR 
in specific cell types in vivo16,17,59,60. In another example, neuroinflam-
mation has been increasingly recognized as a major driver of brain 
disorders, including Alzheimer’s disease61. Pkr−/− mice showed allevi-
ated Alzheimer’s disease neuroinflammation and improved learning 
capability62,63, and a similar ds-cRNA therapy could rescue neurogen-
erative phenotypes in Alzheimer’s disease models by dampening  
PKR activity64.

Targeting pathological PKR activity could be immunosuppres-
sive, similar to the anti-IL-17 therapy for psoriasis65,66. This may pose 
challenge in patients with chronic virus infections, even though the 
anti-IL-17 therapy appears safe in patients with chronic infections 
when combined with antiviral prophylaxis65,66. In addition, while 
no toxicity was observed in mice carrying ds-cRNAs for at least 
12 months (Extended Data Fig. 7d), the additional long-term safety 
and tolerability of ds-cRNAs await further investigation. Finally, 
despite the targeted spleen delivery of ds-cRNAs (Fig. 4), the fact that 
ds-cRNAs-mediated PKR suppression is cell-type independent (Fig. 4f) 
prompts future development of topical EPIC delivery to alleviate  
local inflammation.
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Fig. 4 | Spleen-targeted EPIC alleviates psoriasis phenotypes via dampening 
PKR activation. a, Optimized LNP enables the spleen-targeted RNA delivery. 
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isoform in spleens. Bottom, RT–qPCR analysis of three biologically independent 
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encapsulation is unlikely to alter EPIC conformation. Left, schematic showing 
the conformational comparison of the naked EPIC of three repeats and in LNP 
by circSHAPE-MaP. Right top, SHAPE reactivity of each group was quantified at 
the single nucleotide resolution; right bottom, the profile of ΔSHAPE in absolute 
values between naked or LNP-encapsulated EPIC, compared to one of the naked 
EPIC samples. Yellow shadows mark the nucleotides of 23 bp imperfect dsRNA 
region. d, Schematic of ds-cRNA treatments for IMQ-induced psoriatic mice.  
e, Spleen-targeted delivery of EPIC reduces p-PKR in vivo. Left, the representative 
western blot of p-PKR and its downstream p-eIF2α after EPIC delivery at different 

EPIC concentrations. Right, quantification of of p-PKR and p-eIF2α from three 
independent experiments. f, Spleen-targeted delivery of EPIC attenuates p-PKR 
in different splenocytes. Psoriatic mice received Treatment A. B cells, T cells and 
monocytes were isolated and subjected to western blot. Left, the representative 
immunoblot of p-PKR after Treatment A in d. Right, quantification of p-PKR  
from three independent groups. Of note, each dot contains two littermates.  
g, Spleen-targeted delivery of EPIC reduces epidermal thickness in IMQ psoriatic 
mice on D1.5 EPIC-LNPs i.v. injection (Treatment A). Representative histological 
images of the dorsal skin sections from mice, stained by hematoxylin and eosin 
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d), respectively. Epidermal thickness was quantified from mice treated with 
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Methods
Plasmid construction
Different versions of Anabaena PIE carrying the sequence of interest 
were constructed to the downstream of a T7 promoter in a pUC57-based 
backbone plasmid as the IVT template. To synthesize circPOLR2A (9, 10) 
with different junction sites, the full length of circPOLR2A (9, 10) was 
amplified by PCR with reverse transcription (RT–PCR) with different 
primer pairs and constructed into Ana_PIE_27nt plasmids. All con-
structs were confirmed by Sanger sequencing. All related sequences 
are listed in Supplementary Table 7.

To construct protein purification plasmids, the PKR coding 
sequence were constructed into pET-28a vector, Hexa-histidine (6xHis) 
and sortase recognition sequence (srt, LPETG) were tagged on the C 
terminus of the PKR coding sequence for sortase-mediated peptide 
ligation67. The PKR-ΔIDR truncation was constructed similarly.

Cell culture, transfection and stimulation
The human cell line, A549 cell line (SCSP-503), was provided by the Cell 
Bank, Chinese Academy of Sciences (CAS), and was cultured in F-12K 
supplemented with 10% fetal bovine serum and 1% GlutaMax. The same 
amount of RNAs synthesized in vitro and poly(I:C) (200 ng for each 
sample) were transfected using Lipofectamine MessengerMax reagent 
(Thermo) in A549 cells according to the manufacturer’s protocols. 
About 70–80% transfection efficiency was achieved in A549 cells. Total 
RNAs were collected after 6 h transfection for analyses.

RNA isolation, RT–PCR, RT–qPCR and northern blot
Total RNAs from cultured cells, or different tissues of mice, were 
extracted with TRIzol (Life technologies) according to the manufac-
turer’s protocol. Complementary DNAs (cDNAs) were reverse tran-
scribed with SuperScript III (Invitrogen) or PrimeScript RT Master Mix 
(Takara) and applied for PCR or quantitative PCR (qPCR) analysis. 18S 
rRNA, mActin were examined as internal controls. Expression of each 
examined gene was determined from three independent experiments. 
For the detection of RNase L activation, RtcB ligase-assisted qPCR were 
performed as described with a slight modification6,68. Briefly, total 
RNAs were purified and RNAs with 2′–3′ cyclic phosphate were ligated 
to the adapter 5′-rGrArUrCrGrUCGG ACTGTAGAACTCTGAAC-3′ using 
RtcB ligase. The resulting cDNAs were assessed for RNase L cleavage 
products by qPCR and normalized to U6.

Northern blot was performed according to the manufacturer’s 
protocol (DIG Northern Starter Kit, Roche). In brief, 5 μg total RNA 
was resolved on denaturing PAGE, transferred to nylon membrane 
(Roche) and ultraviolet crosslinked. Membrane was then hybridized 
with Digoxigenin-labeled antisense riboprobes. Primers and northern 
blot probe are listed in Supplementary Table 7.

In vitro RNA transcription, circularization and purification
Template vectors were linearized with HindIII-HF (NEB) and cleaned 
up. RNAs were in vitro transcribed from 1 μg linearized templates in a 
20 μl reaction with the RiboMax system (Promega). To produce RNA 
circles or hairpin RNA labeled with biotin and Cy5, Biotin-16-UTP 
(0.25 mM) and Cy5-UTP (0.25 mM) were incorporated into the IVT 
reaction. For circularization with T4 RNA ligase 1 (NEB), precursors 
were transcribed with a 5:1 molar ratio of GMP to GTP in reactions 
and then subjected to ligation as described8. For circularization with 
all versions of Anabaena PIE, precursors were transcribed in vitro 
following the manufacturer’s protocol and column purified with 
MEGAclear kit (Invitrogen). 50 μg of PIE transcription products were 
heated to 70 °C for 3 min and immediately placed on ice for 2 min, then 
2 mM of GTP and T4 RNA ligase buffer (NEB) were added for 8 min of 
incubation at 55 °C. Products of T4 ligation or PIE self-splicing were 
column purified, respectively.

For the optimized RNase R digestion69, 50 μg of products above 
were subjected to A-tailing reaction with Escherichia coli Poly(A)  

polymerase (Tinzyme) following the manufacturer’s instructions.  
After A-tailing, the RNAs were incubated at 37 °C for 1 h with 15 U of 
RNase R (Tinzyme) and heated at 75 °C for 5 min. Afterward, the RNAs 
were treated with 10 U of FastAP (Thermo Scientific) at 37 °C for 30 min, 
stopped by heating at 75 °C for 5 min and column purified. Synthesized 
RNAs mentioned above were quantified using a NanoDrop One spec-
trophotometer (Thermo Scientific) and analyzed with denaturing PAGE 
using 8 M urea gels in Tris-Borate-EDTA (TBE) running buffer.

The linear 79, 33 and 23 bp dsRNAs were synthesized with biotin 
or Cy5 terminally labeled at two separated strands, respectively (Sup-
plementary Table 7). The RNA circle of 27 nt (Extended Data Fig. 1f) 
was circularized from a synthesized 5′-monophosphate RNA oligo 
(Sangon), using T4 RNA ligase 1 (NEB), and purified with PAGE.

Protein expression, purification and labeling
PKR proteins were purified as described in the previous report8. 
Expression plasmids or His-tagged proteins (PKR) were transformed 
into E. coli Rosetta 2 (DE3) competent cells (Sigma). Then 5 ml of Luria–
Bertani (LB) culture supplemented with 100 μg l−1 kanamycin was incu-
bated overnight (220 rpm, 37 °C) with a single colony, then the culture 
was diluted 100-fold into 1 l of LB culture supplemented with 100 μg l−1 
kanamycin. On optical density at 600 nm reaching 0.4, protein expres-
sion was induced with 0.8 mM isopropyl-β-d-thiogalactoside over-
night (100 rpm, 16 °C). Cell pellets were collected by centrifugation 
(5,000g, 10 min, 4 °C), resuspended in lysis buffer (50 mM Tris-HCl 
pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF)) supplemented with 1 mg ml−1 
lysozyme and stored on ice for 30 min, followed by 5 min (800 bar, 
60 strokes per min, 4°C) disruption (UNION-BIOTECH, UH-06). After 
centrifugation (10,000g, 30 min, 4 °C), supernatants were incubated 
with Ni Sepharose (GE healthcare) for 2 h at 4 °C. The Sepharose was 
washed with washing buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 
40 mM imidazole, 1 mM PMSF), and bound protein was eluted with 
elution buffer (50 mM Tris pH 8.0, 500 mM NaCl, 300 mM imidazole). 
Concentration of purified protein was measured by the Modified 
Bradford Protein Assay Kit (Sangon Biotech) and further resolved  
by SDS–PAGE.

For smTIRF analysis, LPETG-labeled PKR was pooled and dialyzed 
overnight in labeling buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 
10 mM CaCl2 and 10% glycerol). The protein fractions were then incu-
bated with sortase and GGGC-Cy3 peptides (for C-terminal labeling, 
ChinaPeptides) at 4 °C for 1 h (protein:sortase:peptide, 1:2:5). Labeled 
PKR was diluted with double volume of buffer C (25 mM HEPES pH 7.8, 
1 mM DTT, 10% glycerol and 0.1 mM EDTA) and loaded onto a heparin 
column, washed with buffer C plus 100 mM NaCl and eluted with buffer 
C plus 1 M NaCl. PKR-containing fractions were dialyzed in storage 
buffer (25 mM HEPES pH 7.8, 1 mM DTT, 0.1 mM EDTA, 500 mM NaCl 
and 20% glycerol) and stored at −80 °C. Concentrations and labeling 
efficiencies were determined by comparing protein absorbance at 
280 nm with Cy3 absorbance at 550 nm and the labeling efficiency 
was about 50%.

In vitro activation assay of PKR
In vitro activation assay of PKR was performed as described14 with 
modifications. Briefly, equal amounts of the purified 79 nt RNA top 
strand (TS79R) and bottom strand (BS79R) were annealed in TEN100 
(10 mM Tris-HCl pH 7.5, 1 mM EDTA and 100 mM NaCl) for 1 min at 
95 °C followed by cooling on the bench for 10 min. The ability of vari-
ous RNAs to activate or inhibit PKR kinase was determined by PKR 
auto-phosphorylation assays. Purified PKR was first dephosphoryl-
ated by λ-PPase (NEB), as described in ref. 70. Subsequently, λ-PPase 
was inactivated by sodium orthovanadate70. Next, 10 μCi [γ-32P]ATP, 
0.6 μM dephosphorylated PKR, and different RNAs were incubated 
in 20 mM HEPES (pH 7.5), 4 mM MgCl2, 100 mM KCl and 1 mM ATP for 
30 min at 30 °C. Reactions were stopped by adding SDS loading buffer 
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and resolved on 4–12% Bis-Tris PAGE. Autoradiography and immunob-
lotting were visualized, and quantified by ImageJ.

Generation of C_OE mice
The ds-cRNA constitutively overexpressed mice were generated on the 
C57BL/6 genetic background. Briefly, a fragment was inserted at the 
ROSA26 locus, which contains an EF1α promoter or a CAG promoter, 
respectively, the future circularized exons of the human circPOLR2A 
(9, 10), and flanking introns with complementary sequences in an 
orientation-opposite pattern. Southern blotting and restriction 
enzyme digestion confirmed proper integration. The correctly tar-
geted embryonic stem clones were injected into C57BL/6 blastocysts 
to generate C_OE mice. To genotype the mice, genomic fragments 
were amplified from tail DNAs using designed specific primers (Sup-
plementary Table 7).

Generation of Pkr−/− mice
Eif2ak2 (PKR) knockout mice (strain no. T015370) were purchased from 
GemPharmatech. Exon 3 of Eif2ak2-201 (ENSMUST00000024884.4) 
transcript was recommended as the knockout region. A single 2,637 bp 
fragment containing a 121 bp coding sequence was deleted by the 
CRISPR–Cas9 system, resulting in disruption of protein function, as 
confirmed by western blot in Extended Data Fig. 6a.

Animal use and care
Mice were bred and maintained under the specific-pathogen-free con-
dition at the Center for Excellence in Molecular Cell Science (CEMCS), 
CAS. Unless otherwise stated, male mice were used at 6–8 weeks of 
age. Of note, experiments conducted in male mice are representative 
of those in female mice of C57BL/6 background (data not shown). The 
mouse experiments were carried out in accordance with the institu-
tional guidelines and were approved by the Institutional Animal Care 
and Use Committees at CEMCS, CAS.

Patients with psoriasis
All patients with psoriasis were recruited from Beijing Chao-Yang Hos-
pital, Capital Medical University. All patients were diagnosed according 
to Psoriasis Area Severity Index score55,56 (Supplementary Table 6). The 
study was approved by the Research Ethics Board of Beijing Chao-Yang 
Hospital, Capital Medical University. Written informed consent was 
signed before the sample collection.

IMQ-induced psoriasis mouse model
WT, Pkr−/−and C_OE mice received a daily topical dose of 62.5 mg IMQ 
cream (5%; Aldara; 3M Pharmaceuticals) on the shaved dorsal skin 
for 1–5 days. Control mice were conducted similarly without the IMQ 
treatment or with Vaseline treatment. Samples used for RNA and pro-
tein analyses were taken 24 h after the last treatment. Spleen samples 
were treated with Red cell lysis buffer (Tiangen) and washed with PBS. B 
cells, T cells and monocytes were isolated with corresponding EasySep 
Mouse Kit (Stemcell).

Histopathology
For histopathology analysis, mouse dorsal skin were fixed with 4% PFA 
overnight followed by dehydration and embedding in paraffin. Tissue 
sections of 0.5-mm thickness were stained with hematoxylin and eosin 
using standard procedures. Stained sections were scanned using an 
Olympus microscope (BX53).

Western blot
Cells were collected after treatments and resuspended in RIPA lysis 
buffer with protease and phosphatase inhibitor cocktail (Beyotime) for 
10 min at 4 °C. After centrifugation, supernatants containing soluble 
proteins were resolved on 4–12% Bis-Tris polyacrylamide gels (Gen-
script) and analyzed by western blot with anti-PKR (Santa Cruz, 1:1,000 

dilution), anti-phos-PKR (Sigma, 1:500 dilution), anti-EIF2α (ABclonal, 
1:500 dilution), anti-phos-EIF2α (Abcam, 1:500 dilution) or anti-ACTB 
(Sigma, 1:5,000 dilution) antibodies.

LNP preparation and characterization
LNPs were prepared using a microfluidic mixing device as described 
previously53. Briefly, RNA payloads were suspended in 25 mM acetate 
buffer (pH 4.5) and lipids were mixed in ethanol. To create LNPs, a 
dual-syringe pump was used to transport the two solutions through the 
NanoAssembler Ignite microfluidic mixer (Precision NanoSystems) at a 
total flow rate of 12 ml min−1. The particles were then dialyzed overnight 
against PBS. Particles in PBS were analyzed for size and uniformity by 
dynamic light scattering. Zeta potential was determined using the 
Malvern Zetasizer. RNA encapsulation in LNPs was calculated with the 
Quant-iT RiboGreen RNA assay kit (Thermo Fisher Scientific) by calcu-
lating the percentage encapsulation at 100% − (RNA-LNPs/RNA-LNPs 
with Triton X-100).

SHAPE probing (with or without proteins) and SHAPE-MaP 
reverse transcription
In vitro SHAPE probing was performed as described6,26,71 with modifica-
tions. In vitro transcribed and purified human 5S rRNA/circRNAs were 
refolded in 3.3× folding buffer (333 mM HEPES, pH 8.0; 333 mM NaCl; 
33 mM MgCl2). After refolding, RNAs were incubated with 100 mM of 
NAI (EMD Millipore) in dimethylsulfoxide (DMSO) for 10 min at 37 °C. 
For each set of in vitro SHAPE probing with proteins, 1.5 pmol of RNAs 
were incubated with 12 pmol of purified and dephosphorylated PKR 
protein, followed by NAI modification at 100 mM or with DMSO for 
10 min at 37 °C. For RNAs within LNP, ds-cRNAs were capsulated with 
LNP as described above and subjected to SHAPE probing without addi-
tional folding. A denaturing control reaction was performed in parallel: 
RNAs were suspended in a denaturing buffer containing formamide 
and incubated at 95 °C before modification with NAI. After probing, 
RNAs were extracted with phenol:chloroform:isoamyl alcohol (25:24:1), 
ethanol precipitated and dissolved in nuclease-free water.

About 50–200 ng of RNAs were obtained under each treatment 
and were then reverse transcribed with 200 U of SuperScript II (Invit-
rogen), 6 mM MnCl2 and gene-specific primers for linear or circRNAs 
(5S rRNA was used as a spike-in control). cDNAs were purified with 
RNAClean XP (Beckman Coulter). Second-strand synthesis was per-
formed with Q5 hot start high-fidelity DNA polymerase. The resulting 
PCR products were further isolated with StarPrep Gel Extraction Kit 
(GenStar). All related primers are listed in Supplementary Table 7.

SHAPE-MaP library preparation and sequencing
In vitro synthesized circRNAs at each condition were used as one sam-
ple to build a library. In brief, SHAPE-MaP libraries were prepared 
from 1 ng of DNAs reverse transcribed from circular SHAPE RNA, and 
size-selected with AmpureXP beads (Agencourt) with a 1:1 (bead to 
sample) ratio to obtain library DNA products spanning 100–400 bp 
in length. Final libraries were quantified using the Agilent Bioanalyzer 
2100 and QuBit high-sensitivity double-stranded DNA assay. Deep 
sequencing was performed by the Illumina HiSeq X Ten platform at the 
CAS Key Laboratory of Computational Biology Omics Core, Shanghai, 
China. About 5–15 million sequencing reads were obtained for each 
sample, with 86% of bases at or above Q30.

smTIRF microscopy
All smTIRF data were acquired on a custom-built prism-type TIRF 
microscope established on an Olympus IX73. Fluorophores were 
excited using the 532- and 637-nm laser lines. Image acquisition was 
performed using an EMCCD camera (iXon Ultra 897, Andor) after split-
ting emissions by an optical setup (OptoSplit II emission image splitter, 
Cairn Research). Micro-Manager image capture software was used to 
control the laser excitation.
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The Cy5–biotin labeled RNA (150 pM) in 300 μl of T50 buffer 
(20 mM Tris-HCl pH 7.5, 50 mM NaCl, RNase inhibitor) was injected 
into a custom-made flow cell chamber by laminar flow (25 μl min−1). RNA 
was immobilized on a neutravidin-coated, PEG passivated quartz slide 
surface, and the unbound RNA was flushed by imaging buffer A (20 mM 
Tris-HCl pH 7.5, 0.1 mM DTT, 0.2 mg ml−1 acetylated BSA (Molecular 
Cloning Laboratories), 0.0025% P-20 surfactant (GE healthcare), 5 mM 
MgCl2 and 100 mM NaCl, RNase inhibitor). To minimize photoblink-
ing and photobleaching, imaging buffer A was supplemented with a 
photostability enhancing and oxygen scavenging cocktail containing 
saturated Trolox (roughly 3 mM) and a PCA (protocatechuic acid)–
PCD (protocatechuate-3,4-dioxygenase) oxygen scavenger system 
composed of PCA (1 mM) and PCD (10 nM)72.

To measure the PKR–RNA binding activity and lifetime, roughly 
1–5 nM PKR-Cy3 in imaging buffer A was injected into the flow cell 
chamber by laminar flow (25 μl min−1) and the PKR–RNA interactions 
were monitored in real time (roughly 23 °C).

To determine the survival lifetime of PKR on single RNA mole-
cule, PKR-Cy3 in imaging buffer A was injected (25 μl min−1) and after 
1 min, imaging buffer A (no PKR) was injected into flow cell chamber 
(300 μl min−1, wash) and PKR survival lifetimes were monitored in real 
time (roughly 23 °C).

To measure the PKR occupancy on single-molecule ds-cRNA, 
imaging buffer B (imaging buffer A without PCA–PCD) was injected into 
flow cell chamber (300 μl min−1) and the photobleaching of PKR-Cy3  
(laser 532 nm, 8 mW) was monitored in real time (roughly 23 °C).

Ribo-minus RNA-seq data analyses
First, RNA-seq datasets were treated via Trimmomatic73 (param-
eters: PE -threads 16 -phred33 TruSeq3PE-2.fa:2:30:10 LEADING:3 
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:30) to remove low qual-
ity bases and adapter sequences at both ends of reads. Next, paired 
reads were individually aligned to recombinant DNA sequences by 
Bowtie (v.0.12.9, parameters: -m 1 -k 1 -v 2 -p 12 -S) to remove reads 
from ribosomal RNAs, and then aligned to the reference genome 
(mouse mm10 and human hg38) with gene annotation (v.M25 of 
mouse and v.30 of human from GENCODE) by HISAT2 (ref. 74) (v.2.1.0, 
parameters: --known-splicesite-infile --no-softclip --rna-strandness  
RF --score-min L,-16,0 --mp 7,7 --rfg 0,7 --rdg 0,7 --max-seeds 20 -k 10  
-t -p 12 -S). Gene expression of mRNAs was calculated by fragments  
per kilobase of transcript per million mapped reads with RSeQC 
(v.4.0.0, default parameters).

The expression of endogenous circRNAs was determined by 
CIRCexplorer3 (ref. 42). Briefly, unmapped reads after HISAT2 align-
ment were realigned to the mouse (mm10)/human (hg38) reference 
genome using TopHat-Fusion75 (v.2.1.0, parameters --fusion-search 
--keep-fasta-order --bowtie1 --no-coverage-search) to identify reads 
from back-splicing junction sites. Then, CIRCexplorer3 (CLEAR) anno-
tated the circRNAs’ locations and expression with the gene annota-
tion. FPBcirc, FPBlinear and CIRCscore were provided to evaluate 
and compare expression level of circRNAs and their cognate linear 
RNAs directly42. For mouse samples with different treatments, we 
calculated the mean of each circRNA in two repeats, then we selected 
721 high-confidence circRNAs whose FPBcirc > 0.3 in D0 samples from 
WT or Pkr−/− mouse. For samples from patients with psoriasis, all cir-
cRNAs were calculated from lesional and nonlesional skin samples of 
one patient.

Classification of the mRNA expression clusters
Gene expression changes that were less than twofold in two repeats of 
same time point were selected to analyze the gene expression pattern. 
The R packages Mfuzz (v.2.50) was used to cluster upregulated genes 
(more than a threefold change) in D1 compared to D0 of WT mouse 
time-series data. The KEGG pathway was enriched by genes in each 
cluster by clusterProfiler (v.4.6.2).

CircSHAPE-MaP data analyses
CircSHAPE-MaP libraries of circRNAs were prepared by the mixed PCR 
production. Each PCR production was added barcode at the 5′ end (Sup-
plementary Table 7). To separate each circRNA in the circSHAPE-MaP 
data, the barcodes were recognized by Cutadapt (v.3.10) with the 
parameter used before8.

After data separation, the circSHAPE-MaP data of each circRNA 
were analyzed by the optimized pipeline CIRCshapemapper v.2  
(ref. 6) (https://github.com/YangLab/circSHAPEmapper). In brief, 
the target circRNA sequence and three circSHAPE-MaP datasets  
(NAI modified, denatured control and DMSO) were input into the pipe-
line. First, a new reference was generated by linking the overlapped 
sequences across the (back-) splicing junction from which came the 
theoretical PCR product of the target circRNA’s circSHAPE-MaP. 
Then the index was built for local alignment by bowtie2 with new 
reference. After alignment, the mapped reads would be removed 
primer sequence and parsed to count mutation and coverage num-
ber of each site. Next, mutations were recounted according the 
original circRNA sequence. Finaly, SHAPE reactivity was normalized 
after calculated with ((ModifiedMutR − UntreatedMutR)/DenaturedMutR).

The secondary structure modeling for circRNAs
The circRNA secondary structure was modeled by RNAfold (v.2.4.2)  
(parameter: -p -d2 --shape = SHAPE profile --shapeMethod =  
D --circ < circRNA.fa) with the SHAPE value generated by the CIRC-
shapemapper v.2.

In silico RNA secondary structures were predicted by RNAfold in 
the ViennaRNA package and drawn with StructureEditor.

The three-dimensional RNA structure modeling and docking 
with PKR
The 3D structure of EPIC was modeled by 3dRNA (v.2.0)76 (http://bio-
phy.hust.edu.cn/3dRNA/) with primary sequences and a modeled 
secondary structure (in the dot-bracket form) of EPIC. PKR struc-
ture was predicted by AlphaFold2 (https://alphafold.ebi.ac.uk/entry/
P19525). The EPIC-PKR docking and 79bp-PKR docking were modeled 
by HDOCK35.

Data analysis of smTIRF imaging
For studies involving RNA-Cy5–biotin and PKR-Cy3 in smTIRF experi-
ments, fluorescent molecules (PKR-Cy3 and RNA-Cy5) in two channels 
were colocalized using a custom written MATLAB script. A 300 ms 
frame rate with 300 ms laser exposure time was used to examine 
PKR on RNA, kymographs were generated along the RNA by a kymo-
graph plug-in in ImageJ ( J. Rietdorf and A. Seitz, EMBL Heidelberg). To 
determine the frequency of PKR on RNA, single-molecule videos were 
recorded for 2 min, Cy3 and Cy5 channels were merged and colocal-
ized molecules with a minimum lifetime of 3 s were counted as bind-
ing events (Nbinding). Following real-time single-molecule recording, 
the number of RNA molecules (NRNA) was determined by Cy5 dots.  
The frequencies of RNA binding by PKR (Fbinding) were calculated:

Fbinding = Nbinding/NRNA

Following the real-time single-molecule recording, the number 
of stable and/or transient binding PKR to single RNA molecules was 
counted (Nstable and Ntransient, respectively). The stable and transient 
fractions (Fstable and Ftransient) were calculated:

Fstable = Nstable/Nbinding;

Ftransient = Ntransient/Nbinding

To plot the survival lifetime of PKR on RNAs, the number of 
PKR-Cy3 at the beginning of each video was set to 1. The beginning of 
wash (injection of imaging buffer A) was set to 0 s, the binding time of a 
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single PKR molecule (Tbinding) was calculated from wash to dissociation 
and quantified in 5-s time bins.

To calculate the PKR-Cy3 photobleaching steps on single EPIC 
molecule, single-molecule videos were recorded for 20 min. Pho-
tobleaching step analysis was performed using the quickPBSA package 
or hidden Markov model32.

Statistical analysis
For the statistical significance and sample size of all graphs, please 
see figure legends and Methods for details. For epidermal thickness 
measurement, means were calculated based on five random site meas-
urements by ImageJ in three different regional images of independent 
biological individuals, respectively.

Display items
The images of mice, syringes and other icons in Figs. 3a and 4a were 
created with BioRender.com.

Materials availability
All unique and/or stable reagents generated in this study are available 
from the lead contact under a material transfer agreement with CEMCS, 
CAS. Requests should be submitted by email to L.-L.C.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available in the paper, 
Source Data and at https://doi.org/10.17632/zfm9kmfghs.2 (ref. 77). 
All sequencing data reported in this paper have been deposited in 
the Gene Expression Omnibus (GEO). High-throughput datasets 
generated in this study are available at GSE248680 (ref. 78), includ-
ing circSHAPE-MaP data (GSE248679) and mouse RNA-seq data 
(IMQ-treated Pkr−/− mouse data, GSE248678; mouse spleens deliv-
ered EPIC-LNPs data, GSE253346); published RNA-seq data of patients 
with psoriasis can be downloaded from GEO under accession number 
GSE121212 (ref. 79). Source data are provided with this paper.

Code availability
This paper does not report original code. Any additional information 
required to reanalyze the data reported in this paper is available from 
the lead contact on request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | EPIC synthesized by optimized strategy preserves  
its characteristics in minimized immunogenicity and folding status.  
(a) Examination of circularization efficiency of two circular RNAs (circPOLR2A, 
336 nt; circmCherry, 1452 nt) using Anabaena tRNALeu-derived PIE with varied 
lengths of extraneous nucleotides. Circularized RNA products are analyzed with 
denaturing PAGE, bands of RNA circles are verified with RNase R and marked with 
blue arrows. Representative results are shown from three replicates. Gels of each 
replicate are processed in parallel. (b) The 27 nt extraneous sequence tend to 
form stem-loop alone at the JS, independent of cargo sequences by predictions 
of in silico and SHAPE-MaP. (c) Ana_PIE_27nt version results in minimal induction 
of inflammatory factors. The same amounts of circular POLR2A (200 ng for each 
sample) with varied lengths of extraneous nucleotides were transfected into 
A549 cells. Relative expression of inflammatory factors after 6 hours transfection 
were examined by RT-qPCR. n = 3 biological repeats. (d) Secondary structures of 

circPOLR2A_Lig and circPOLR2A_J (EPIC). Left, the original and new junction sites 
are indicated in the secondary structure of circPOLR2A_Lig8. Right, the secondary 
structure of circPOLR2A_J (EPIC), in which the 27 nt extraneous sequences forms 
a stable step-loop. The predicted imperfect duplex regions are marked with gray 
and yellow shadows. (e) Human PKR protein purified from E. coli is shown by 
SDS-PAGE and Coomassie Blue staining. (f) The 27 extra nucleotides RNA circle 
doesn’t suppress PKR phosphorylation. Purified PKR (0.6 μM) is activated by 
79 bp dsRNA (0.01 μM) in vitro, which is shown by autoradiography using  
γ-32P-ATP. 0.01 μM of RNA circles are used in the assays. (g) EPIC suppresses 
mouse PKR phosphorylation efficiently. Left, purified mouse PKR protein is 
shown by SDS-PAGE and Coomassie Blue staining. Right, the activation of mPkr 
(0.6 μM) by 79 bp dsRNA (0.01 μM) in vitro, is inhibited by EPIC (0.01 μM). c, f and 
g: n.s., p > 0.05, *p < 0.05, **p < 0.005, ***p < 0.001, two-tailed student’s t test, data 
are shown as mean ± SD.
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Extended Data Fig. 2 | Stable interactions of ds-cRNAs and PKR resolved 
by single molecule imaging. (a) Cy5 and biotin labeling did not alter the EPIC 
conformation in general. SHAPE reactivity of each group was quantified at 
the single nucleotide resolution, and ΔSHAPE was calculated accordingly and 
plotted in absolute values. (b) The binding frequency between PKR and examined 
RNAs by smTIRF. The numbers of RNAs counted in each column with three 
independent replicates: 79 bp dsRNA, n = 265, 108, 157; 33 bp dsRNA, n = 204, 
179, 135; 73 nt hairpin RNA, n = 207, 281, 394; 23 bp duplex RNA, n = 178, 277, 363; 
EPIC, n = 134, 150, 178; circSMARCA5, n = 67, 101, 78. The binding frequency of 
PKR on each RNA: 79 bp dsRNA, 62.9%; 33 bp dsRNA, 37.3%; 73 nt hairpin RNA, 
39.4%; 23 bp duplex RNA, 11.6%; EPIC, 22.4%; circSMARCA5, 1.5%. Data are shown 
as mean ± SD. (c) A similar robust binding between PKR and circCAMSAP1. 

Left, representative kymograph of circCAMSAP1-Cy5 binding with PKR-Cy3 in 
separated and merged channels. Right: quantification of the PKR-Cy3 intensity 
on a single RNA molecule within 120 s. (d) HMM has been applied to analysis 
single-step photobleaching data. Trace line represents raw PKR-Cy3 trajectory 
of one exemplary molecule recorded by smTIRF. Means line represents the 
idealized trajectory determined by HMM. (e) The interaction between EPIC and 
PKR-ΔIDR is similar with WT PKR. Left, the construction of WT PKR and PKR-
ΔIDR. Middle, the binding frequency between EPIC and PKR (or PKR-ΔIDR). The 
numbers of RNAs counted in each column with three independent replicates: 
PKR, n = 287, 201, 350; PKR-ΔIDR, n = 237, 371, 299. Data are shown as mean ± SD. 
Right, the number of PKR-ΔIDR binding on single EPIC is calculated based on the 
step analysis of PKR-ΔIDR-Cy3 photobleaching. n = number of events examined.
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Extended Data Fig. 3 | Chemical probing and docked structure reveal the 
potential binding mode between one EPIC with two PKR molecules. (a) The 
SHAPE signal difference (ΔSHAPE value) of EPIC with or without PKR protein 
in vitro. Top, SHAPE reactivity of each group is quantified. Bottom, ΔSHAPE 
value of EPIC with or without PKR protein in vitro. Yellow shadow indicates the 
nucleotides of 23 bp imperfect dsRNA-region. Regions with significant SHAPE 
augment upon PKR binding are in purple, regions with reduced SHAPE signals 
upon PKR binding are in green and marked by pink shadow. (b) Predicted 
secondary structure of EPIC based on circSHAPE-MaP signals. Of note, EPIC 

contains one imperfect dsRNA region sufficient for PKR binding (yellow shadow, 
23 bp). The heavy pink lines denote the altered NAI accessibility in EPIC upon 
PKR addition. (c) Predicted EPIC structure and the binding with PKR. Top left, 
domains of PKR and the schematic pipeline for docking EPIC on PKR. Bottom left, 
the most possible 3D structure of EPIC predicted by 2D structure with circSHAPE-
MaP signal. Right, the binding modes of 79 bp dsRNA (top) and EPIC (bottom) 
docked with two PKR molecules predicted by AlphaFold2. The 23 bp imperfect 
dsRNA region is labeled in yellow, and the nucleotides with altered SHAPE 
reactivities upon PKR binding are labeled in red.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | CircRNAs are globally degraded at the initial 
inflammation stage in IMQ-induced psoriasis mice model. (a) Phenotypes of 
IMQ-induced psoriasis mice model. Left, representative image of mice showing 
skin inflammation after IMQ treatment on dorsal skin, compared to Vaseline 
treatment or blank control. Right, quantification of the spleen size at indicated 
time points upon IMQ treatment. n = 4 or 5 animals in each group. (b) Increased 
expression of psoriasis-related genes with distinct patterns. Relative expression 
levels of the psoriasis-related genes (mIl17a and mIl23a), mPkr and mIl6 were 
examined by RT-qPCR. The expression is normalized to D0 expression. n = 4 or 5 
animals in each group and mActin is used as an internal control for normalization. 

(c) Activation of RNase L was measured by RT-qPCR combined with RctB ligation. 
(d) Increased epidermis thickness of dorsal skins from IMQ-treated mice. n = 3 
animals in each group. (e) Expression level of 721 HC circRNAs and their cognate 
linear RNAs in IMQ treated mice. The value of each time point is the mean from 
two repeats, and each repeat includes 2 biologically independent animals. 
Data are shown as median and IQR. Wilcoxon rank-sum test, ***p < 0.001. (f) 
Validation of randomly selected circRNAs, their cognate mRNAs and pre-mRNAs 
at indicated time points in IMQ treated mice. Expression of these RNAs were 
examined by RT-qPCR and normalized to mActin. Data are shown as mean ± SD.
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Extended Data Fig. 5 | Enrichment analyses reveal up-regulated pathways in 
the initial stage of psoriasis pathogenesis. (a) Schematic of clustering the fast-
responding inflammatory factors including PKR. 787 DEGs are defined as over 
threefold up-regulation at D1 compared to D0 in two biological repeats. All DEGs 
are performed the KEGG pathway enrichment analysis. (b) The KEGG analyses 
of 151 genes from Cluster 1. (c) A short list of the most enriched genes of Cluster 

1 which belong to the IFNα signaling pathways and the dsRNA-sensors related 
genes. (d)-(h) The enriched KEGG pathways of genes from the other 5 clusters of 
distinct gene expression patterns in IMQ-induced psoriasis mice model. b, d, e, f, 
g, h: all pathways are selected according p.adjust < 0.05 and the pathways related 
to viral or bacterial infection are not shown in Cluster 1.
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Extended Data Fig. 6 | Generation of Pkr-/- mice. (a) Generation of Pkr-/- mice 
by CRISPR/Cas9. Top, the schematic of generating Pkr-/- mice. Bottom left, 
the wiggle track of RNA-seq data of total RNAs collected from WT and Pkr-/- 
mice spleens. Bottom right, WB verification of mPkr loss. (b) The expression 
of circRNAs and their cognate linear RNAs in Pkr-/- mice with IMQ treatment. 
FPBcirc values (top), FPBlinear value (middle) and CIRCscore (bottom) of 721 HC 
circRNAs in each indicated time points, related to Fig. 3c and Extended Data Fig. 4e.  

Each corresponding group is calculated mean from two biological repeats, and 
each repeat with 2 biologically independent animals. Data are shown as median 
and IQR. Wilcoxon rank-sum test, ***p < 0.001. (c) Heatmap of selected categories 
of psoriasis-related gene expression from the IMQ-treated spleens of Pkr-/- and 
paired WT mice. Each repeat includes two biologically independent animals.  
The expression of each gene is scaled by z-score and each category is shown in the 
same scale bar, indicated by intervals.
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Extended Data Fig. 7 | Generation of the in vivo over-expressed human 
circPOLR2A (9,10) mice model (C_OE mice). (a) Schematic of generating C_OE 
mice carrying the circPOLR2A (9,10) constitutive expression cassette.  
(b) NB analysis showed constitutive human circPOLR2A (9, 10) production in all 
examined tissues in the EF1α promoter and CAG promoter driven C_OE mice. 
(c) NB analysis confirmed the expression of human circPOLR2A (9, 10) in the 
liver of EF1α and CAG C_OE mice, respectively. (d) EF1α C_OE mice exhibited 

unobservable abnormalities compared to WT mice, here showing the weight 
analysis of WT and the littermate EF1α C_OE mice from 4 to 60 weeks. Each 
dot represents one individual animal (n ≥ 3) at each examined time point. n.s., 
p > 0.05, two-tailed student’s t test, data are shown as mean ± SD. (e) Generation 
of the in vivo over-expressed human circPOLR2A (9,10) R1 cell lines. (f) Schematic 
of calculating the copy number of human circPOLR2A (9, 10) in C_OE mice, 
relative to OE_C R1 cells in e.
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Extended Data Fig. 8 | In vivo over-expression of the human circPOLR2A (9, 
10) mitigates the IMQ-induced psoriasis pathogenesis. (a) Human circPOLR2A 
(9, 10) dampens the expression of inflammatory factors in IMQ mice. Relative 
expression of representative IFNα signaling pathways in C_OE mice (n = 6), 
compared to WT mice (n = 5) on D1, examined by RT-qPCR. n.s., p > 0.05, *p < 0.05, 
**p < 0.005, two-tailed student’s t test, data are shown as mean ± SD. (b) Human 

circPOLR2A (9, 10) dampens PKR activation in IMQ mice. PKR activation kinetics 
were analyzed in C_OE and WT mice on D2, ActB was used as the internal control. 
(c) RNase L activation on D1 led to reduced circPOLR2A (9,10) in C_OE mice. (d) 
Relative expression levels of the circPOLR2A (9,10) were examined by RT-qPCR in 
IMQ mice. The expression of circPOLR2A (9,10) is normalized to D0 and mActin is 
used as an internal control for normalization.
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Extended Data Fig. 9 | Ds-cRNAs are encapsulated by ionizable LNPs.  
(a) Schematic of a microfluidic mixing preparation of circular RNA-encapsulated 
ionizable-based LNPs. (b) Physicochemical characterization of ds-cRNA-
encapsulated ionizable-based LNPs. The particle size, PDI, Zeta potential and 
encapsulation efficiency of EPIC-LNPs were measured in three replicates. Data 
are shown as mean ± SD. (c) Transmission electron micrographs of EPIC-LNPs. 
(d) Examination of endogenous circRNA expression upon ds-cRNA treatment 

by RNA-seq. Blue dots, quantification of total RNAs from spleens of IMQ mice 
without EPIC-LNPs. Orange triangles, quantification of total RNAs from spleens 
at 24 hrs post i.v. of 150 pmol EPIC-LNPs at D1.5 IMQ mice; of note, EPICs were 
counted by FPBcirc in these samples. Blue triangles, quantification of total 
endogenous RNAs from same samples shown by Orange triangles, but leaving 
out EPICs during calculation by FPBcirc. EPIC-LNPs treatment restored the 
reduced endogenous circRNA almost to the D0 level.
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Extended Data Fig. 10 | Expression of fast-responding inflammatory factors 
is elevated in psoriasis patients and the ds-cRNA treatment is beneficial 
in patient-derived PBMCs. (a) The expression of circRNAs is reduced in 
the lesional skin samples, compared to the non-lesional skin samples. Total 
expression level of circRNAs from lesional and non-lesional skin samples 
derived from 27 psoriasis patients19,20 are analyzed. Top, total FPBcirc values 
of all circRNAs; median, total FPBlinear values of all circRNAs cognate linear 
RNAs; bottom, total CIRCscore values of all circRNAs. Wilcoxon rank-sum test, 

n.s., p > 0.05, ***p < 0.001. (b) Heatmap of the psoriasis-related genes of lesional 
and non-lesional skin in psoriasis patients. The expression level of each gene is 
scaled by z-score and each category is shown in the same scale bar, indicated by 
intervals. (c) EPIC-LNPs suppresses the expression of psoriatic signature genes in 
PBMCs isolated from psoriasis patients. 1 pmol of EPIC was delivered into roughly 
106 cells. Each dot represents one patient sample. n.s., p > 0.05, *p < 0.05, paired 
student’s t test.
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