
Nucleic Acids Research , 2026, 54 , gkaf1539 
https://doi.org/10.1093/nar/gkaf1539 
Nucleic Acid Therapeutics 

Staufen dsRNA-binding domain as modules to design 

bifunctional antibodies for siRNA delivery 

Y ahui Liu 

†, Y an Zheng 

†, Ruolin Xu, Yanan Quan, Wanyi Tai * 

Department of Pharmaceutical Engineering, School of Pharmaceutical Sciences, Wuhan University, Wuhan, Hubei 430071, China 
∗To whom correspondence should be addressed. Email: wanyi-tai@whu.edu.cn 
†The first two authors should be regarded as Joint First Authors. 

Abstract 

Antibody–small interfering RNA (siRNA) conjugates present an opportunity to expand the siRNA therap y to e xtrahepatic tissues. Ho w e v er, their 
in v estigation is no w only confined to a limited number of targets, partially owing to some flaws in str uct ures. Here, we described a modular 
design of bifunctional antibody that tethers siRNA without conjugation, yielding a diligent one-to-one antibody–siRNA pairing str uct ure feasible 
for target expansion, charge masking, and further functionalization. Focusing on a noncationic siRNA-recruiting module, Staufen1 dsRBD34, we 
demonstrated that bifunctional antibodies recruit siRNA independent of base modification and enable target gene silencing on multiple cell types 
at a stoichiometry (1/1). Notably, by functionalizing siRNA terminus with small-molecule enhancers, the silencing potency of this pairing system 

can be augmented b y se v en times (IC 50 from 200 to 28 nM) through the endosome-to-cytosol import. Affinity maturation by arginine scanning 
yields the 32 times higher affinity of dsRBD34 to siRNA, but the augment led to neither stronger silencing nor higher st abilit y in mouse plasma 
as compared to p19 protein. The competition from sulfated GAGs in circulations can alter the pharmacokinetics of pairs and prevent a practical 
assessment of their potential in vivo . Altogether, bifunctional antibodies here possess notable properties, but ultrahigh-affinity dsRNA-binding 
domain is necessary to realize applications. 
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ntroduction 

ntibodies and small interfering RNAs (siRNAs) are two
lasses of biologics that have high therapeutic values in the
linic owing to their precise targeting ability. Antibody–siRNA
onjugates (ARCs), which combine two biologics through co-
alent linkages, are now emerging as a novel modality and
how promising potential to knock down disease genes be-
ond the liver [ 1 ]. Avidity Biosciences company develops its
RC pipeline Del-desiran (AOC1001) to treat Myotonic Dys-

rophy Type 1, which has entered the Phase III clinical trial
NCT06411288) in 2024. Several other ARC pipelines are
lso stepping into the preclinical or early clinical phases [ 2 ].
espite the remarkable advancement in recent years, the de-

elopment of ARCs remains conceptually complex and chal-
enging because of the following reasons: (i) The current struc-
ures of ARCs lack the endosomal disrupting component, thus
onfining their targets to only a few antigens such as TfR1
transferrin receptor 1), CD22, etc., otherwise noneffective
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in messenger RNA (mRNA) silencing [ 3 –5 ]. (ii) SiRNAs are
more difficult to conjugate with antibodies than chemical tox-
ins because of the payload large size and polyanionic na-
ture. The reported ARCs mostly have a drug-to-antibody ratio
(DAR) of only ∼1, which marks a big drop from antibody–
drug conjugates (ADCs) that typically have DAR values ∼4
(even 8 or more) [ 6 , 7 ]. (iii) Appending of siRNAs on an-
tibodies alters the surface charge distribution and induces
a rapid clearance of ARCs from systemic circulation. (iv)
The linker chemistry is restricted. SiRNA is chemically sen-
sitive and intolerant to many organic reactions, making the
linker-payload synthesis challenging. ARCs generally utilize
very simple linkers such as noncleavable SMCC or disul-
fide SPDB, whose response to microenvironments is poorer
than the new-generation ValCit-PAB or GGFG tetrapeptidyl-
aminomethoxy linkers [ 8 ]. Taking all of these limitations into
account, new antibody–siRNA systems might be explored to
expand the applicability of siRNA for extrahepatic delivery. 
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An attractive alternative is the delivery of siRNAs by an-
tibodies through noncovalent conjugation. This approach
omits the conjugation process, which not only simplifies the
synthesis steps but also endows with benefits like charge mask-
ing and endosomal disruption advantages. Due to these ap-
pealing benefits, the noncovalent antibody–siRNA complex
has been investigated very early by scientists, and is even
more popular than the covalent ARC strategy at the begin-
ning. Song et al. reported an antibody–protamine fusion pro-
tein to deliver siRNA by coupling antibody and siRNA via
charge interactions between protamine and siRNA [ 9 –12 ].
Similarly, Shankar group and Scott group independently re-
placed the protamine with a less immunogenic (D-arginine) 9
peptide and delivered siRNA to relevant cell types [ 13 , 14 ]. As
were reported, all these systems rely on cationic components
to condense siRNA and achieve the noncovalent conjugation.
Despite the high siRNA loading (DAR ≥ 5) and endosome-
disrupting activity [ 14 , 15 ], the generation of antibody–siRNA
complex by this method relies on nonspecific electrostatic in-
teraction and often results in heterogeneous aggregates or
nanoparticlization [ 16 , 17 ], which affects the selectivity, sta-
bility , clearance, toxicity , and efficacy in vivo . Overall, this
approach represents a proof-of-concept test on the noncova-
lent conjugation, but significant improvements are required to
meet the rigorous demands of clinical trials and manufactur-
ing practices (GMP compliance). 

The learning from the decades-long development of ADCs
tells us that a diligent conjugate design, including defined
structure, precise DAR value, and stable conjugation, is of high
importance for developing drug candidates of clinical success
[ 18 ]. As for the noncovalent antibody–siRNA approach, it re-
quires at least the antibody to recognize and bear siRNAs in-
dependently of charges. Toward establishing a diligent nonco-
valent conjugate, we set out to assess the possibility of dsRNA-
binding domains (dsRBDs) as antibody modules for siRNA
packing and delivery. DsRBDs are a group of small protein do-
mains found in at least 30 dsRNA-binding proteins (dsRBPs)
of human cells and work in synergy with dsRNAs (includ-
ing siRNAs) for biological manipulation [ 19 ]. They typically
contain 65–70 amino acids (aa) and adopt an αβββα fold
that recognizes the grooves of A-form dsRNAs in a shape-
dependent rather than sequence-specific manner [ 20 ]. This
feature is well suited to siRNAs of any target, just like the
cationic condensation of any siRNA sequences by spermine
and (D-arginine) 9 peptides, but distinct from their patterns of
electrostatic complexation. DsRBDs have been reported previ-
ously for siRNA delivery, but these prior designs were all sup-
plemented with cell-penetrating peptides or protein transduc-
tion domains for a proof-of-concept demo, which are cationic
and lack clinical relevance [ 21 –23 ]. In this work, we selected
Staufen1 (Stau1) dsRBD34 from seven human dsRBPs as
the siRNA recruiter based on its superior affinity, selectiv-
ity , stability , and releasability . The Stau1 dsRBD34 is modu-
larly constructed into bifunctional antibodies and paired with
siRNAs for target-specific delivery. We demonstrated that it
can silence genes in multiple types of tumor cells by free up-
take (without cationic assistance), especially effectively when
siRNA was functionalized by small-molecule (SM) enhancers.
The knockdown effect of antibody–siRNA pairs is highly de-
pendent on the stoichiometry, free-uptake time, and siRNA
stability, but not affected by the antibody target changes and
module affinity improvement to siRNA. Overall, our study
represents an example of noncovalent ARCs distinct from
other antibody–siRNA systems reported so far. Our data im- 
plied that this one-to-one pairing mode is promising and may 
open up new perspectives for antibody–siRNA delivery. 

Materials and methods 

Cell lines 

NCI-N87, SK-OV-3, MDA-MB-453, MCF-7, NCI-H929,
A431, and K562 cell lines were maintained in Roswell Park 

Memorial Institute (RPMI) 1640 medium supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

at 37 

◦C in 5% CO 2 . HEK 293F cells were a kind gift from Dr
F. Long (Wuhan University, China) and maintained in Union- 
293 expression medium with shaking at a speed of 110 rpm 

at 37 

◦C in 5% CO 2 . RPMI 1640 medium, FBS, and other cell 
culture supplementary reagents were purchased from Procell,
Inc. (Wuhan, China). Union-293 expression medium was pur- 
chased from Union-Biotech (Shanghai, China). 

SiRNA and its chem score calculation 

The siRNA sequences were obtained from reports [ 4 ,
24 ]. The anti-Pten siRNA sequences are as follows: sense,
AA GA UGA UGUUUGAAA CUA UU; antisense, AA UA GU- 
UUC AAAC AUCUUGU. The anti-PPIB siRNA sequences 
are as follows: sense, A CA GCAAA UUCCA UCGUGUTT; 
antisense, A CA CGA UGGAA UUUGCUGUTT. The anti- 
Fluc siRNA control (siCtrl) sequences are as follows: 
sense, CUUA CGCUGA GUA CUUCGA TT ; antisense, UC- 
GAA GUA CUCA GCGUAA GTT. To conjugate siRNA on 

biosensors, with sulfo-Cy7 dye or SMs, the 5 

′ terminus of 
sense strand was modified by amino-C6 and supplied by the 
vendor (Biosyntech). The base modification includes 2 

′ -OMe,
2 

′ -F, 2 

′ -H (DNA), ( S )GNA, and phosphorothioate. The chem 

score of siRNAs was calculated by counting the modification 

sites in the sequence. The chemotypes could be the routine Alt 
OMe, ESC, Adv ESC, and ESC + , which were detailed in the 
figures and supplementary figures. All the modified siRNA 

was characterized by ESI-MS. The siRNA strands (200 or 40 

μM each) were annealed at sense/antisense molar ratio = 1/1 

in the nuclease-free duplex buffer (30 mM HEPES, 100 mM 

potassium acetate, pH 7.5) to obtain a duplex stock (100 or 
20 μM) according to the IDTDNA’s protocol. Absence of free 
single strand was examined by the native polyacrylamide gel 
electrophoresis comprising 20% acrylamide (sodium dodecyl 
sulfate free). Both the double and single strands could be 
visualized by GelRed staining. 

DsRBD protein expression and purification 

The dsRBDs of RNA helicase A (RHA; NP_001348.2), nu- 
clear factor 90 (NF90; NP_001131145.1), trans-activation 

response RNA-binding protein 2 (TRBP2; NP_004169.3),
Stau1 (NP_001032405.1), adenosine deaminase acting on 

RNA (ADAR; NP_001102.3), protein activator of the 
interferon-induced protein kinase (PACT; NP_001132989.1),
and protein kinase R (PKR; NP_001129123.1) were back 

translated into complementary DNA (cDNA; all sequences 
are available in supplementary information) and synthesized 

by GenScript (Nanjing, China). The cDNAs were cloned into 

pET-28a( + ) vector. The plasmids were transformed into Es- 
c heric hia coli Rosetta 2(DE3) cells (Millipore, USA). Single 
clone was picked and grown in Luria-Bertani medium at 37 

◦C 

until OD 600 reached at 0.6–0.8. Isopropyl β- d -thiogalactoside 
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as added to the medium at a final concentration of 1 mM.
he temperature of incubator was adjusted to 22 

◦C. The cul-
ure was shaken for another 12 h, then harvested and re-
uspended in lysis buffer (20 mM Tris–HCl, 1 M NaCl, pH
.2). After French press cell lysis, the soluble lysate was iso-
ated by centrifugation at 10 000 × g for 10 min. The his

6 tagged protein was purified from the supernatant by Ni
ffinity chromatography, followed by the ion exchange chro-
atography equipped with HiScreen SP HP column (Cytiva,
atalog 28950515). The ion exchange purification was per-

ormed by a gradient elution (0%–100%) of phase A (50 mM
ES, pH 6.0) and phase B (50 mM MES, 1M NaCl, pH 6.0),
ith an elution volume of 30 ml (rate 1 ml/min). The purified
sRBDs were exchanged to phosphate buffered saline (PBS)
y Sephadex G-25 desalting column. All proteins were ex-
mined by sodium dodecyl sulphate–polyacrylamide gel elec-
rophoresis (SDS–PAGE) and size exclusion chromatography
SEC) and measured at A260/A280 to ensure the absence of
ugitive bacterial RNAs [ 25 ]. SEC characterization of all anti-
odies is available in Supplementary Fig. S1 . The samples with
260/A280 ratio 0.5–0.7 were accepted for further investiga-

ion. 

iolayer interferometry assay 

iolayer interferometry assay (BLI) was performed at 30 

◦C us-
ng a ForteBio Octet Red96 biosensor system (ForteBio, Ger-
any) with amine reactive second-generation (AR2G) biosen-

ors. The C6-amine modified siRNA (5 

′ end of sense strand)
as loaded onto the biosensors at a concentration of 1 μM ac-

ording to the biosensor’s loading and quenching protocol. Af-
er 3-min wash with PBS to get a smooth baseline, the biosen-
ors were dipped into wells containing various concentrations
f proteins (0.5–100 nM in PBS) for 180 s, and followed by a
20-s dissociation in PBS. The siRNA immobilized biosensors
an be regenerated for next cycles by washing with glycine re-
eneration buffer (10 mM glycine–HCl, pH 1.5) for 120 s.
he data were analyzed by the ForteBio Data Analysis 11.1
oftware with a standard 1:1 binding model. 

lectrophoretic mobility shift assay 

he dsRBDs were incubated with sulfo Cy7-siRNA (2 pmol)
or 10 min (dsRBD/siRNA molar ratio of 2:1) at room tem-
erature for complex assembly. The complex was then supple-
ented with the different sera or competitors for 5 min. The
nal serum concentration could be 30% or 80% of mouse,
ovine, and human sera. The competitors tested in the study

nclude total cellular RNA (10–100 ng/ μl), single-stranded
NA (ssRNA; 100 ng/ μl), single-stranded DNA (ssDNA; 100
g/ μl), double-stranded DNA (dsDNA; 100 ng/ μl), bovine
erum albumin (BSA; 1 mg/ml), and heparin (10 ng/ μl). The
inding stability of dsRBDs with siRNA was verified by elec-
rophoresis in 0.5% agarose gel (100 V, 10 min). 

ntibody expression and purification 

he bifunctional antibody was constructed using the knob-
nto-hole technology [ 26 , 27 ], which renders a typical hole
Y349C, T366S, L368A, Y407V, and F405K) chain and
nob (S354C, T366W, and K409A) chains bearing the Stau1
sRBDs at N-terminus (all sequences are available in supple-
entary information). The cDNA encoding the chains was

loned into an antibody expression vector pTrioz-hIgG1. The
lasmid was then amplified and purified from Top10 strain
by Promega Plasmid Maxiprep Kit for transient antibody ex-
pression. For transfection, HEK 293F cells were suspended at
a density of 1.5 × 10 

6 cells/ml in fresh Union-293 media. To
100 ml of suspension cells, separate dilutions of 125 μg plas-
mid and 400 μg PEI MAX (Polysciences, Catalog 24765) in
5 ml Opti-MEM, were mixed, incubated at 37 

◦C for 5 min,
and added. The transfected culture was returned to the in-
cubator (110 rpm, 37 

◦C, and 5% CO 2 ). Twenty hours later,
the culture was supplemented with sodium butyrate (a final
concentration: 10 mM) and glucose (a final concentration:
50 mM). Five days after transfection, the culture was spin
down. The supernatant was collected, and the antibody was
purified from it by a protein A column (1 ml, Bestchrom) ac-
cording to the manufacturer’s protocol. The protein A elution
buffer is 100 mM arginine–HCl, pH 3.0. The bifunctional an-
tibody was further purified by ion exchange chromatography
equipped with HiScreen SP HP (Cytiva, Catalog 28950515)
column to remove nonspecific bands. The mobile phase com-
position changes phase A–B (50 mM bicine, pH 8.3) with gra-
dient increase of B (50 mM bicine, 1M NaCl, pH 8.3) from
0% to 100% (v/v). The final antibody samples were measured
by the BCA assay and stored at 10 mg/ml in 10% glycerol
buffer in PBS for further investigation. 

Antibody–siRNA pairing and conjugation 

The bifunctional antibody and siRNA were paired at a molar
ratio of 1/1 otherwise noted (4/1, 3/1, 2/1, and 0.5/1 in the sto-
ichiometry experiment). The complex (10 μM of siRNA and
antibody) was paired in the PBS buffer at room temperature
for 5 min, which is sufficient to form stable pair for next inves-
tigation. The presence of minimal amount of glycerol ( < 10%,
from the antibody stock) has neglectable effect on the pairing.
The formation of antibody–siRNA pair (ratio 1/1) was char-
acterized by electrophoretic mobility shift assay (EMSA) and
SEC chromatography ( Supplementary Fig. S2 ). The pair was
directly used for in vitro cell and animal studies without fur-
ther purification due to its noncovalent nature. Minimal free
siRNA or antibody could coexist but should be < 10% in pro-
portion. 

The DAR1 species of ARC was obtained according to our
previous report [ 28 ]. Briefly, a trastuzumab thiomab was ex-
pressed and purified as described earlier. After activation of
thiomab using a typical reduction/oxidization procedure, an-
tibody (10 mg) and a maleimide-functionalized siRNA were
mixed at molar ratio 1/1.2 and incubated at room temperature
for 2 h. Then, the DAR1 species was purified from the reaction
by a HiScreen Q HP column (Cytiva, Catalog 28950511). The
purified ARC-DAR1 was exchanged to PBS by Sephadex G-
25 desalting column, and used directly for animal study. The
covalent antibody–siRNA pair was synthesized by a similar
method to ARC, but the antibody was changed to the mut4
tras bifunctional antibody plus a free cysteine at site 209 (se-
quence is available in supplementary information). 

Zeta potential analysis 

For zeta potential measurements, the antibody samples (1
mg/ml in PBS, pH 7.4) were diluted 10 times in MilliQ water,
and 700 μl of diluted sample was loaded in a disposable folded
capillary cuvette (DTS1070, Malvern Panalytical). Three mea-
surements were performed at intervals of 300 s, and each mea-
surement comprised 20 runs. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Flow cytometry 

The flow cytometric assay was used to determine the binding
ability of bifunctional antibodies to HER2-positive (HER2 + )
cell line NCI-N87, epidermal growth factor receptor (EGFR)-
positive cell line A431, B cell maturation antigen (BCMA)-
positive cell line NCI-H929, and TfR1-positive cell line K562,
respectively . Briefly , cells were digested with trypsin (Gibco,
Catalog 15050065) and resuspended in RPMI 1640 at den-
sity of 25 000 cells per ml. The sulfo Cy5-labeled antibody ( ∼1
dye per antibody) or antibody–siRNA pair (Cy5 is labeled at
the sense strand of siRNA) was added at a final concentra-
tion of 50 nM. After 1-h incubation on ice, cells were washed
twice and resuspended in PBS, the fluorescent intensity of cells
was analyzed by CytoFlex S (Beckman, USA) according to the
manufacturer’s instructions. All data were triplicate and pro-
cessed by FlowJo 10.6.2 for interpretation. 

In vitro gene silencing assay 

In this, 10 000 cells were seeded into 96 well plates 1 day
before experiments. On the next day, antibody–siRNA pairs
were prepared by incubation of antibody/siRNA (molar ra-
tio = 1/1) at room temperature for 5 min and added to cells
at the indicated concentrations (200 nM or a series of dilu-
tions from 400 to 1 nM). Seventy two hours later, cells were
harvested and total RNA was isolated using the total RNA
extraction reagent Trizol (Vazyme, R401-01) according to
the manufacturer’s instruction. Real time RT-qPCR was per-
formed with the HiScript II One Step qRT-PCR SYBR Green
Kit (Vazyme, Q221-01) on CFX Connect™ RT-qPCR detec-
tion system (Bio-Rad, USA). The data were analyzed with
Bio-Rad CFX Maestro 1.1, and relative mRNA change in
PLK1, PTEN, CTNNB1, and PPIB were calculated by refer-
ring to the housekeeping gene β-actin according to the 2 

−��CT

algorithm. The primers for RT-qPCR are listed as follows:
β-actin forward: 5 

′ -CCTGTA CGCCAA CA CA GTGC-3 

′ , β-
actin reverse: 5 

′ -A T ACTCCTGCTTGCTGA TCC-3 

′ ; PTEN
forward: 5 

′ -TCCCA GA CATGA CA GCCATC-3 

′ , PTEN re-
verse: 5 

′ -TGCTTTGAA TCCAAAAACCTT ACT-3 

′ . The firefly
luciferase (Fluc) siRNA was used as the siCtrl. In some experi-
ments, other negative control groups, such as untreated blank
cells, siRNA alone (200 nM), and antibody alone (200 nM),
were also designed. The lipopfectamine RNAiMAX (lipo)-
transfected siRNA groups (5 nM) were established as positive
controls to confirm the potency of siRNAs. 

SM enhancer synthesis and siRNA conjugation 

SM enhancers were synthesized by coupling the SMs with a
short PEG2-acid linker. The acid group was then activated
with the N-hydroxysuccinimide (NHS) ester and then con-
jugated with the 5 

′ amino end of siRNA sense strand. The
siRNA strand was purified by reversed-phase High Perfor-
mance Liquid Chromatography (HPLC) and annealed with
the antisense strand to form a duplex. The detailed synthesis
procedures and product characterization are provided in the
supplementary information. 

Confocal imaging 

NCI-N87 cells (20 000 cells) were seeded in confocal dishes
(3.5 cm) and cultured overnight. After wash of monolayer by
RPMI 1640 once, antibody and siRNA (labeled with sulfo
Cy5 at the antisense strand of siRNA) were paired as described
earlier and added into dishes at the concentration of 50 nM in 

RPMI 1640. Dishes were returned to cell culture incubator at 
37 

◦C in 5% CO 2 for 24 h. Cell membrane and lysosome were 
then stained with Wheat Germ Agglutinin (WGA) Alexa Fluor 
594 (5 nM, Invitrogen, W11262) and Lyso-Tracker Green 

(100 nM, Beyotime, C1047S) for 5 min, respectively. Cells 
were washed twice with PBS and imaged with confocal laser 
scanning microscopy (Leica, USA). 

Arginine scanning mutagenesis 

The crystal structure of Stau1 dsRBD/dsRNA complex (PDB 

ID: 6htu) was used as the template model for in silico -guided 

mutagenesis. The single-point mutation is introduced in the 
dsRBD3 (aa11–82) and dsRBD4 domains (aa113–184), re- 
spectively. It finally generates a total of 135 individual models 
by mutagenesis wizard of UCSF Chimera v1.19. To predict the 
interaction potential with siRNA, we measured the distance 
between the mutated arginine residue (guanidine head) and 

the nearest phosphate group in siRNA by the PyMol measure- 
ment wizard. The candidate residues with an ion-pair distance 
< 5 Å were selected for arginine scanning mutagenesis. We se- 
lected 13 single-position mutants in dsRBD3 and 11 mutants 
in dsRBD4 for the wet bench screening. The mutation posi- 
tion was introduced into the pET-28a( + ) expression vector by 
site-directed mutagenesis according to kit protocol (Vazyme,
C214-01). The Stau1 dsRBD protein mutant was purified as 
aforementioned. The affinity to siRNA was measured by BLI 
for each clone. The arginine-mutated bifunctional antibody 
was generated with knob-into-hole technology, purified with 

protein A and HiScreen SP HP column as mentioned previ- 
ously. 

Calculation of net protein charge 

Sequence-dependent net charge at pH 7.4 was calculated using 
the ProtPI Protein Tool ( https:// www.protpi.ch/ Calculator/ 
ProteinTool ). The calculation only covers the Stau1 domain 

and thus the whole protein is a single-chain peptide, which 

can fit the algorithm. All cysteines were assumed to form disul- 
fide bridges. The N-terminal amine and C-terminal carboxylic 
acid were assumed to be neutralized and not counted at cal- 
culation. 

Western blotting 

NCI-N87 cells were seeded into 12 well plates (50 000 cells 
per well) 1 day before the experiment. Antibody–siRNA pair 
was added to the complete growth media of cells at the final 
concentrations of 20 and 200 nM, respectively. Cells were in- 
cubated for 72 h. Cell protein was extracted by RIPA cell lysis 
buffer (Beyotime, P0013J). The concentration of total protein 

was quantified by Pierce™ BCA Protein Assay Kit (Thermo 

Scientific™, 23225). Samples (10 μg) were loaded into wells of 
4%–20% SDS–PAGE gel (ACE Biotechnology, ET12420Gel) 
and electrophoresed at 120 V for 2 h. The protein on gel 
was transferred to immobilon P PVDF membrane (Millipore,
IPVH00010), and then blocked with 3% (w/v) BSA for 2 h at 
room temperature, followed by incubating with primary an- 
tibody (anti-Pten monoclonal antibody, Cell Signal Technol- 
ogy, #9559, 1:1000; β-Actin Mouse mAb, ABclonal, AC004,
1:5000) at room temperature for 1 h, and secondary anti- 
body [horseradish peroxidase (HRP)-conjugated Goat anti- 
Rabbit IgG (H + L), Proteintech, SA00001-2, 1:5000; HRP- 
conjugated Goat anti-Mouse IgG (H + L), ABclonal, AS003,

https://www.protpi.ch/Calculator/ProteinTool
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:5000] at room temperature for 1 h. After three-time washes
ith TBST buffer (10 mM Tris.HCl, 150 mM NaCl, 0.05%
ween-20, pH 7.5), enhanced chemiluminescent HRP sub-
trate (Proteintech, Catalog PK10001) was added and chemi-
uminescence was detected using the ChemiDoc XRS + Gel
maging System (Bio-Rad). 

harmacokinetic study 

ll animal studies were performed under the protocol ap-
roved by the Institutional Animal Care and Use Commit-
ee of Wuhan University, in accordance with the guidelines
f the Chinese Regulations for the Administration of Affairs
oncerning Experimental Animals. To study the pharmacoki-
etics, 1 mg of anti-Pten siRNA (adv ESC) was paired with
1 mg Tras antibody for 5 min and intravenously injected to
ALB/c male mice. A total of 10 μl of blood samples was col-

ected at indicated time points (10 min, 1 h, 3 h, 6 h, and 9
). The blood samples were diluted by 20 μl of PBS. The su-
ernatant after spin down was collected and stored at −80 

◦C
ntil the stem-loop polymerase chain reaction analysis. For
ovalent pair and ARC DAR1, equivalent amount of siRNA
1 mg) was injected via tail veins but the blood collection time
oints were extended to 5 days (12, 24, 48, 72, 96, and 120 h).
o quantify the siRNA remaining in blood, an stem-loop RT-
PCR assay was developed according to reports [ 29 , 30 ].
riefly, 1 μl of siRNA fraction solution (from supernation)
as aliquot for stem-loop reverse transcription (RT; MR101,
azyme), followed by real time qPCR quantification using the
ceQ qPCR Probe Master Mix (Vazyme, Q112). The mea-

ured CT (Cycle Threshold) values were then applied to a
tandard curve to determine the corresponding siRNA con-
entrations. Custom DNA forward primers, reverse primers,
T primers, and TaqMan probes were all obtained from San-
on Biotech (Shanghai, China). Their sequences are available
n Supplementary Table S1 . 

tatistical analysis 

tatistical analysis was performed using GraphPad Prism
.3.0, data were presented as mean ± standard deviation, P -
alues were calculated using the two-way analysis of variance
ith Tukey’s multiple comparison test, and P < 0.05 was con-

idered to be statistically significant. 

esults 

tau1 dsRBD34 is a reliable siRNA recruiter 

he dsRBDs are highly specialized domains found in a
ide variety of dsRBPs in prokaryotic and eukaryotic cells.
hey might be present as multiple copies in a single pro-

ein, but each copy is heterogeneous from the others in se-
uence [ 31 ]. Besides sequence, these dsRBDs are differenti-
ted in many aspects, including substructure, linker length,
ffinity, and selectivity [ 32 ], which makes the dsRBPs bear-
ng them extremely diverse in function and activity [ 33 ]. To
dentify a reliable siRNA recruiter for antibody modulariza-
ion, we first screened the tandem domains from seven hu-
an dsRBPs (Fig. 1 A), including RHA, TRBP2, NF90, Stau1,
DAR1, PACT, and PKR. These proteins were chosen because

hey all possess tandem dsRBDs in one molecule. Multiple
omains can tether together to create a much larger binding
nterface that recognizes a longer sequence and produces a
igher affinity [ 34 ]. The relevant domains were cloned, ex-
pressed, and purified using the recombinant protein technol-
ogy ( Supplementary Fig. S3 ). Despite the variety in molec-
ular weights, most dsRBDs display the dissociation con-
stant ( K D 

) values in the low nanomolar range (Fig. 1 B and
Supplementary Fig. S4 ). 

We found that the avidity of all dsRBDs to siRNAs was
highly stable in PBS buffer, but a discrepancy can be observed
when the complex was co-incubated with sera (mouse serum,
FBS, and human serum). More specifically, dsRBDs from
RHA, NF90, and Stau1 demonstrated the highest binding sta-
bility with siRNAs than all others (Fig. 1 C and Supplementary
Fig. S5 ). We then evaluated the releasability of siRNA from
dsRBD/siRNA complexes by competing with the isolated cel-
lular total RNAs (100 ng/ μl), which mimics the release pro-
cess in cytosols once dsRBD/siRNA complex being delivered
to cells [ 23 ]. The complexes from all the dsRBDs can be dis-
assembled to release the free siRNA by cellular total RNAs,
with the exception of dsRBDs from TRBP2 and NF90. The re-
sult is a little surprising, because all dsRBDs show homology
in sequences and topological structures (Fig. 1 D). When the
unstructured linker sequences between domains were aligned
( Supplementary Table S2 ), we found that TRBP2 and NF90
have many more hydrophobic residues (rich in A, V, L, and
P) in the linker loops, which might cause the poor response to
RNA displacement. Accordingly, Stau1 dsRBD34 was selected
as the candidate for further evaluation owing to its high affin-
ity , specificity , and binding stability. 

Stau1 is a regulatory protein that mediates in the trans-
port, translation, and decay of mammalian mRNAs [ 35 ]. It
contains four dsRBDs, but only dsRBD3 and dsRBD4 can
adopt the canonical αβββα fold for siRNA recognition [ 35 ].
These two dsRBDs work in tandem to establish the surface
contact to two minor grooves (r1 and r2) and one major
groove (r3) on the siRNA separately (Fig. 2 A) [ 36 ]. Despite
sequence independence, we were worried that RNA recogni-
tion by Stau1 dsRBD34 might be sensitive to the chemical
modification on siRNA bases, because it was reported that
many dsRBPs cannot bind with the ribonucleotide analogues
such as DNA, PNA, or PMO [ 37 ]. As well known, U.S. Food
and Drug Administration (FDA)-approved siRNA drugs are
all heavily modified to increase the stability of siRNAs [ 38 ].
In order to investigate whether siRNA modification impairs
the binding avidity, we immobilized siRNAs of six chemo-
types on AR2G biosensors and measured the K D 

values to
Stau1 dsRBD34 by the Octet BLI assay (BLI traces are avail-
able in Supplementary Fig. S6 ). As shown in Fig. 2 B, the bind-
ing was not affected by most chemotypes, with the exception
of hybrid mode which contains a DNA sense strand. To fur-
ther explore the selectivity of Stau1 dsRBD34 to siRNA, we
utilized dsRBD34 to recruit siRNAs in the presence of other
competitors such as cellular total RNAs, ssRNA, ssDNA, ds-
DNA, BSA protein, and heparin sodium (Fig. 2 C). The recog-
nition of siRNA by Stau1 dsRBD34 was highly specific, and
only interrupted by cellular RNAs at high concentrations.
At an RNA concentration of 50 ng/ μl, the dsRBD/siRNA
complex was disrupted totally and instantly (Fig. 2 D). We
also found that the interaction between Stau1 dsRBD34 and
siRNA is insensitive to acidic conditions (pH 4.5–7.4), in-
dicating that the complex might be stable in the endoso-
mal compartment (Fig. 2 E). Altogether, these data demon-
strated that Stau1 dsRBD34 is a potent and selective siRNA
binder, which would be reliable as a module for antibody

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Figure 1. The parallel comparison of dsRBDs from seven human dsRBPs. ( A ) Schematic representation of the domain architectures of se v en 
RNA-binding proteins. Percentage similarity between domains is indicated. ( B ) SDS–PAGE analysis and BLI assay to determine affinity against siRNA 

duple x es [wild type (WT)]. ( C ) The binding stability of dsRBD/siRNA comple x es (10 fmol per well) in the presence of PBS buffer, sera (30%), and 
competitive RNAs (100 ng/ μl of total cellular RNA). ( D ) Sequence alignment of αβββα regions of se v en dsRBD proteins. Identical and similar residues 
are shaded in pink and y ello w, respectiv ely. T he red arro ws indicate the critical residues in v olv ed in protein–RNA interactions. T he secondary str uct ure 
elements are shown above the sequence. 

Figure 2. Characterization of Stau1 dsRBD34 in siRNA recruiting. ( A ) Str uct ure of Stau1 dsRBD34 in complex with siRNA. ( B ) Evaluating the binding 
affinity of dsRBD34 to siRNAs of different chemotypes. Chem score was used to scale the modification intensity. ( C ) siRNA displacement challenged by 
oligoes (100 ng/ μl), BSA protein (1 mg/ml), and anionic heparin polymer (10 ng/ μl). ( D ) Competitive test of dsRBD34/siRNA complex by cellular total RNA 

with either different concentrations or time intervals. ( E ) The pH sensitivity of dsRBD34/siRNA assembly. 
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Antibody-mediated siRNA delivery by the noncovalent pairing 7 

Figure 3. Stau1 dsRBD34 as a module to replace one Fab arm of antibody for siRNA pairing and deliv ery. ( A ) T he str uct ural scheme of a “knob-into-hole”
bifunctional antibody and its pair with siRNA to form one-to-one diligent complex.( B ) Association and dissociation kinetics of the immobilized ESC siRNA 

against antibody titrated from 4 to 60 nM, re v ealing the K on = 3.42 × 10 5 M 

−1 s −1 , K off = 4.36 × 10 −3 s −1 , and K D = 12.8 ± 0.1 nM by BLI. ( C ) 
Stoichiometry and titration of antibody–siRNA complexation in PBS or RPMI 1640 media by gel mobility shift assay. ( D ) Anti-HER2 binding test (50 nM) 
on NCI-N87 cells by flow cytometry. ( E–G ) The antibody–siRNA pairs (200 nM siRNA equivalent) exhibit a stoichiometric and time effect in mRNA 

silencing, and a masking effect to siRNA charges. 
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tau1 dsRBD34 as a module for antibody–siRNA 

airing and delivery 

he Stau1 dsRBD34 was engineered into the N-terminus of
ne heavy chain to replace the position of Fab domain. As
hown in Fig. 3 A, the resulting construct is assembled into
 bifunctional antibody via a knob-in-hole technology. Once
ixed with siRNA, the dsRBD recruits one molecule of siRNA

nd forms a diligent one-to-one antibody–siRNA pair, which
s structurally equivalent to the DAR1 ARC species but non-
ovalently conjugated. To investigate whether the steric hin-
rance from antibody domains would negatively impact the
iRNA recruitment, we assessed the binding affinity of bifunc-
ional antibody to the WT siRNA by BLI. As shown in Fig. 3 B,
ts K D 

value to siRNA is comparable to that of the free Stau1
sRBD34 ( K D 

= 12.8 ± 0.1 nM). The traces of binding kinet-
cs include a fast association ( K on = 3.42 × 10 

5 M 

−1 s −1 ) and
low dissociation ( K off = 4.36 × 10 

−3 s −1 ) rate, indicating a
igh degree of siRNA occupancy. Despite a high affinity, an in-
omplete recruitment of siRNA to some degree was observed
t the molar ratio 1/1 in the gel mobility shift test (Fig. 3 C).
urther increase of the titration ratio (4/1, 3/1, and 2/1) can
ompletely sequester the free siRNA. This result demonstrates
hat the recruitment at ratio 1/1 is not exhaustive. Neverthe-
ess, the pair of trastuzumab (tras) and siRNA (sulfo-Cy5 la-
eled) at this ratio can remarkably shift the HER2 + NCI-N87
ells to the right in the flow cytometry (Fig. 3 D), indicating a
uccessful siRNA pairing and good delivery ability of bifunc-
ional antibodies. 
To assess the gene silencing activity, an anti-Pten siRNA
(adv ESC) was paired with anti-HER2 bifunctional anti-
body (Tras) and delivered to NCI-N87 cells at varying anti-
body/siRNA ratios by free uptake. A stoichiometry effect was
seen in Fig. 3 E. The best activity was observed at an anti-
body/siRNA ratio of 1/1, but not at higher or lower ratios. It
is because there is plenty of residue antibody (without siRNA
paired) or free siRNA after pairing at these inadequate ra-
tios, which can compete with the pair to bind cells and re-
duce siRNA delivery efficiency. Therefore, a purification pro-
cess after antibody–siRNA pairing could maximize the ther-
apeutic effect. However, as a noncovalent system, dissocia-
tion is a concern, especially in the organic solvent, high salt
or other purification conditions. So far, we lack a dedicated
method to purify the pair, but we can analyze the formula-
tion by EMSA assay or SEC to make sure the dominance of
pair in composition ( > 90%). Besides the stoichiometry, the
uptake interval (Fig. 3 F) and siRNA modification chemistry
( Supplementary Fig. S7 ) also affect the Pten knockdown effi-
ciency, which is in agree with our previous report that siRNA
stability is the rate-limiting factor of ARC bioactivity in vitro
[ 28 ]. 

It was interesting to find that dsRBDs can mask the siRNA
charges after the pairing (Fig. 3 G). The charge masking ef-
fect could be attributed to not only the siRNA surface shield-
ing by Stau1 module but also the charge neutralization by
positive residues (K, R, and H) in the r1–3 binding re-
gions. The electrostatic status of antibodies is a key factor in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Figure 4. Modular design of bifunctional antibodies across multiple target antigens. ( A ) Scheme of antibody–siRNA pairs engineered from anti-EGFR 

Cetu, anti-BCMA Bela, and anti-TfR1 Delp antibodies. ( B ) SDS–PAGE analysis to profile the hole heavy, knob heavy, and light chains of four bifunctional 
antibodies. ( C ) Flow cytometry charts showing the binding capability of antibodies (50 nM) to the corresponding antigen-positive cells. ( D ) Gene 
silencing activities of antibody–siRNA pairs in comparison to the negative (blank, siRNA, or antibody only) and positive (lipo transfection) controls. All the 
drugs or vehicles were applied on cells by 72-h free uptake at the concentration of 200 nM, with an exemption of lipo/siPten group which was 
transfected at 5 nM owing to the high efficiency of lipofectamine RNAiMAX. ∗, P < 0.05. 
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determining the circulatory half-life in vivo [ 6 ]. For example,
DAR1 ARC, displaying zeta potential over −10 mV, has a cir-
culatory half-life of only ∼6 h [ 5 ], which is much shorter than
the charge-neutral Tras antibody ( t 1/2 > 72 h) in mice. The
mechanism of its fast clearance is poorly understood, but in-
creasing evidences indicated that it links to the payload’s nega-
tive charges which can induce nonspecific protein binding and
cell retention [ 39 , 40 ]. The charge masking effect we observed
on antibody–siRNA pairing system might be beneficial to the
in vivo application. 

Expansion of the addressable targets and cells 

To demonstrate the generality of the pairing platform in
siRNA delivery, we tried to target other tumor cell antigens by
exchanging the variable regions (VH and VL) of bifunctional
Tras antibody with cetuximab (Cetu), belantamab (Bela), and
delpacibart (Delp) sequences, which can recognize the EGFR,
BCMA, and the TfR1, respectively (Fig. 4 A). The three new
constructs worked well in antibody assembly, expression, and
purification (Fig. 4 B). All of them demonstrated the good se-
lectivity and affinity to the target cells (Fig. 4 C). Similar to
anti-HER2 Tras antibody, the siRNA pairs with new anti-
bodies led to significant knockdown of Pten mRNA in the
corresponding cells (Fig. 4 D). Notably, treatment by siRNA
pairs resulted in a gene knockdown effect that correlates with
antigen-expression status of cells ( Supplementary Fig. S8 ). To-
gether, these results demonstrated the potential of using the
pairing platform to target multiple clinic-relevant antigens and

cells. 
Endosome-to-cytosol import by conjugating SM 

enhancers 

Having demonstrated the expandability of the pairing plat- 
form to multiple cells and targets, we investigated whether 
we could enhance the gene silencing activity without using 
cationic assistance. In the aforementioned test was applied 

the high concentration of ARCs (200 nM), partly owing to 

the rate-limiting step of endosome-to-cytosol import after en- 
docytosis by free uptake [ 3 ]. We sought to explore whether 
the RNAi potency could be improved by conjugating siRNA 

with SM enhancers to facilitate the import (Fig. 5 A). Small or- 
ganic molecules, such as GalNAc, cholesterol, and fatty acids,
have been successfully used to conjugate with siRNA for the 
purposes of targeting, hydrophobic modulation, or pathway 
hijacking. Several GalNAc–siRNA conjugates have been ap- 
proved by the FDA for liver diseases [ 41 ]. 

Here, we selected six SMs, either natural components or 
lysosomotropic drugs, to append on the 5 

′ end of sense strands 
of siRNAs (Fig. 5 B). After pairing with the anti-HER2 Tras 
antibody, we screened the chemical conjugates by assessing 
the improvement of RNAi activity compared with the regu- 
lar antibody–siRNA pairs in NCI-N87 cells. Of the six can- 
didates, we identified two SM enhancers—prazosin and gua- 
nabenz, which show significant enhancement of RNAi po- 
tency (Fig. 5 C). We then chose prazosin–siRNA conjugate 
for further evaluation. It was selected because of its neu- 
tral charge and no aggregation tendency with siRNA. By 
pairing prazosin–siRNA with Tras antibody, we evaluated 

the efficiency of Pten silencing at a series of concentrations 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Figure 5. Conjugation with SM enhancer promotes the endosome-to-cytosol import and RNAi activity. ( A ) Step-b y -step scheme showing the siRNA 

conjugation and advanced (Adv) pair formation with the bifunctional antibody. SM enhancer prazosin is used as an example in the scheme. ( B ) Chemical 
str uct ures of SM enhancers appending to siRNAs. ( C ) RT-qPCR assay to compare the RNAi potency of antibody–siRNA pairs with and without SM 

conjugation (200 nM; 72 h). ∗, P < 0.05. ( D ) The dose-response curves showing a seven-fold discrimination on IC 50 values between the pair and adv pair. 
The titration covers wide-range concentrations from 1 to 400 nM. UTC, untreated cell. ( E ) Confocal imaging to track the dislocation of the adv pairs from 

endosome/lysosome compartments. Scale bar, 10 μm. ( F ) A diagraph illustrating the proposed modes of endosome-to-cytosol import by 
siRNA-conjugated prazosin. 
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 Supplementary Fig. S9 ) and probed the IC 50 value. As shown
n Fig. 5 D, this advanced pair exhibited potent target gene
ilencing and demonstrated ∼7-fold decrease of IC 50 value
n RNAi (from 200 to 28 nM) compared with the pair
ithout prazosin conjugation. In the concentration ranges
e titrated, prazosin is biologically inert and induces nei-

her cytotoxicity nor transcriptional misregulation to cells
 Supplementary Fig. S10 ). The result indicates that prazosin
an increase the endosome-to-cytosol import of siRNA and
mprove the delivery efficiency. 

To understand the mechanism of endosome-to-cytosol im-
ort by SM enhancers, we labeled the endosomal system and

racked the subcellular distribution of siRNAs. As seen in  
Fig. 5 E, incorporation of prazosin has little effect on the orga-
nization of endosomal compartments, neither on the appear-
ance nor on the number of these acidic vesicles. The endo-
some/lysosome vesicles were all diffusely distributed in cells,
but a significant translocation of siRNAs outside the endo-
some/lysosome compartment was observed, despite most siR-
NAs remain in endosomes. Quantification of the colocaliza-
tion confirmed that prazosin conjugation led to a significant
reduction in colocalization of Cy5-siRNA with Lyso-Tracker
Green ( Supplementary Fig. S11 ). Kozik et al. reported that
prazosin is a lysomotropic compound that promotes the mem-
brane permeation and endosome release [ 42 ]. In this study, we
envisioned that prazosin was trafficked into endosomes along

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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with the pairs via receptor-mediated endocytosis (Fig. 5 F).
Once acidification inside endosomes, the amino atoms of pra-
zosin might be protonated and destabilize the membrane ei-
ther as the prazosin–siRNA conjugate (mode 1) or free pra-
zosin (mode 2). The latter might play the major role, consid-
ering the fast hydrolysis of phosphate diester linkages in en-
dosomes [ 43 ]. 

In silico -guided affinity maturation for activity 

optimization 

The SM appendage yields an advanced antibody–siRNA pair
with more potent silencing in vitro , we then started to evalu-
ate whether higher affinity to siRNA would continually lead
to stronger silencing. As shown in Fig. 6 , we focused on
increasing the affinity by an in silico -guided arginine sub-
stitution to find key positions essential for siRNA recogni-
tion at the dsRBD/siRNA interface. We herein referred it as
an arginine-scanning approach to resemble the well-known
alanine-scanning mutagenesis in chemical biology. The ratio-
nale of arginine scanning for affinity maturation stems from
the previous report that substitution by positively charged
aa like arginine (R) or lysine (K) contributes the most to the
affinity improvement of siRNA-binding viral protein p19 in
the yeast display [ 25 ], likely owing to their salt–bridge inter-
action with siRNA backbones. Encouraged by this discovery,
we applied arginine substitution on every aa position of Stau1
dsRBD3 (aa 11–82 in Fig. 6 A) and dsRBD4 (aa 113–184
in Fig. 6 A) using the mutagenesis wizard of UCSF Chimera
v1.19, and generated 135 protein models based on the crys-
tal structure of Stau1 template (PDB code 6htu). The dis-
tance from each mutation site (more specifically, the posi-
tively charged guanidino head of arginine) to the phosphate
of siRNA backbones was measured and plotted against the
residue number (#) to generate a topographic map shown in
Fig. 6 B. The mutagenesis with potential to form stable salt
bridges (ion-pair distance < 5 Å ) was selected and marked
in green. Interestingly, position analysis of these green residues
revealed a convergence at regions r1–3, which is in agreement
with the reports that grooves of siRNA duplex are the major
binding interface with dsRBDs [ 44 ]. 

To validate the prediction, all of these 24 clones were ex-
pressed, purified, and profiled against siRNA (Adv ESC) to
determine the affinity values ( K D 

) by the Octet BLI assay (BLI
traces are available in Supplementary Figs S12 and S13 ). The
two-dimensional arrays of scanning data in Fig. 6 C revealed
that most these in silico -guided mutagenesis have negligible
impact on affinity, but three clones (F45R in dsRBD3; Y134R
and G163R in dsRBD4) emerged from the 24-membered li-
brary, showing (3–6)-fold improvement of affinity separately.
Interestingly, the candidate Y134R site is located outside of
r1–3 regions, suggesting that this mutated arginine may in-
teract with phosphates beyond the major/minor grooves of
siRNA. To obtain a candidate of maximal affinity, clones con-
taining combinations of the aforementioned mutations were
expressed and investigated (Fig. 6 D). Surprisingly, the clone
mut2, which contains only two mutation sites (F45R and
G163R), outperformed the mutant of all three-site combina-
tion (mut3), showing a 12.8-fold improvement of affinity ( K D

= 1.0 ± 0.1 nM). This clone was further pursued by a sup-
plement of mutagenesis at aa positions of the linker loop, a
region located between dsRBDs. It is unstructured and has no
interaction with siRNA, which allows the mutagenesis ran-
domly without worrying about protein misfolding. As shown 

in Fig. 6 D, the hydrophobic or negatively charged residues 
in the loop sequence were selected and substituted by argi- 
nine (V90R, I101R, V102R, Q105R, T106R, and E109R),
with an assumption of more net positive charges to neutral- 
ize siRNA. It was interesting to find that mutations at V90R 

and V102R, although they are not involved in binding, can 

improve the affinity ( K D 

= 0.4 ± 0.1 nM). The clone with 

mutations at all six selected residues (clone mut8) slightly lost 
its affinity and showed a K D 

value comparable to the WT 

( Supplementary Fig. S14 ). Despite the highest net charge value 
at pH 7.4 ( + 22.4 mV), this clone was not pursued further. 

The candidate Stau1 sequence selected for antibody ex- 
pression contains two substitutions at dsRBDs (F45R and 

G163R) and the linker loop (V90R and V102R), respectively.
The new modular antibody (mut4 antibody) was then paired 

with anti-Pten siRNA or prazosin–siRNA and delivered to 

NCI-N87 cells by free uptake. The gene silencing result in 

Fig. 7 A showed that both pairs can induce significant gene 
knockdown at all tested concentrations, so does a knockdown 

effect in protein level (Fig. 7 B). However, the augment was 
not prominent when compared with the WT pair . Altogether ,
arginine-scanning substitution enabled the affinity matura- 
tion, but high-affinity recruiters cannot improve the gene si- 
lencing effect in vitro . 

Pharmacokinetic alteration associates with 

competition from plasma GAGs 

We then investigated the pharmacokinetics of pairs in BALB/c 
mice and compared it with the canonical DAR1 ARC. The 
DAR1 ARC was prepared by a thiomab approach we reported 

previously [ 25 ]. Surprisingly, siRNA delivered by mut4 pair 
quickly disappeared from the blood circulation (Fig. 8 A). Its 
half-life is even much shorter than the DAR1 ARC, albeit its 
appealing feature of less charges. To figure out the reason, we 
compared the blood retention profiles of human IgG1 con- 
trol and bifunctional antibody (without siRNA pairing) in 

mice. The result in Supplementary Fig. S15 reveals that bifunc- 
tional scaffold has neglectable impact on pharmacokinetics 
and both structures show a comparable long-circulation pro- 
file in vivo . We speculated that the short retention of siRNA 

in blood is attributed to the premature dissociation of siRNA 

from Stau1 dsRBD34 domain. The pair stability was then in- 
vestigated in 30% and 80% mouse plasma to better mimic the 
in vivo conditions. A significant portion of pairs was dissoci- 
ated along with the incubation time in 30% or 80% mouse 
plasma at 37 

◦C. The result is disappointing, but we found that 
the high-affinity mutation does increase the stability of pair in 

mouse plasma when compared with the WT pair (Fig. 8 B).
We then tested another well-known siRNA-binding protein 

p19, whose avidity to siRNA is much stronger than the mut4 

domain ( K D 

by BLI: 4 versus 400 pM) according to Yang et 
al.’s report [ 25 ]. Encouragingly, the pairing between p19 and 

siRNA is very stable in mouse plasma, as shown in Fig. 8 B.
Most p19–siRNA pairs remain intact 24 h after a 37- ◦C in- 
cubation in 30% plasma and 12 h in 80% plasma. The re- 
sult indicates that an ultrahigh-affinity dsRBD34 is required 

for pair survival in blood, and so on the in vivo evaluation 

of bifunctional antibody strategy in siRNA delivery. Due to 

the complexity of affinity maturation, further optimization is 
not pursued in this study . Insteadly , we engineered a cova- 
lent pair to explore the potential of dsRBD masking effect in 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Figure 6. In silico -guided arginine scanning to augment the siRNA-binding affinity. ( A ) The aa sequences of Stau1 that were engaged in in silico 
mutagenesis. The residues shallowed in green are selected for mutant cloning. ( B ) A topographic map showing the ion-pair distance from the mutated 
position (cationic guanidine head) to the nearest siRNA phosphate. The prediction was calculated on the mutagenesis of protein models from template 
PDB 6htu. The candidate positions with the shortest distance ( < 5 Å ) are labeled in green. The black dots show the arginine mutation, whereas the red 
ones indicate positions with WT lysine or arginine. ( C ) Arginine scanning of candidate residues to identify essential positions on dsRBD3 and dsRBD4 
with affinity augmentation. The K D values of mutants were measured by the BLI assay with immobilized siRNA (adv ESC). ( D ) Combination of multiple 
mutated sites on dsRBDs and linker loop to yield an affinity-matured clone with 32-fold improvement. The number in the clone’s name indicates the total 
sites of mutation. 
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harmacokinetics. The covalent pair was designed by intro-
ucing a Cys mutation at 209 position of knob chain (hinge re-
ion). SiRNA was tethered to this position by thiol–maleimide
eaction and paired by dsRBD domain owing to the proxim-
ty. As shown in Fig. 8 A, the covalent pair did demonstrate a
etter pharmacokinetic profile than the DAR1 ARC. 
To investigate the mechanism of pharmacokinetic alter-

tion, we titrated the pair stability in different concentra-
ions of mouse plasma or serum for 2 h at 37 

◦C. We found
hat both mut4 pair and p19 pair are quite stable in mouse
serum, even at 80% (Fig. 8 C and Supplementary Fig. S16 ).
However, the mut4 pair can dissociate in mouse plasma of
proportion > 50%, and p19 pair would not. The proportion-
dependent dissociation indicates that siRNA can be displaced
by certain components present in plasma but not serum, and
the displacement is concentration dependent. This interest-
ing finding led us to screen the abundant components in the
coagulation cascade, including some clotting factors, plasma-
specific proteins, and biopolymers involved in blood clotting.
As shown in Fig. 8 D, most clotting factors and plasma proteins

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1539#supplementary-data
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Figure 7. The mut4 antibody was paired with siRNA to knock down Pten 
mRNA ( A ) and protein ( B ) in NCI-N87 cells after 72-h treatment. UTC, 
untreated cells. 
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we tested would not impair the mut4–siRNA binding, but the
glycosaminoglycans (GAGs) show a competitive effect to the
Stau1 dsRBD domain. The result reveals that Stau1 dsRBD34
is a GAG-binding protein, which has never been reported.
We then analyzed the individual role of GAG components,
including hyaluronan, chondroitin sulfate, dermatan sulfate,
and heparan sulfate (HS) [ 45 ]. The ESMA result (right panel in
Fig. 8 D) shows that HS plays an important role in the siRNA
displacement. Chemical structure comparison of GAG disac-
charide units reveals that the competition activity has a corre-
lation with the sulfation pattern of GAGs (Fig. 8 E). Namely,
a higher sulfation density shows stronger displacement abil-
ity (fucoidan > HP > HS). It is noted that GAGs, as sulfated
glycans, are poorly understood, but their presence/abundance
( μM) in plasma has been well reported [ 46 ]. With the clarity
of displacement mechanism, we are able to design strategies to
screen more selective dsRBD mutant on purpose and expand
the bifunctional antibody strategy to in vivo applications in
future. 

Discussion 

In this study, we harnessed the dsRNA-binding ability of Stau1
dsRBD34 and developed a modular antibody to deliver siR-
NAs, in a way to circumvent the limitations of current ARC
technologies. Stau1 dsRBD34 is chosen over other six dsRBPs
owing to its superior siRNA-binding affinity , selectivity , sta-
bility , and releasability . Its affinity to siRNA is sequence inde-
pendent and chemistry tolerable, which enables to bind with
all kinds of fully modified siRNAs, including Alt OMe, ESC,
adv ESC, and ESC + chemotypes. This feature is important
because all therapeutic siRNAs have to be modified exten-
sively to increase the stability and immune safety [ 47 ]. Ow-
ing to the binding specificity of dsRBD34, the modular an-
tibody achieves a one-to-one pairing with siRNA. The dili-
gent antibody–siRNA pair retains the high-antigen-binding
selectivity and demonstrates an effective gene silencing on the
antigen-positive cells, albeit influenced by the stoichiometry,
time interval of uptake, and siRNA chemotypes. 
The Stau1 dsRBD-based modular antibody has an intrigu- 
ing mechanism of siRNA release in cell cytosols. The dissoci- 
ation is triggered by displacement of siRNA from dsRBD34 

by the cellular RNAs (they have plenty of dsRNA folds in 

structure). The result is desirable because it means that siRNA 

can be released from antibody–siRNA pairs and accessible by 
RNA-induced silencing complex (RISC) once delivered to the 
cytosol. The siRNA displacement by cellular RNAs is an in- 
stant ( < 1 min) but concentration-dependent step. The com- 
petitive test revealed that dsRBD34/siRNA complex could 

be completely disrupted by 50 ng/ μl of cellular RNAs in 1 

min. Cellular RNAs are one of the major cellular components 
which constitute up to 20% of a cell’s dry weight. It is present 
mainly in the crowded cytosol where RNA concentrations can 

reach 20 μg/ μl [ 48 ]. Although some RNAs are present as ri- 
bonucleoprotein complexes, the extremely rich RNA environ- 
ment would trigger an instant and complete release of siRNAs 
from dsRBDs in the cytosol, which facilitates the RISC load- 
ing and RNAi response. 

We here advanced the antibody–siRNA pairing system by 
appending siRNA terminus with SM enhancers so as to aug- 
ment the endosome-to-cytosol import and RNAi potency. We 
identified two SM enhancers of significant improvement, pra- 
zosin and guanabenz, which both are FDA-approved drugs.
These two compounds have been reported previously to in- 
crease the endosomal escape of protein antigens or hydropho- 
bically modified siRNAs by co-incubating with cells as free 
forms at high concentrations ( > 20 μM) [ 42 , 49 ]. Despite ef- 
fectiveness, the co-incubation strategy requires a concentra- 
tion so high that compounds can induce cytotoxicity, which 

dramatically limits the clinical relevance. A number of mech- 
anisms have been proposed to explain why SM compounds 
could destabilize endosomal membranes [ 50 –53 ]. For in- 
stance, prazosin and guanabenz as lysomotropic agents, tend 

to accumulate inside endosomes and induce the lysosomal al- 
kalization, which finally causes the osmotic swelling and leak- 
age [ 42 ]. In this study, prazosin is conjugated with siRNA 

and traffics into endosomes along with the pairs whose con- 
centration is not high (200 nM). Therefore, the trapped pra- 
zosin molecules are not so many to trigger the “proton sponge 
mechanism” as mentioned above. Indeed, we did not observe 
the presence of enlarged endosome/lysosome vesicles, a phe- 
nomenon commonly seen with proton sponge activity [ 54 ,
55 ], in cells treated by the advanced pair. Meanwhile, the most 
ironic proton-sponge agent—chloroquine—did not show a 
significant improvement on RNAi potency after siRNA con- 
jugation and pairing with antibody . Combinedly , these results 
indicated that another mechanism might play a role in the 
endosome-to-cytosol import. We speculated that the proto- 
nated prazosin might prone to insert into the lysosomal mem- 
branes, resulting in the fluidization and destabilization of the 
bilayer. This hypothesis is in agreement with the observation 

that both free prazosin and its siRNA conjugate can mediate 
the endosome-to-cytosol import. More studies are required to 

clarify the mechanism. 
A recent report by Wittrup group highlighted that higher 

affinity against siRNA by siRNA-binding p19 protein could 

correlate with more potent silencing in vitro [ 25 ]. However,
the antibody–siRNA pairs with a tighter association in this 
study did not lead to an improved potency. The result is dis- 
appointing, but the discrepancy could be explained by the dif- 
ference in transfection conditions used in two studies. Wit- 
trup group utilized the perfringolysin O (PFO)-based agent 
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Figure 8. Pharmacokinetics of antibody–siRNA systems and the alteration by competition from plasma components. ( A ) Pharmacokinetics of three 
systems in BALB/c mice. Covalent pair was obtained by tethering siRNA to a Cys position near the dsRBD domain by thiol–maleimide conjugation t 1/2 β, 
the elimination half-life. ( B ) EMSA assay to test the pair st abilit y in varying conditions at 37 ◦C. SiRNA was labeled by sulfo-Cy7 and loaded at 10 fmol per 
w ell. ( C ) Ev aluation of pair dissociation tendency in the presence of mouse serum or plasma (2 h, 37 ◦C). ( D ) siRNA displacement from mut4–siRNA pairs 
by competition of plasma proteins and GAGs (2 h, 37 ◦C). HRGP, histidine-rich glycoprotein. ( E ) Chemical str uct ures of GAGs and the EMSA assay. 
Fucoidan is a marine GAG and used as a positive control due to its high sulfation density. 
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o facilitate the delivery of p19/siRNA pairs, which enables
o examine the silencing activity of siRNA at the extremely
ow concentration (0.5 nM), thanks to the super fusogenic
ctivity of PFO [ 56 , 57 ]. With a purpose of practical signif-
cance, we applied a free-uptake approach in this study, al-
eit its less effectiveness in RNAi. In the high-concentration
anges where the silencing was observed in our study (20–
00 nM), the RNAi potency might be independent from the
ffinity to siRNA. Nevertheless, further study on the affin-
ty maturation might lead to the next-generation antibody–
siRNA pairs that can be seen an improvement on RNAi
activity. 

It is worth noting that dsRBD can mask the negative
charges of siRNAs, yielding a nearly charge-neutral antibody–
siRNA pair. The charge-balanced feature would mitigate the
nonspecific interaction between siRNA payloads and serum
proteins, which might maximize the circulation half-lives and
in vivo performance of pairs in vivo [ 39 ]. However, the un-
derlying benefit could not be validated in this study due to the
instability of antibody–siRNA pair in mouse plasma. By the
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diligent protein engineering and evolution, we may enhance
the distinguishability of Stau1 dsRBD to siRNA over sulfated
GAGs in plasma later. The viral protein p19 and its evolution
strategy by Wittrup group could be an example [ 25 ]. Alto-
gether, a dsRBD module of ultrahigh affinity and selectivity to
siRNA would be essential for the design of bifunctional anti-
body in the next stage. 

In sum, we established an antibody–siRNA pairing plat-
form by utilizing Stau1 dsRBD34 as the key module. The
antibody–siRNA pair possesses a diligent one-to-one struc-
ture, which resembles the DAR1 ARC, but displays the charge-
neutral surface and conjugation-free advantages. We also
demonstrated its potential to be further advanced by SM en-
hancer appendence and dsRBD affinity maturation. Overall,
we have created an antibody–siRNA pairing blueprint that we
hope will help bring siRNA delivery to the aim of extrahepatic
tissues in the future. 
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