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a b s t r a c t 

To enable diverse functions and precise regulation, an RNA sequence often folds into complex yet distinct struc- 

tures in different cellular states. Probing RNA in its native environment is essential to uncovering RNA structures 

of biological contexts. However, current methods generally require large amounts of input RNA and are chal- 

lenging for physiologically relevant use. Here, we report smartSHAPE, a new RNA structure probing method that 

requires very low amounts of RNA input due to the largely reduced artefact of probing signals and increased 

efficiency of library construction. Using smartSHAPE, we showcased the profiling of the RNA structure landscape 

of mouse intestinal macrophages upon inflammation, and provided evidence that RNA conformational changes 

regulate immune responses. These results demonstrate that smartSHAPE can greatly expand the scope of RNA 

structure-based investigations in practical biological systems, and also provide a research paradigm for the study 

of post-transcriptional regulation. 
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. Introduction 

Intricate and flexible structures lie at the heart of the function di-

ersity and fine regulation of RNA molecules [ 1–6 ]. Misfolding of RNA

tructures can cause disease by compromising various activities, includ-

ng alternative splicing, translation, RNA modification and editing, and

NA-protein interactions [7] . Methods have been developed to profile

ranscriptome-wide RNA structures ( “RNA structurome ”) by taking ad-

antage of chemical reagents that specifically modify single-stranded

ucleotides. The modifications subsequently interfere with reverse tran-

cription (RT), causing RT stops or mutations that are later detected by

equencing and bioinformatics analyses [ 8–10 ]. Most reagents probe the

atson–Crick face of one or two bases; for example, dimethyl sulfate

DMS) modifies single-stranded cytosines and adenines, glyoxal mod-
∗ Corresponding authors. 
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fies single-stranded guanines, cytosines and adenines, and kethoxal

odifies single-stranded guanines [ 11–16 ]. Selective 2-hydroxyl acyla-

ion analyzed by primer extension (SHAPE) reagents probes the 2’ OH

roup of ribose within single-stranded regions, and therefore reports in-

ormation for all four nucleotides [17] . NAI-N 3 is cell-permeable and

sed for in vivo click SHAPE (icSHAPE), which introduces a biotin via a

lick reaction for signal enrichment [18] . These RNA structurome stud-

es have uncovered distinct structures within functional RNA sites and

ave explored how RNA structure regulates splicing, translation, and

egradation [ 9 , 10 ]. 

Notably, several studies have revealed that an RNA sequence can

dopt different structures in vivo versus in vitro , between different sub-

ellular compartments, and also between different stages of embryogen-

sis [ 11 , 18–20 ]. Indeed, many factors in cells can affect RNA structure,
Q.C. Zhang). 
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ncluding pH, cation concentrations, RNA modifications ( e.g. , methy-

ation, acetylation), and interactions with proteins and/or other RNAs

21] . Therefore, studying RNA structures in their most relevant na-

ive environments is critical for unveiling RNA functions and regula-

ory mechanisms [22] . Nevertheless, current state-of-the-art RNA struc-

ure probing methods typically require a large amount of RNA as input,

hich can limit their practical utility in many tissue samples. For ex-

mple, the construction of the RNA libraries for icSHAPE and Structure-

eq2 requires ∼10 7 cells (which roughly equals to 1 μg RNA yield in

EK293T cells after rRNA removal) [ 18 , 23 ]. 

The immune system is tightly regulated to ensure effective clear-

nce of pathogens and post-transcriptional mechanisms are fundamen-

ally important to the strict temporal control of protein expression of key

ediators of immune responses [ 24 , 25 ]. There are now confirmed ex-

mples of specific RNA structures that directly impact immune response

 26 , 27 ]. For instance, circular RNAs can form duplexes and serve as in-

ibitors of dsRNA-activated protein kinase (PKR), which inhibits innate

mmune response [27] . Another example is Gamma-interferon Activated

nhibitor of Translation element (GAIT) —a well-characterized protein-

irected RNA switch in mammalian cells. Upon switching into a hairpin

onformation, GAIT element structures block translation of the Vegfa

ene in macrophages by promoting recruitment of the GAIT complex

28] . Nevertheless, investigations of RNA structure have been severely

ampered by technical limitations, mainly due to the scarcity of in vivo

mmune cell populations. For example, intestinal immune cells reside

ithin the lamina propria layer beneath the intestinal epithelial surface

nd are essential for maintaining the equilibrium between the immune

esponse and antigen tolerance in the gut [ 29 , 30 ]. With the abundance

n the range of 10 5 cells per mouse, majority of the studies pertaining

ntestinal macrophages center on phenotypical description and in-depth

olecular characterizations have been largely lacking [31] . 

To overcome this obstacle, we developed smartSHAPE (small amount

andom RT icSHAPE), a novel RNA secondary structure probing method

or low amounts of RNA input as little as 1 ng of input RNA (typical

NA yield from10 4 ∼10 5 cells after rRNA removal). Although based on

he same icSHAPE reagent NAI-N 3 , smartSHAPE uses RNase I digestion

o remove artefact probing signals of premature RT stops [32] and com-

ines random RT [33] and on-bead cDNA library construction [34] to

argely reduce the input sample loss caused by multiple purification

teps. SmartSHAPE thus enables in vivo RNA structure analysis with

ery low sample abundance such as rare primary cells, mammalian early

mbryos, as well as patient biopsy specimens. We applied smartSHAPE

o profile the transcriptome-wide RNA secondary structure of intesti-

al macrophages directly isolated from mice infected with enteric bac-

erial pathogens, which, to our knowledge, represented the first at-

empt to analyze the global RNA structure of in vivo immune cells.

e uncovered differences in RNA structure between two populations of

acrophages upon immune challenge, and provided evidence for regu-

ation of immune response by RNA structure. We also discovered novel

argets of Regnase-1-mediated mRNA degradation based on the in vivo

martSHAPE RNA structure data. 

. Material and methods 

.1. Resource availability 

.1.1. Lead contact 

Further information and requests for resources and reagents should

e directed to and will be fulfilled by the Lead Contact, Qiangfeng Cliff

hang (qczhang@tsinghua.edu.cn). 

.1.2. Materials availability 

All plasmids generated in this study are available on request. 
3 
.1.3. Data and software availability 

The smartSHAPE and RNA-seq data are available in the NCBI Gene

xpression Omnibus (GEO) through accession number GSE155961. The

cripts for smartSHAPE data analysis, stem-loop prediction and other

ownstream analysis are available from github ( https://github.com/

ipan6461188/smartSHAPE ). 

.2. Experimental model and subject details 

.2.1. Cell line 

HEK 293T, HeLa, iBMDM and Raw264.7 cells were cultured in

MEM medium with high glucose (Gibco), supplemented with 10% fe-

al bovine serum (FBS) and 1% Penicillin-Streptomycin. Primary murine

MDMs were obtained as previously described [35] and maintained in

MEM supplemented with 10% FBS and 10% L929 cell supernatant as

onditioned medium providing macrophage colony stimulating factor. 

.2.2. Mice 

C57BL/6J male mice (6-8 weeks) were purchased from Charles

iver. All animal experiments were performed with the approval of the

nstitutional Animal Care and Use Committee of Tsinghua University. 

.3. Method details 

.3.1. smartSHAPE library preparation 

NAI-N 3 modification and RNA preparation. RNAs were modified in vivo

y NAI-N 3 as described previously [18] . Briefly, cells were rinsed and

craped in 1 × PBS at room temperature. Cells were then pelleted and

esuspended in 450 μl of 1 × PBS. The cell suspension was mixed with

0 μl of 1 M NAI-N 3 for treated group or 50 μl of DMSO for nontreated

roup. Reactions were incubated at 37 °C for 5 min with rotation and ter-

inated by centrifugation at 4 °C at 2500 g for 1 min. Cells were lysed

ith 500 μl of Trizol (Invitrogen) and total RNA was isolated by iso-

ropanol precipitation. Ribosomal RNAs were removed either by poly-A

election (Ambion) or RiboErase (KAPA). Purified RNA samples were in-

ubated with 1 μl of RiboLock and 2 μl of 185 mM DIBO-biotin at 37 °C

t 1000 rpm for 2 h in a Thermomixer (Eppendorf). Biotinylated RNA

amples were purified with Zymo RNA Clean & Concentrator-5 column

nd eluted by 8.5 μl RNase free water. 

Reverse transcription, enrichment and 3’ ligation. Each RNA sample

8.5 μl) was mixed with 3.5 μl of random reverse transcription (RT)

rimer mix (50 μM 5’-NNNNNN-3’, 50 μM 5’-NNWNNWNN-3’ and 6

M 5’-TTTTTTTTTVN-3’) and 3 μl of 5 × First Strand Buffer. Samples

ere heated to 85 °C for 5 min and then cooled slowly to 4 °C (0.1 °C

er s) for primer annealing and weak fragmentation. To annealed sam-

les, 0.75 μl of RiboLock, 1 μl of 100 mM dithiothreitol (DTT), 1 μl of

 × First Strand Buffer and 1.25 μl of SuperScript III (Life Technolo-

ies) were added for random RT. cDNA extension occurred for 2 min

t 4 °C, 3 min at 15 °C, 10 min at 25 °C, 45 min at 42 °C and 25 min

t 50 °C. RT products were directly digested by adding 5 μl of RNase

 (Thermo Fisher Scientific), 3 μl of 10 × TNF buffer (100 mM Tris-

Cl (pH 7.5), 1 M NaCl, and 10 mM EDTA) and 2 μl RNase free wa-

er. The samples were mixed and incubated at 37 °C for 30 min. Sam-

les should be kept no higher than 37 °C after cDNA extension to avoid

enaturation. 

Modified RNA-cDNA hybrids were enriched with streptavidin beads.

yOne C1 beads (Invitrogen) (20 μl per sample) were prepared by wash-

ng three times with 1 ml beads binding buffer (100 mM Tris-HCl pH 7.0,

 M NaCl, 10 mM EDTA) and resuspending in 10 μl of beads binding

uffer. RNase I digestion products were mixed with pre-washed beads

nd incubated with rotation at room temperature for 45 min. Beads were

hen washed five times with 500 μl of wash buffer (100 mM Tris-HCl

H 7.0, 4 M NaCl, 10 mM EDTA and 0.2% Tween 20) and two times

ith 500 μl of 1 × PBS, and resuspended with 40 μl RNase free wa-

er. cDNAs were eluted by adding 5 μl of 1 M NaOH and incubating at

0 °C for 15 min in a Thermomixer at 1000 rpm to fully digest RNAs.

https://github.com/lipan6461188/smartSHAPE
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amples were immediately placed on a magnet, and the cDNA elution

as moved to a new tube and neutralized by adding 5 μl of 1 M HCl.

he elution was then purified by Zymo DNA Clean & Concentrator-5

olumn. DMSO groups were directly incubated with NaOH and puri-

ed after RNase I digestion without bead enrichment. Purified samples

10 μl) were mixed with 1 μl of FastAP (1 U, Thermo Fisher Scientific),

 μl of 10 × CircLigase II (Epicentre) and 1.5 μl of MnCl 2 , and incubated

or 10 min at 37 °C and 2 min at 95 °C for end repair in order to avoid

ntra-molecular circularization. Ligation mix containing 12 μl of 50%

EG-4000 (Sigma), 1.5 μl of CircLigase II (Epicentre) and 1 μl of 10 μM

’ biotinylated adaptor (Table S4) was added to end repair products and

ixed by vortexing intensely. The reaction was incubated at 60 °C for

 h and cooled down to 4 °C. 

On-bead synthesis of second strand. Ligation products were immobi-

ized by streptavidin beads for subsequent on-bead reactions. MyOne

1 beads (Invitrogen) (20 μl per sample) were prepared by washing

wice with 500 μl of binding buffer (10 mM Tris-HCl pH 8.0, 1 M NaCl,

 mM EDTA, 0.05% Tween 20, 0.5% SDS) and resuspending in 250 μl of

inding buffer. The ligation products were heated at 95 °C for 2 min and

ooled on ice for at least 1 min. Denatured samples were incubated with

re-washed beads at room temperature for 20 min with rotation. Beads

ere then washed once with 200 μl of wash buffer A (10 mM Tris-HCl

H 8.0, 100 mM NaCl, 1 mM EDTA, 0.05% Tween 20, 0.5% SDS) and

nce with 200 μl of wash buffer B (10 mM Tris-HCl pH 8.0, 100 mM

aCl, 1 mM EDTA, 0.05% Tween). 

Beads were resuspended with 47 μl of master mix consisted of 40.5 μl

 2 O, 5 μl of 10 × Isothermal amplification buffer (NEB), 0.5 μl of 25 mM

NTP (Thermo Fisher Scientific) and 1 μl of 100 μM extension primer

Table S4). The mixture was incubated for 2 min at 65 °C in a Ther-

omixer at 1000 rpm, chilled on ice for 1 min and transferred to pre-

ooled 15 °C Thermomixer. Each sample was added with 3 μl of Bst 2.0

NA polymerase (NEB) and incubated from 15 to 37 °C (1 °C per min)

nd held at 37 °C for 5 min in a Thermomixer at 1500 rpm (mix for

5 s per min). After extension, the beads were washed once with 200 μl

f wash buffer A and once with 50 μl of stringency wash buffer (0.1 ×
SC buffer, 0.1% SDS) at 55 °C for 3 min in a Thermomixer at 1500 rpm

mix for 15 s per min) and once with 200 μl of wash buffer B. Beads were

esuspended with 100 μl of master mix consisted of 86.1 μl H 2 O, 10 μl

f 1 × Tango buffer (Thermo Fisher Scientific), 2.5 μl of 1% Tween 20,

.4 μl of 25 mM dNTP and 1 μl of T4 DNA polymerase (Thermo Fisher

cientific) for blunt-end repair. The reaction was incubated for 15 min

t 25 °C in a Thermomixer at 1500 rpm (mix for 15 s per min). Beads

ere washed three times as described above. 

5’ adaptor ligation and amplification. Beads were resuspended with

8 μl of master mix consisted of 73.5 μl H 2 O, 10 μl of 10 × T4 DNA lig-

se buffer (Thermo Fisher Scientific), 10 μl of 50% PEG-4000 (Thermo

isher Scientific), 2.5 μl of 1% Tween 20 and 2 μl of 100 μM double

tranded adaptor (DSA) (Table S4). DSA was annealed by heating the

ixture consisted of 9.5 μl of TE buffer (10 mM Tris-HCl pH 8.0, 1 mM

DTA), 0.5 μl of 5 M NaCl and 40 μl of 500 μM two oligos with comple-

entary sequences for 10 s at 95 °C and cooling to 14 °C slowly (0.1 °C

er s). The ligation reaction was incubated for 1 h at 25 °C in a Ther-

omixer at 1500 rpm (mix for 15 s per min) after adding 2 μl of T4 DNA

igase (10 U, Thermo Fisher Scientific). Beads were washed three times

s described above followed by resuspension in 25 μl of elution buffer

10 mM Tris-HCl pH 8.0, 0.05% Tween 20). The samples were eluted

y incubation at 95 °C for 1 min and the supernatant was immediately

ollected for amplification. Samples were amplified in a 40 μl qPCR re-

ction (12 μl of elution, 20 μl of 2 × Phusion HF Master Mix, 0.75 μl

f 10 μM P7 index primer (Table S4), 0.75 μl of 10 μM P5 primer (Ta-

le S4), 0.4 μl of 25 × SYBR Gold, 6.1 μl H 2 O). The qPCR machine was

rogrammed as follows: 98 °C for 1 min, 98 °C for 15 s, 65 °C for 30 s,

2 °C for 45 s. After qPCR amplification, samples were performed size

election ( > 150 bp) by running 6% native PAGE gel. smartSHAPE li-

rary was paired-end sequenced by Illumina HiSeq X Ten (read length,

E150) after quantification with Qubit dsDNA HS Assay Kit (Invitro-
4 
en). However, Single-end sequencing is also enough to obtain RT stops

ignal. 

.3.2. Computational pipeline for smartSHAPE score calculation 

The smartSHAPE sequencing data was processed using icSHAPE-

ipe [36] . Since that the 5’ adaptor lacks 5 nucleotides compared to

he standard sequencing primer, we only used read mate 1 for calcu-

ation. The processing steps were as follows: (1) The 3’ adaptor was

emoved by Cutadapt [37] ; (2) PCR duplicates were discarded by col-

apsing the reads with identical sequences; (3) The first 10 nt bar-

odes were removed using Trimmomatic [38] ; (4) Clean reads were

rst mapped to human or mouse rRNA sequences with Bowtie2 [39] ;

5) The un-mapped reads were then mapped to the human (hg38)

r mouse (mm10) genome using STAR [40] ; (6) Sam files were con-

erted into .tab files using icSHAPE-pipe sam2tab ; (7) The smartSHAPE

core was calculated using icSHAPE-pipe calcSHAPENoCont with param-

ter -N NAI_rep1.tab, NAI_rep2.tab -size chrNameLength.txt -out reac-

ivity.gTab -ijf sjdbList.fromGTF.out.tab. The sjdbList.fromGTF.out.tab

nd chrNameLength.txt files were generated by STAR during genome

ndex generation. 

Basically, icSHAPE-pipe calculated genome-wide smartSHAPE scores

ased on sliding window scheme with default window size 200 nt and

tep size 5 nt, which skipped noncoding regions and concatenated ex-

ns when defining windows. Only nearby nucleotides were considered

uring normalization and winsorization to avoid bias caused by uneven

overage in each transcript. RT stop count of each site was plussed one

hen 5’ end of a read mapped to adjacent site ( + 1 position). RT stop

ounts were normalized within each window and 90% Winsorization

as performed to get smartSHAPE structure scores ranging from 0 to 1.

he final smartSHAPE score of each base was the average score of all

indows containing the base. The smartSHAPE scores were defined as

ULL if the coverage is lower than 100, which means failure to probe

he structure at these sites. 

.3.3. Evaluation of removal of m 

1 A caused RT stop by RNase I digestion 

Biotinylated total RNAs of HEK293T modified with NAI-N 3 were

ixed with 3.5 ul of specific RT primer and 3 μl of 5 × First Strand

uffer. The mixture was heated to 65 °C for 5 min and cooled on ice

or 2 min. The annealed samples were mixed with 0.75 μl of RiboLock,

 μl of 100 mM DTT, 1 μl of 5 × First Strand Buffer and 1.25 μl of

uperScript III (Life Technologies) and incubated at 55 °C for 30 min.

he RT products were divided into 5 parts, where one group omitted

oth RNase I digestion and bead enrichment and one group directly per-

ormed bead enrichment. Other groups were incubated with 10 μl, 5 μl

r 2.5 μl of RNase I, respectively in 30 μl reaction system and performed

ead enrichment. Finally, all samples were incubated with NaOH for

lution of cDNAs as described above, purified with Zymo DNA Clean &

oncentrator-5 column and separated by 7 M urea PAGE. RNA oligos

ith or without m 

1 A were purchased from IDT. 

.3.4. Ligation efficiency comparision under on beads and in solution 

onditions 

A 98-nt single-stranded DNA strand was ligated to a 3’ biotinylated

dapter by CircLigase II (Epicentre). Ligated products were purified with

ymo spin-columns and annealed with extension primer by heating the

ixture for 3 min 95 °C and cooling to 11 °C slowly (0.1 °C per s).

hen annealed products were treated with T4 DNA polymerase (Thermo

isher Scientific) to form blunt ends by incubation at 11 °C for 20 min.

he blunt-end products were purified by 1% agarose gel and divide into

wo equal parts. One for ligation in solution and the other for on-bead

igation. 

For ligation in solution, 5’ adapter was first added to reaction mix

ith T4 DNA ligase and incubated for 1 h 22 °C. Ligation products were

hen incubated with 5 μl pre-washed streptavidin beads (Invitrogen) for

0 min at room temperature. Beads were washed twice with 200 μl 1x

&W buffer (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl) and once



M. Piao, P. Li, X. Zeng et al. Fundamental Research 2 (2022) 2–13 

w  

E  

(

 

5  

r  

p  

w  

w

 

a  

p  

t  

v  

f  

P  

w  

p  

p  

r

2

 

t  

a  

a  

s  

c  

i  

e  

u

 

f  

b  

q  

d

 

w  

s  

r

2

 

w  

q  

[  

T  

a  

a  

∼  

a  

s  

s  

t  

q  

f  

d  

n  

s  

[  

H  

t  

h  

a

2

 

C

C  

C  

f  

g  

t  

1  

e  

c  

a  

(  

1  

d  

7  

l  

w  

i

2

 

p  

g  

g  

(  

l  

R

2

 

s  

(  

t  

p  

t  

a  

R  

w  

v  

l

2

 

L  

l  

b  

K  

t  

B  

b  

d  

H  

C  

u  

[  

[

2

 

1  

g  

(  

a  

t  
ith 200 μl wash buffer B (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM

DTA, 0.05% Tween 20), then resuspended with 10 μl Elution Buffer

Qiagen). 

For on-bead ligation, the blunt-end products were incubated with

 μl pre-washed streptavidin beads for 10 min at room temperature with

otation. Beads were washed once with 200 μl 1xB&W buffer and sus-

ended with ligation mix, incubated for 1 h 22 °C. After ligation, beads

ere washed once with 200 μl 1x B&W buffer and once with 200 μl

ash buffer B, then resuspended with 10 μl Elution Buffer. 

Ligation product on beads were eluted by incubation at 95 °C 2 min

nd the supernatants were immediately collected for amplification. Sam-

les were amplified in a 20 μl qPCR reaction. To avoid overamplifica-

ion, real-time qPCR is used to monitor the progress of each library indi-

idually. The qPCR was programmed as follows: 98 °C for 1 min, (98 °C

or 15 s, 65 °C for 30 s, 72 °C for 45 s) x20 cycles. After amplification, the

CR products were purified with Zymo spin-column and 1/4 products

ere loaded into the 6% native PAGE gel (160 V 25 min). The expected

roduct is the 228 bp band (Target 1), while there is a 130 bp band

roduced by a 3’ biotinylated adapter directly ligated with a 5’ adapter

ather than the 98-nt ssDNA (Target 2). 

.3.5. RNA structure analysis 

The receiver operating characteristic (ROC) curve is generated with

he python package sklearn [41] . Briefly, given a secondary structure

nd a list of smartSHAPE scores (0-1), single-stranded bases are regarded

s positive samples and double-stranded bases are regarded as negative

amples. The false positive rate (FPR) and true positive rate (TPR) were

alculated by taking a cutoff of smartSHAPE scores to separate all bases

nto positive samples and negative samples. The ROC curve was gen-

rating by gradually adjusting this cutoff from 0 to 1. AUC is the area

nder the ROC curve. 

RNA structure difference analysis. At first, we compared the overall dif-

erence of smartSHAPE scores between Ly6C 

hi and Ly6C 

lo macrophages

y calculating the absolute difference within 5-nt sliding windows. The

uantile 95% difference is 0.336. Then we defined those windows with

ifference more than 0.336 as different regions. 

RNA structure modeling. The RNA secondary structure was modeled

ith the Fold program in RNAstructure package [42] . The smartSHAPE

cores were used as constraints, with the default slope and intercept pa-

ameters. 

.3.6. Pipeline for predicting YRY stem-loops based on smartSHAPE data 

We first selected transcripts which have at least 150 nucleotides

ith smartSHAPE score in 3’ UTR. Secondary structure of 3’ UTR se-

uences were predicted by the Fold program in RNAstructure package

42] in a sliding window fashion (window size = 200, step size = 100).

he smartSHAPE scores were used as constraints, with the default slope

nd intercept parameters. Next, we screened for stem-loop elements that

gree with Reg1-binding structure motif (stem size > 5 bp, loop size = 3

6 nt) and contain YRY (R: Purine, Y: Pyrimidine) sequence motif

t the loop region. Structure_consistent score was calculated for each

tem-loop element according to the agreement between smartSHAPE

core and predicted RNA structure model. In addition, we searched

he homologous sequences of candidate stem loops by multiple se-

uence alignment in other 25 species (cattle, chicken, chimpanzee, dog,

rog, macaque, rat, zebrafish, alpaca, baboon, bonobo, brown kiwi, cat,

olphin, ferret, garter snake, golden eagle, green monkey, marmoset,

aked mole rat, opossum, platypus, rabbit, sheep and human). The tran-

criptome references of other species were downloaded from Ensembl

43] and the homologous genes were determined according to the table

OM_AllOrganism.rpt from Mouse Genome Informatics [44] . Finally,

he stem-loops were selected, which (1) have structure_consistent score

igher than 0.9 or (2) have structure_consistent score higher than 0.65

nd are conserved in at least 3 different species. 
5 
.3.7. C. rodentium infection and colonic macrophage isolation 

C. rodentium were grown overnight in LB broth with shaking at 37 °C.

57BL/6J male mice (6-8 weeks) were infected with 200 μl of 2 × 10 9 

FUs C. rodentium by oral gavage and sacrificed at day 5 post infection.

olons were collected and placed in ice-cold calcium- and magnesium-

ree Hank’s balanced salt solution (HBSS). The colons were cut open lon-

itudinally and cut into 1.5 cm pieces. The colon tissues were incubated

wice in HBSS containing 10 mM HEPES, 10 mM EDTA (Promega) and

 mM dithiothreitol (DTT, Fermentas) for 20 min at 37 °C to remove

pithelial cells and mucus. Next, the tissues were washed with HBSS

ontaining 10 mM HEPES and digested in RPMI 1640 (with calcium

nd magnesium) containing 5% heat-inactivated fetal bovine serum

FBS), 1 mg/ml Collagenase Ⅳ (Sigma), 1 mg/ml Dispase (Roche) and

00 μg/ml DNase Ⅰ (Sigma) for 75 min at 37 °C with slow rotation. The

igested tissues were homogenized by vigorous shaking, passed through

0 μm cell strainer and resuspended in 40% Percoll (GE health care) so-

ution, prior to gradient density centrifugation at 2500 rpm for 20 min

ithout brake at room temperature. And red blood cells were lysed us-

ng ACK lysing buffer. 

.3.8. Luciferase assay 

HeLa cells were transfected with luciferase reporter plasmid

siCHECK-2 (Promega) containing the stem-loop sequence of indicated

enes, together with expression plasmid pcDNA3.1/myc-His(-) (Invitro-

en) for Regnase-1 or empty plasmid (control) using JetPrime reagents

Polyplus Transfection). After 24 h of cultivation, cells were lysed, and

uciferase activity in lysates was determined with the Dual-Luciferase

eporter Assay system (Promega). 

.3.9. Generation of Reg1-/- iBMDM 

Two Zc3h12a sgRNAs (Table S4) targeting the fourth exon and

ixth exon respectively were designed by the CRISPR Design Tool

 http://crispr.mit.edu/ ). Gene-specific sgRNA oligos were cloned into

he lentiCRISPR_v2 vector (Addgene, cat. No. 52961), for bicistronic ex-

ression of sgRNA and Cas9 nuclease. HEK293T cells were transiently

ransfected with lentiviral vector plasmids together with both pPAX2

nd pMD2 packaging plasmids using Lipofectamine® 2000 Transfection

eagent (Invitrogen), and culture supernatants containing retroviruses

ere collected 48 h after transfection. iBMDMs were infected by retro-

iruses and mAmtrine + single cell clones were sorted by FACSAria 4

aser (BD). Gene silencing efficiency was determined by immunoblot. 

.3.10. RNA-seq and data analysis 

Reg1 knockout and wild-type iBMDMs were treated with 100 ng/mL

PS (Escherichia coli O111:B4, Sigma-Aldrich) for 0 h or 3 h before col-

ection. Total RNAs were isolated by Trizol and rRNAs were removed

y RiboErase (Kapa Biosystems). RNA-Seq libraries were generated with

APA RNA HyperPrep kit (Kapa Biosystems) according to the manufac-

urer’s instructions. Prior to sequencing, libraries were analyzed by 2100

ioAnalyzer High Sensitivity DNA kit for quality control and size distri-

ution analysis. Quantification of libraries was performed using Qubit

sDNA HS Assay Kit (Invitrogen). Paired-end sequencing was run on the

iSeq X Ten (Illumina). For data analysis, raw reads were trimmed by

utadapt [37] and mapped to mouse rRNA by Bowtie2 [39] . Remaining

n-mapped reads were re-mapped to mouse genome (mm10) by STAR

40] . Gene counts and expression difference were analyzed by DESeq2

45] . 

.3.11. Flow cytometry 

Fluorescence-conjugated mAb against CD45 (30-F11), IAb (AF6-

20.1), Ly6C (HK1.4), CD64 (X54-5/7.1) were purchased from BioLe-

end. Fluorescence-conjugated mAb against CD11b (M1/70) and CD11c

N418) were purchased from eBioscience. Fluorescence-conjugated mAb

gainst SiglecF (E50-2440) was purchased from BD Bioscience. All an-

ibodies were used in 1:400 dilutions in 2 × 10 6 cells per 50 𝜇l except

http://crispr.mit.edu/
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Fig. 1. Schematic of smartSHAPE for low-input in vivo RNA structure probing. Single-stranded ribonucleotides are modified with NAI-N 3 in vivo , which is 

followed by total RNA isolation, rRNA removal, and a click reaction. cDNAs are then generated by random reverse transcription (RT) with SuperScript III; an RNase 

I digestion is then performed to remove premature RT stops, followed by enrichment with streptavidin beads. After elution, the cDNAs are ligated to a 3’ adapter 

modified with biotin by CircLigase II, and the ligated products are captured using streptavidin beads. Subsequently, on-bead second strand synthesis is performed 

and T4 DNA Ligase is used to add 5’ adapters. The ligated library is then eluted from the beads, amplified, and sequenced. smartSHAPE scores are then calculated 

using icSHAPE-pipe as previously described with modifications (see Material and methods and Fig. S1). 
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D64 (used in 1:200 dilution). Staining of surface molecules with flu-

rescently labeled antibodies was performed on ice for 30 min in the

ark. For isolation of colonic macrophages, Ly6C 

+ and Ly6C 

− popu-

ations were gated by CD45 + SiglecF − CD11b + CD11c int MHCII + CD64 + .

eg1 − / − and Reg1 + / + iBMDM cell lines were stimulated with 100 ng/ml

PS (Escherichia coli O111:B4, Sigma-Aldrich) for 0 h or 6 h before

taining. Flow cytometry analysis was performed on FACSFortessa (BD

iosciences) flow cytometer and FACSAria4 laser (BD Biosciences), and

ata were analyzed by FlowJo software (Tree Star). 

.4. Quantification and statistical analysis 

Statistical details of each experiment are provided in the figure leg-

nds including sample size, the P value, what statistical analysis methods

ere used and what error bars mean. 

. Results 

.1. Development of a new low-input structure probing 

ethod-smartSHAPE 

In icSHAPE [18] , NAI-N 3 was used to modify RNAs in vivo in

ingle-stranded regions. The RNAs were then fragmented, ligated to a

 ′ adapter, and converted into double-stranded DNA libraries by re-

erse transcription, circular ligation, and amplification [18] . Notably,

cSHAPE library construction employs multiple steps of gel size selec-

ion and column purification steps, which lead to RNA sample loss, mak-

ng it difficult or impossible to analyze samples with a small amount of

nput RNA. Even with a high recovery rate of 80% and 50% for col-

mn and gel purification, respectively, we typically obtained only a 5%

ield after the seven column purification steps and two gel size selection

teps. 

Seeking to minimize loss of input material, we developed

martSHAPE, which combines random-primed reverse transcription,

Nase I digestion, on-beads reactions, and single-stranded DNA library

onstruction ( Fig. 1 . Material and methods). A mixture of random

rimers and anchored oligo(dT) 9 was used to attain unbiased cover-

ge by reverse transcription. Harsh RNA fragmentation by Zn 2 + was re-

laced with weak fragmentation by Mg 2 + coupled with random primer

nnealing to further reduce RNA degradation (Fig. S1a). We obtained a

uch higher yield after fragmentation by Mg 2 + compared to by Zn 2 + .

fter random-primed reverse transcription, the RNA-cDNA hybrids were

ubjected to RNase I digestion to remove premature RT stops (see be-

ow), and valid biotin-labeled hybrids were enriched using streptavidin
6 
eads. Hybrids were then denatured and the cDNA was eluted and pu-

ified. 

Single-stranded DNA library construction was performed with most

teps on-beads and in a single test tube, thereby minimizing purification

teps and material loss. Briefly, biotinylated adapters were ligated to the

’ end of cDNA fragments by CircLigase or T4 DNA ligase, enabling their

mmobilization with streptavidin beads (Fig. S1b and c. Material and

ethods). A random nucleotide was added to the 5’ end of the adaptor

o avoid ligation bias. We observed a ligation efficiency of over 50%

or both CircLigase and T4 DNA ligase for ligation with short adapters

r long adapters containing a molecular barcode. We designed experi-

ents to compare the ligation efficiency on beads with that in solution

Fig. S1d) and observed similar ligation efficiencies under two condi-

ions (Fig. S1e). In total, the smartSHAPE method includes only two

olumn purification and no gel size selection steps before library ampli-

cation. Thus, smartSHAPE not only decreases the amount of input RNA

equired from about 1 μg to as low as 1 ng (about 1000-fold reduction

n input RNA requirement), but also shortens the processing time from

 days to 2 days. The mapping ratios are similar for smartSHAPE and

cSHAPE libraries [19] (Table S1). 

.2. RNase I digestion to remove artifact signals of premature RT stops 

NAI-N 3 in icSHAPE and smartSHAPE modifies single-stranded nu-

leotides and causes reverse transcription (RT) stops. However, reverse

ranscriptase also stops at some endogenous modifications like m 

1 A

46] , local structures like G-quadruplexes [ 47 , 48 ], or simply unmod-

fied sites by chance. These premature RT-stops will cause false posi-

ive signals in the calculation of structure scores. In smartSHAPE, we

sed RNase I digestion followed by streptavidin-bead enrichment to re-

ove premature RT stops ( Fig. 2 a). RNase I specifically cleaves single-

tranded RNA but not RNA bound by cDNA, thus this digestion on the

NA-cDNA reverse transcription intermediates will release unlabeled

NA-cDNA hybrids from biotin-labeled RNA fragments, which can then

e depleted in the following enrichment step. Therefore, in theory, all

f the RT events captured in the smartSHAPE library should correspond

o a true modification of the probing agent, and the DMSO groups could

e omitted to further save input materials, labors, and sequencing cost.

To verify that RNase I digestion steps work as expected to remove

roducts of premature RT stops, we designed RT primers upstream

f a known m 

1 A modification site within human ribosomal RNA 28S

 Fig. 2 b) [49] . We treated HEK293T cells with NAI-N 3 , isolated RNA,

nd performed Click-iT biotinylation followed by reverse transcription

Material and methods). For samples without RNase I treatment, we ob-



M. Piao, P. Li, X. Zeng et al. Fundamental Research 2 (2022) 2–13 

Fig. 2. RNase I digestion of smartSHAPE substantially reduced artefact RNA structure probing signals caused by premature RT stops. (a) Schematic showing 

how the RNase I digestion removes structure probing signals of premature RT stops when combined with streptavidin beads enrichment. (b) Structure model of 28S 

rRNA near a known m 

1 A modification at 1478. (c) Urea PAGE analysis of RT products of NAI-N 3 -modified 28S rRNA followed by streptavidin bead enrichment with 

or without RNase I digestion. The primers targeted a sequence upstream of the known m 

1 A modification. The template here was total RNA isolated from HEK293T 

cells modified in vivo with NAI-N 3 . (d) Normalized RT values of the HEK293T DMSO and NAI-N 3 groups at known m 

1 A and m 

3 U modification sites. (e) 18S rRNA 

structure model with nucleotides colored by smartSHAPE/icSHAPE scores in HEK293T cells. (f) ROC curve of 18S rRNA smartSHAPE/icSHAPE scores, evaluated on 

accessible nucleotides calculated from crystal structures. See also Fig. S2. 
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S  
erved a strong premature stop of RT product corresponding to the m 

1 A

ite, in addition to the full length cDNA, after streptavidin bead enrich-

ent ( Fig. 2 c). Importantly, RNase I treatment followed by streptavidin

ead enrichment eliminated this m 

1 A-site-related premature stop of RT

roducts. We repeated this analysis with a synthetic RNA oligo con-

aining an m 

1 A modification and observed a similar elimination of RT

roducts arising from premature stops at the m 

1 A site (Fig. S2a and b).

To further assess the removal of premature RT stops in smartSHAPE

equencing data, we constructed libraries from HEK293T cells treated

ith NAI-N 3 and with DMSO (Fig. S2c. Material and methods). To iden-

ify premature stop signals, we omitted the RNA-cDNA hybrid strep-

avidin bead enrichment step during the construction of the DMSO li-

raries. We uncovered premature RT stop signals that corresponded to

nown endogenous m 

1 A modification sites [50] ( Fig. 2 d). Importantly,

hese strong RT stop signals were largely reduced in the NAI-N 3 libraries.

ote that we observed few differences in the mean number of RT stops

etween NAI-N 3 and DMSO libraries for all the other modification sites

51] which do not induce RT stops ( e.g. , Am and Um) [52] , indicating

hat the RNase I digestion step specially removed premature RT stop

ignals (Fig. S2d). At the whole transcriptome level, the signals arising

rom premature stops were substantially reduced in NAI-N 3 libraries

ompared to the DMSO libraries not treated with RNase I (Fig. S2e). 

Accordingly, we developed a new analysis pipeline for the calcu-

ation of smartSHAPE scores representing RNA structure of each nu-

leotide only based on NAI-N 3 libraries (Material and methods). Similar

o the icSHAPE score, a smartSHAPE score negatively correlates with

he likelihood of secondary structure, providing a measure of the pair-

ng probability of each nucleotide. Briefly, smartSHAPE score was calcu-
7 
ated by normalization and winsorization of RT stop counts in a sliding

indow fashion across all exons and the scores for bases with coverage

ower than 100 were defined as NULL (default window size = 200 nt,

tep size = 5 nt). We assessed the performance of the new pipeline with

uman ribosomal RNA 18S with a valid structure model from the com-

arative RNA web (CRW) database (Material and methods) [53] . By

lotting a receiver operating characteristic (ROC) curve, we observed a

etter performance of our smartSHAPE scores calculated with the new

ipeline compared to the published icSHAPE data ( Fig. 2 e and f) [ 54 ].

ote that the smartSHAPE scores are also superior to the RNA struc-

ure reactivity scores calculated using the old icSHAPE pipeline based

n the new NAI-N 3 libraries and the DMSO libraries as a control (Fig.

2f and g). Together these results support that the inclusion of the RNase

 digestion and streptavidin bead enrichment markedly reduces artifact

remature RT stop signals, making the DMSO libraries no longer neces-

ary as a control. 

.3. SmartSHAPE accurately probes RNA structures with low amounts of 

nput RNA 

To evaluate the performance of smartSHAPE with different amounts

f input RNA, we profiled transcriptome-wide RNA secondary structures

n HEK293T cells by constructing smartSHAPE libraries with 1 ng, 5 ng,

5 ng, and 125 ng RNA amounts (after rRNA removal). All smartSHAPE

ibraries showed good reproducibility, both between libraries with dif-

erent input amounts (see an example track in Fig. 3 a and overall statis-

ics in Fig. S3a) and between replicates of the same input amount (Fig.

3b). A transcript was defined as “high-coverage ” of structure probing
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Fig. 3. smartSHAPE achieved high RNA structure-probing coverage and accuracy with low RNA input amount. (a) Normalized RT values of RPS16 gene for 

different RNA inputs of smartSHAPE or icSHAPE libraries in HEK293T cells. (b) Number of transcripts with high structure-probing coverage for smartSHAPE (or 

icSHAPE) libraries of different RNA input amount, under different sequencing depths. The highest sequencing depths are the real depths; reads were down-sampled 

for analysis of library complexity and structure coverage. Transcripts with high structure-probing coverage were defined as transcripts for which more than 80% 

nucleotides passed a coverage cutoff. The pie chart illustrates the RNA structurome composition for high coverage. (c) Number of reads corresponding to each 

processing step. Duplicates and reads shorter than 25 nucleotides were removed prior to mapping. (d) ROC curve of 18S rRNA and 28S rRNA smartSHAPE (or 

icSHAPE) scores with different RNA input amounts, using accessible nucleotides calculated from crystal structure. (e) Conserved structure model of XBP1 mRNA 

with nucleotides colored by smartSHAPE (or icSHAPE) structure score with different RNA input amounts. See also Fig. S3 and Table S1. 

i  

T  

s  

c  

t  

s  

s  

i

 

d  

t  

s  

i  

l  

c  

b  

t  

s  

t  

S  

i  

h  

c  

a

 

l  

c  

r  

w  

w  

w  

t  
f more than 80% of its nucleotides obtained a valid smartSHAPE score.

he libraries generated from 5 ng, 25 ng, and 125 ng RNA as input

uccessfully probed the secondary structure of more than 12,000 high-

overage transcripts at 250 million sequencing depth with over 75% of

he transcripts were mRNAs and lncRNAs ( Fig. 3 b). SmartSHAPE thus

howed much improved structure probing coverage over icSHAPE at the

ame sequencing depth on these libraries, without the additional RNA

nput and sequencing cost of the DMSO libraries ( Fig. 3 b). 

To assess the complexity of each library of different sequencing

epth, we randomly sampled the same number of reads from the to-

al raw sequencing data of each library (Table S1), and calculated

martSHAPE scores accordingly. The 5 ng, 25 ng, and 125 ng RNA

nput libraries showed little evidence of saturation, even at 250 mil-

ion sequencing depth as the number of high-coverage transcripts in-

reased rapidly along with sampled reads. In addition, these three li-

raries probed similar number of transcripts and showed a similar frac-
8 
ion of transcripts with average RT stop counts higher than 2 under the

ame sequencing depth, indicating that 5 ng of input RNA is sufficient

o construct a smartSHAPE library of great complexity ( Figs. 3 b and

3c). Finally, although we did detect some degree of reduced complex-

ty for the 1 ng RNA input library, we still obtained more than 9000

igh-coverage transcripts at 250 million sequencing read depth, a level

omparable to icSHAPE at the same sequencing depth (which requires

bout 500 ng RNA input). 

We further compared the fractions of usable sequencing reads in each

ibrary. Both icSHAPE and smartSHAPE used a random sequence bar-

ode adjacent to the 3’ adapter to mark for PCR duplicates. Both the

eads of PCR duplicates and those too short to map or mapped to rRNAs

ere not useful for the calculation of smartSHAPE/icSHAPE scores and

ere discarded. The remaining reads (those mapped to the genome)

ere defined as usable reads. We observed that over 60% of the to-

al sequencing reads were usable in the 5 ng, 25 ng, and 125 ng li-



M. Piao, P. Li, X. Zeng et al. Fundamental Research 2 (2022) 2–13 

b  

f  

w  

a

 

a  

s  

A  

w  

a  

m  

t  

i  

l

 

s  

fi  

t  

p  

A  

t  

p  

h  

i  

w  

(  

o  

i  

i  

g  

S

 

s  

t  

v  

b  

o

3

s

 

e  

s  

c  

t  

p  

r  

i  

o  

d  

f  

r  

m

m  

o

a  

f  

R  

a  

[  

A  

t

 

s  

d  

s  

t

(  

t  

l  

N  

t  

r  

i  

l  

s

3

o

 

e  

i  

o  

t  

R  

m  

e  

t  

o  

s

 

t  

c  

t  

t  

d  

c  

d  

a  

R  

s  

fi  

c  

d  

1  

L

 

I  

(  

R  

s  

o  

s  

w  

(  

t  

R  

a

 

R  

(  

i  

1  

l  

I  

c  

R  

g  

l  

w  
raries, versus only about 40% reads in the icSHAPE libraries generated

rom 500 ng RNA input ( Fig. 3 c). Nevertheless, only about 20% of reads

ere usable in the 1 ng libraries, suggesting a lower limit of RNA input

mount for smartSHAPE performance ( Fig. 3 c). 

To assess the accuracy of smartSHAPE, we plotted ROC curves for the

ccessible bases of 18S and 28S rRNAs using the calculated smartSHAPE

cores. All libraries with different amounts of input RNA showed similar

UC over 0.8 for 18S and over 0.7 for 28S, indicating good concordance

ith their respective published structure models ( Fig. 3 d) [55] . We also

ssessed smartSHAPE scores with known structure elements in the hu-

an XBP1 transcripts [56] . Indeed, we observed good concordance with

heir respective structure models from a previous study [56] , compar-

ng favorably with icSHAPE, at both the loop and the stem regions in all

ibraries ( Fig. 3 e). 

We also examined additional quality control parameters for

martSHAPE libraries. Similar to previous findings, the meta-gene pro-

le of smartSHAPE data revealed the anticipated structural openings at

ranslation initiation and termination sites, as well as the 3-nucleotide

eriodicity in CDS regions (Fig. S3d) [ 12 , 57 ]. smartSHAPE scores at

 and U nucleotides are higher than at C and G nucleotides due to

he generally weaker hydrogen bonding of AU compared to CG base

airs (Fig. S3e). Regions of m 

6 A methylation [58] showed significantly

igher smartSHAPE scores compared to background regions contain-

ng the same “GGACU ” motif in the smartSHAPE data, which agrees

ell with the observation that m 

6 A regions tend to be single-stranded

Fig. S3f) [ 18 , 59 ]. The Gini index has been used to quantify the extent

f double-stranded RNA structure in a transcript, with a higher Gini

ndex indicating more double-stranded RNA structures [11] . The Gini

ndex values of mRNAs and lncRNAs were lower than that of pseudo-

enes, miRNAs and snoRNAs, consistent with previous findings (Fig.

3g) [ 18 , 60 , 61 ]. 

In summary, smartSHAPE can accurately and reliably probe RNA

tructures with different amounts of input RNA while only requiring a

iny fraction of the RNA input amount needed by other state-of-the-art in

ivo RNA structural profiling methods. Accordingly, smartSHAPE should

e highly suitable for many biomedical applications where acquisition

f extensive sample materials is challenging or impractical. 

.4. Structure probing of intestinal macrophage transcriptomes by 

martSHAPE 

To identify new post-transcriptional regulatory RNA structural el-

ments in immune cells amid immune responses in vivo , we used

martSHAPE to probe RNA secondary structure transcriptome-wide in

olonic macrophages isolated from mice infected with Citrobacter roden-

ium ( Figs. 4 a and S4a). Note that with only 50,000 colonic macrophages

er mouse (which corresponds to about 250 pg RNA yield after rRNA

emoval), it is practically impossible to probe the RNA structures us-

ng current methods. Upon enteric infection, at least two populations

f colonic macrophage are present in the lamina propria, Ly6C 

lo resi-

ent macrophages and Ly6C 

hi pro-inflammatory macrophages derived

rom circulating monocytes [ 62 , 63 ]. To explore the potential differential

egulatory impacts of RNA structure in resident and pro-inflammatory

acrophages, we performed smartSHAPE for both Ly6C 

lo and Ly6C 

hi 

acrophages using 6 mice for each library construction. We obtained

ver 3000 and over 2000 high-coverage transcripts for mouse Ly6C 

lo 

nd Ly6C 

hi macrophages, respectively ( Fig. 4 b). The smartSHAPE scores

or the previously characterized structures of Xbp1 transcript and SRP

NA showed good agreement with known structure models [ 56 , 64 ]

nd notably had much higher AUCs compared to icSHAPE scores

54] ( Figs. 4 c and S4b). Over a set of 60 RNAs with known structures,

UCs of the smartSHAPE scores were generally significantly higher than

hose of icSHAPE analysis, indicating high data quality (Fig. S4c). 

We next evaluated differences in RNA structure between the tran-

criptomes of the two macrophage subsets based on a sliding win-

ow scheme (Material and methods). Briefly, we calculated the mean
9 
martSHAPE score difference of each 5-nt sliding window and defined

he top 5% of windows with highest difference as “difference regions ”

Fig. S4d). We found that 5’ UTRs were structurally more stable between

he two macrophage subsets than were CDS regions or 3’ UTRs, while

ncRNAs and mRNAs were more flexible compared to pseudogenes, miR-

As and snoRNAs ( Figs. 4 d and S4e). Gene ontology (GO) analysis of

he top 25% of protein-coding RNAs with the highest ratio of difference

egions revealed an enrichment for terms related to immune response,

ncluding defense response, inflammatory response, and regulation of

eukocyte activation ( Fig. 4 e). Together, these results suggest that RNA

tructure is involved in immune response regulation. 

.5. Prediction of new functional YRY stem-loops targeted by Reg1 based 

n smartSHAPE data of colonic macrophages 

Some cytokine transcripts such as the mouse Il6 contain a stem-loop

lement with a YRY (R: Purine, Y: Pyrimidine) motif at the loop region

n their 3’ UTRs. This structural element regulates the downregulation

f mRNAs, specifically by recruiting a ribonuclease, Regnase-1 (Reg1),

o degrade translationally active mRNAs during immune responses [65] .

eg1 is an important negative regulator in immune cells and Reg1 KO

ice are lethal before 12 weeks of age due to severe autoimmune dis-

ase [65] . Seeking to globally evaluate the role(s) of RNA structure in

he post-transcriptional regulation of immune responses, we focused

n the discovery and validation of new targets of Reg1 based on our

martSHAPE data. 

We developed a pipeline to identify all potential YRY stem-loops in

he transcriptome based on our structure data ( Fig. 5 a). Briefly, we first

onstructed secondary structure models of these 3’ UTRs using RNAstruc-

ure [42] with smartSHAPE scores as constraints, and then selected struc-

ure elements consistent with the structure motif of YRY stem-loops. We

efined a structure_consistent score to assess each stem-loop element ac-

ording to its agreement with both the smartSHAPE score and the pre-

icted structure motifs (Material and methods). Finally, an element with

 structure_consistent score higher than 0.9 was predicted as a target of

eg1. As some YRY stem-loops tend to be conserved, elements with a

tructure_consistent score between 0.65 and 0.9 were also included in the

nal prediction results if they are conserved in multiple species. We suc-

essfully identified two published stem-loop elements in Ptgs2 and Rel ,

emonstrating the robustness of the pipeline ( Fig. 5 b) [ 66–68 ]. In total,

,414 and 930 potential YRY stem-loops were predicted for Ly6C 

lo and

y6C 

hi macrophages, respectively (Table S2). 

We selected seven potential Reg1 targets ( Reg1, Nfkbid, Ccl4, Cd47,

nsig1, Sema4b , and Brd4 ) for validation using luciferase reporter assays

 Fig. 5 c). We expressed the YRY stem-loop reporters, with or without

eg1 overexpression, in HeLa cells ( Fig. 5 d). All seven candidate YRY

tem-loop elements suppressed the luciferase activity in the presence

f Reg1. Moreover, mutations that disrupted the stem in the Reg1 YRY

tem-loop (M1, M2) reduced or eliminated Reg1-mediated degradation,

hereas mutations that restored the structure rescued the degradation

M12, Fig. 5 e). These structure-rescue experiments clearly demonstrated

hat the stem structure but not the underlying sequence is important for

eg1-dependent degradation and suggest that these seven transcripts

re Reg1 targets. 

To functionally validate the predicted Reg1 targets, we constructed

eg1 knockout (KO) immortalized bone marrow derived macrophages

iBMDMs) using CRISPR/Cas9 (Fig. S5a). We performed RNA sequenc-

ng of Reg1 KO and wild-type iBMDMs, with or without exposure to

00 ng/ml LPS for 3 h. Genes with bona fide Reg1-targeted YRY stem-

oop elements would be expected to be up-regulated in the Reg1 KO cells.

n total, we uncovered 3,127 genes that were upregulated in Reg1 KO

ompared to wild-type iBMDMs upon LPS treatment, including known

eg1 targets such as Il6, Rel and Ptgs2 (Fig. S5b, c and Table S3). Indeed,

enes containing a predicted YRY stem-loop tended to be more upregu-

ated in Reg1 KO cells, in terms of both the number genes (413 vs. 192

hen using RNA structural data from Ly6C 

lo macrophage and 273 vs.
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Fig. 4. In vivo RNA structure probing of mouse primary colonic macrophages by smartSHAPE. (a) Schematic of mouse macrophage isolation and structure 

probing. Mice were first infected with C. rodentium by oral gavage and were sacrificed for colon tissue collection at 5 days post infection. After colon tissue digestion, 

Ly6C lo and Ly6C hi macrophages were isolated via FACS and were then modified by NAI-N 3 in vivo for structure probing by smartSHAPE. (b) The number of transcripts 

with high structure-probing coverage in mouse colonic Ly6C lo and Ly6C hi macrophages. The pie chart illustrates the structurome composition of the transcripts with 

high structure-probing coverage. (c) Conserved structure element in Xbp1 with nucleotides colored by smartSHAPE structure score of Ly6C lo and Ly6C hi macrophages 

in the smartSHAPE libraries or the mES icSHAPE library. (d) Distribution of the ratios of high difference windows for different regions of mRNA and different species 

of RNA. (e) Gene ontology (GO) analysis of top 25% genes with high difference window ratio. The bar chart shows the top GO terms ranked by FDR (binomial test). 

See also Fig. S4. 
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33 using RNA structural data from Ly6C 

hi macrophage. Figs. S5b and

), and also the fold change of expression ( Figs. 5 f and S5d). This in-

ludes some previously unknown Reg1 targets of well-studied immune-

elated genes ( e.g., Cd47 and Ccl4 ). Although much fewer genes were

ignificantly upregulated in Reg1 KO compared to wild-type iBMDMs

ithout LPS stimulation (Figs. S5e, f and Table S3), again genes con-

aining a predicted YRY stem-loop were much more strongly upregu-

ated compared to those without a YRY stem-loop (Fig. S5g and h). 

. Discussion 

We here reported our development and initial application of

martSHAPE, an efficient, accurate, and robust method for studying

ranscriptome-wide in vivo RNA secondary structure that requires very

ow amounts of RNA as input. Our method integrates random reverse

ranscription, RNase I digestion, and on-beads library construction to in-

rease efficiency of library construction and to generate accurate RNA

tructure data. We demonstrated that smartSHAPE successfully removes
10 
rtefact signals of premature RT stops by RNase I digestion followed by

ead enrichment, and achieves superior accuracy over icSHAPE even

ithout DMSO groups as control. With this new powerful tool, we gen-

rated the first transcriptome-wide RNA structure maps of mammalian

rimary immune cells. We discovered substantial structural differences

etween resident and proinflammatory mouse colonic macrophages,

hich are enriched in immune response related genes. 

Despite the known role of RNA structural elements in post-

ranscriptional regulation, high throughput methods to systematically

nvestigate their prevalence in physiological conditions have been lack-

ng. Here we leveraged on our transcriptome-wide RNA structural data

n macrophages and developed a computational method to successfully

redict new targets of Reg1 that contain YRY stem-loops. 

Given its minimal requirements for RNA input material, it is

ery promising that smartSHAPE can be applied to investigate the

idespread roles of RNA structure in potentially many additional biolog-

cal contexts. For example, maternal RNA degradation is critical for early

evelopment [69] and several studies have reported that RNA structure
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Fig. 5. RNA structure-based prediction and validation of new structural elements in primary colonic macrophages. (a) Workflow of predicting functional 

YRY stem-loops that mediate mRNA degradation by Reg1. (b, c) Structure models of known (b) and predicted (c) YRY stem-loop region with nucleotides colored 

by smartSHAPE scores in the Ly6C lo library. (d, e) Validation of predicted YRY stem-loops by luciferase assay. Bars show relative Renilla luciferase activity first 

normalized to firefly luciferase activity and then normalized to luciferase activity of original reporter plasmid without insertion sequence ( n = 3). HeLa cells were 

co-transfected with (i) reporter plasmids containing the indicated 3’ UTR sequences of different genes after the reporter gene and (ii) Reg1 expressing or control 

plasmids. For (e), schematic representation of mutations at the predicted YRY stem-loop on the Reg1 3’ UTR. Mutations on either arm perturb the stem-loop structure, 

while those on both arms rescue the structure, reflecting re-establishment of the secondary structure as a result of base-pairing. ( n = 3). (f) Cumulative distribution 

of expression fold changes between Reg1 knockout and wild-type cells treated with 100 ng/ml LPS for 3h for genes with or without predicted YRY stem-loops based 

on Ly6C lo macrophage structure data. Mean ± s.d. (d, e) ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001, ∗ ∗ ∗ ∗ P < 0.0001. The P value was calculated by unpaired Student’s 

t -test (d, e) or Kolmogorov-Smirnov test (f). See also Fig. S5, Tables S2 and S3. 
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lays a regulatory role in maternal RNA degradation during zebrafish

arly embryogenesis [ 20 , 70 ]. The RNA structurome in mammalian early

mbryos has not yet been studied due to the limiting amount of sample,

ut can now be approached by smartSHAPE. Dysregulation of RBP bind-

ng is known to be involved in the development and progression of many

ancers [71] . SmartSHAPE may provide a viable means to study these

ysregulations from an RNA structure perspective using rare biopsy sam-

les from the clinic. Additionally, when used in combination with en-

ichment ( e.g ., by antisense oligos or protein antibodies), smartSHAPE

s expected to facilitate the discovery and functional validation of RNA

tructure-based regulations for RNAs expressed at low levels (like many

ncRNAs), RNA species in stress granules, and RNA fractions bound by

BPs. 

Although smartSHAPE could provide a method to probe global RNA

econdary structure with an ultra-low input, there are nevertheless some

imitations. First, like other SHAPE-like methods, the reagents to mea-

ure RNA structure depend on the accessibility of the 2’ hydroxyl group

f a nucleotide, which is not only influenced by RNA structure, but also
11 
ntermolecular protein-RNA or other ligand-RNA interactions [72] . As a

esult, a high smartSHAPE score only represent a high probability that

he position is single-stranded. Second, smartSHAPE, as a transcriptome-

ide RNA structural probing method, can accurately probe the struc-

ures of high abundant RNAs, however, by using random priming, it

s difficult to examine the structures of very low abundance RNA. Ap-

roaches that use gene-specific primers to target certain transcripts may

llow the enrichment and analysis of low abundance RNA secondary

tructures [72] . 
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