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RNA interference (RNAi) offers the potential to treat disease at
the earliest onset by selectively turning off the expression of
target genes, such as intracellular oncogenes that drive cancer
growth. However, the development of RNAi therapeutics as
anti-cancer drugs has been limited by both a lack of efficient
and target cell-specific delivery systems and the necessity to
overcome numerous intracellular barriers, including serum/
lysosomal instability, cell membrane impermeability, and
limited endosomal escape. Here, we combine two technologies
to achieve posttranscriptional gene silencing in tumor cells:
Centyrins, alternative scaffold proteins binding plasma mem-
brane receptors for targeted delivery, and small interfering
RNAs (siRNAs), chemically modified for high metabolic stabil-
ity and potency. An EGFR Centyrin known to internalize in
EGFR-positive tumor cells was site-specifically conjugated to
a beta-catenin (CTNNb1) siRNA and found to drive potent
and specific target knockdown by free uptake in cell culture
and in mice inoculated with A431 tumor xenografts (EGFR
amplified). The generalizability of this approach was further
demonstrated with Centyrins targeting multiple receptors
(e.g., BCMA, PSMA, and EpCAM) and siRNAs targeting mul-
tiple genes (e.g., CD68, KLKb1, and SSB1). Moreover, by
installing multiple conjugation handles, two different siRNAs
were fused to a single Centyrin, and the conjugate was shown
to simultaneously silence two different targets. Finally, by spe-
cifically pairing EpCAM-binding Centyrins that exhibited opti-
mized internalization profiles, we present data showing that an
EpCAM Centyrin CTNNb1 siRNA conjugate suppressed tu-
mor cell growth of a colorectal cancer cell line containing an
APC mutation but not cells with normal CTNNb1 signaling.
Overall, these data demonstrate the potential of Centyrin-
siRNA conjugates to target cancer cells and silence oncogenes,
paving the way to a new class of anticancer drugs.

INTRODUCTION
RNAi therapeutics offer tremendous potential to treat diseases driven
by previously undruggable targets. They have excellent potency and
selectivity by harnessing a natural cellular mechanism that can poten-
tially regulate the expression of any RNA transcript.1 Short interfering
RNAs (siRNAs) are generally comprised of double-stranded RNA
with 19–21 base pairs and typically with 2 nucleotide overhangs at
This is an open access article under the CC BY-N
the 30 end. Upon entry into cells, the siRNA has to traffic to the cyto-
plasm and load into the RNA-induced silencing complex (RISC),
which mediates binding to a complementary sequence on the target
mRNA followed by mRNA cleavage.

Successful translation of this natural mechanism into a therapeutic re-
ality has been challenging and required the development of technol-
ogies for safe and efficient delivery of siRNAs to target cells. To date,
two platforms for targeted delivery to the liver, lipid nanoparticles and
N-acetylgalactosamine (GalNAc) conjugates, have been clinically
validated, resulting in the approval of the first RNAi therapeutics,
ONPATTRO (patisiran) and GIVLAARI (givosiran).2,3 For the latter,
targeted delivery to hepatocytes is mediated by a trivalent GalNAc
ligand, which is covalently linked to the siRNA and designed to
bind to the asialoglycoprotein receptor (ASGPR).4 However, this
approach heavily depends on the siRNA being well protected against
a wide variety of extra- and intracellular nucleases during its journey
from the subcutaneous site of administration to the cytosol of the he-
patocytes in the liver. This is achieved through chemical modifica-
tions judiciously placed throughout both strands of the siRNA to
achieve high metabolic stability without compromising its ability to
functionally load into the RNA-induced silencing complex (RISC).5,6

While clinical successes with liver diseases have been achieved, at-
tempts to deliver siRNA to extrahepatic targets have been more chal-
lenging. Different groups have used either antibodies, antibody frag-
ments, or aptamers to deliver siRNA with limited success.7–13 Using
THIOMAB technology, Cuellar et al.7 developed a panel of antibody-
siRNA conjugates but detected in vitro silencing at high conjugate
concentration with just two of seven conjugates and only very limited
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Figure 1. In vitro characterization of EGFR Centyrin-siRNA conjugates.

(A) Isolated siRNA conjugates are fully homogeneous, single chemical entity constructs. siRNA strands separate on the LC and produce defined m/z peaks in MS corre-

sponding to Centyrin-sense strand and free antisense strand (not shown). (B) A431 cells were treated with a range of doses of targeted and non-targeted Centyrin-siRNA

conjugates for 72 h, and CTNNB1 mRNA expression was detected by qRT-PCR. All dose levels were evaluated in duplicate. (C) Western blots showing CTNNb1 or GAPDH

protein expression after exposure of A431 cells to siRNA targeted to CTNNb1 delivered using lipofectamine or in the EGFR-1 Centyrin-siRNA conjugate in the absence of

transfection agent for 72 h. (D) HCC827 cells were pre-treated with or without EGFR-1 Centyrin (227 nM) for 1 h at 4�C followed by treatment with or without 20 nM EGFR-1-

Cent-siRNA_1 for 72 h. CTNNb1 mRNA levels were assessed by qRT-PCR and indicate that mRNA knockdown is mediated through EGFR uptake, as conjugate-mediated

knockdown is inhibited by EGFR-1-Cent pretreatment (N = 8 per group). (E) EGFR per cell was quantified by flow cytometry using Quantibrite beads (n = 4 for A549 and

HCC827 and n = 2 for H3255 cells). (F) HCC827, H3255, or A549 cells were treated with ascending doses of EGFR-1-Centyrin-siRNA conjugate for 72 h, and CTNNb1

mRNA expression was detected by qRT-PCR. All dose levels were evaluated in duplicate. Data represent average ± SEM. *p < 0.001 versus control; &p < 0.001.
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silencing detectable in tumor xenografts. Recent data using an anti-
CD71 Fab conjugated to modified siRNA dosed either systemically
or locally resulted in significant muscle tissue knockdown,8 demon-
strating the potential for smaller conjugates, which may penetrate
further through tissue. While these data are encouraging and indicate
that extrahepatic delivery is plausible, significant efforts are required
to identify suitable ligands for cell-specific and functional delivery of
siRNAs.

Centyrins are based on a consensus sequence of the FN3 domains in
human Tenascin C14,15 and possess biophysical properties that can
achieve siRNA delivery to target cells. They are single-domain pro-
teins that can be engineered to bind to targets with high selectivity
and affinity, similar to antibodies, although they do not contain any
natural cysteine residues, making site-specific conjugation straight-
forward when a unique cysteine is introduced.16 Moreover, we have
developed a high-throughput assay to identify Centyrins that enable
maximum payload delivery, using cytotoxin conjugates as a surrogate
to predict siRNA delivery potential. In this study, we demonstrate the
2 Molecular Therapy Vol. 29 No 6 June 2021
potential for functional siRNA delivery into multiple cell types utiliz-
ing internalizing Centyrins against different cell surface receptors
conjugated to highly stabilized siRNA targeting various genes.

RESULTS
EGFR Centyrin-siRNA conjugates potently silence CTNNb1

mRNA in vitro

Centyrins containing a single free cysteine at the C terminus were
conjugated to an siRNA duplex modified with a maleimide handle
at the 50 position of the passenger strand. Centyrin-siRNA conjugates
were purified and confirmed to contain a single chemical entity with
the molecular weight of the desired construct (Figure 1A). An EGFR-
binding Centyrin was selected for the first siRNA conjugate, as EGFR
binding Centyrins have already been validated for intracellular
delivery of cytotoxics.16 EGFR-binding Centyrins were conjugated
to a CTNNb1 siRNA (EGFR-1 Cent-siRNA_1 and EGFR-2 Cent-
siRNA_1) as described below, with an overall yield of 40%–60%
in terms of siRNA mass, and the conjugates were applied to
EGFR-expressing A431 cells. Treatment with either of two distinct
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EGFR-siRNA conjugates for 72 h induced a dose-dependent reduc-
tion in CTNNb1 mRNA up to 75% knockdown with an IC50 of
5 nM, in the absence of transfection agent. Neither negative control
Centyrin-siRNA conjugate nor siRNA alone reduced CTNNb1
mRNA levels at concentrations at or below 100 nM (Figure 1B).
(The slight knockdown observed with non-targeted Centyrin-siRNA
conjugates at 1 mM ismost likely a result of nonspecific siRNA uptake.
No dose-dependent differences in housekeeping gene cycle threshold
values were observed, suggesting there was no significant toxicity.) To
confirm that gene knockdown induced a reduction in target protein,
CTNNb1 protein levels were evaluated by western blot. Approxi-
mately 50% decrease in protein level was observed after treatment
with EGFR-1-siRNA_1 conjugate at 10 nM for 3 days, confirming
that CTNNb1 mRNA knockdown correlates with CTNNb1 protein
knockdown (Figure 1C).

To explore the relationship between receptor expression level and po-
tency, delivery of siRNA with EGFR Centyrins was evaluated using a
panel of cell lines expressing varying levels of EGFR. Significant and
potent gene knockdown was evident in two additional tumor cell
lines, expressing 500,000 to 1,000,000 copies of the EGFR per cell
(Figures 1D and 1E). In contrast, no mRNA knockdown was detected
in A549 cells, which exhibit significantly less EGFR per cell (~140,000
receptors per cell) following treatment with conjugates. These data
are consistent with our hypothesis that efficient uptake and robust
gene silencing activity of EGFR Centyrin-siRNA conjugates requires
a threshold level of EGFR on the cell.

The role of the EGFR for uptake of Centyrin-siRNA conjugate was
confirmed by a competition assay in the presence of excess free ligand.
HCC827 cells were treated with a saturating dose of EGFR-1 Centyrin
(227 nM) for 1 h at 4�C and then treated with EGFR-1 Cent-CTNNb1
siRNA _1 conjugate (20 nM) for 72 h at 37�C. Figure 1F shows that
20 nM EGFR-1 Cent-siRNA_1 conjugate results in 57% CTNNb1
mRNA knockdown, while pre-treatment with excess EGFR-1 Cen-
tyrin prior to addition of EGFR-1 Cent-siRNA_1 conjugate reduces
mRNA knockdown to just 21%, consistent with EGFR-mediated up-
take of Centyrin-siRNA conjugate. To understand the temporal pro-
file of the targeted siRNA-mediated knockdown, HCC827 cells were
treated with siRNA conjugates for between 24 h and 5 days, and
mRNA knockdown was evaluated. CTNNb1 mRNA silencing was
evident within 24 h of treatment with EGFR-1-Cent-siRNA_1 conju-
gates, but more knockdown was observed at 72 h than at 24 h. mRNA
knockdown was similar in cells treated with EGFR-targeted siRNA
conjugates for 72 h and 120 h (Figure S1).

Robust mRNA knockdown is achieved with Centyrin-siRNA

conjugates in tumor xenografts in vivo

To assess in vivo activity, mice bearing A431 tumor xenografts were
dosed intravenously (i.v.) on days 1, 3, and 6 with EGFR Centyrin,
EGFR Centyrin-siRNA conjugate, or negative Centyrin-siRNA con-
jugate, where all conjugates were dosed at 10 mg/kg (mpk) siRNA.
Tumors were collected 72 h after the final dose. Since Centyrins are
small proteins that are cleared rapidly via kidney first-pass clearance,
Centyrins that had been genetically fused to the stabilized albumin-
binding domain (ABD) ABDCon12,17 which is designed to extend
serum half-life, were also evaluated. As expected, addition of the
ABD extended serum exposure reduced the siRNA exposure in the
kidney and enhanced exposure in the liver, suggesting the clearance
mechanism was shifted (Figure S2). Figure 2 shows the relative
mRNA levels for tumors from mice treated with EGFR-1 Cent-
siRNA_1 conjugates. Significant knockdown of CTNNb1 mRNA is
observed in tumors from mice treated with each of the two different
EGFR Centyrin-siRNA conjugates compared to a negative control
Centyrin-siRNA conjugate, which had no activity. Despite rapid
clearance for Centyrins that do not contain a half-life extension
domain, up to 50% silencing was detected for EGFR-1 Cent-siRNA
conjugates (Figure 2A) and 75% knockdown of CTNNb1 for
EGFR-1 Cent-ABD-siRNA_1 conjugates (containing an ABD; Fig-
ure 2B). Negative control Centyrin siRNA conjugates containing an
ABD showed up to 25% knockdown, which we hypothesize is due
to albumin-mediated uptake in tumor cells. Thus, albumin binding
may provide an additional mechanism for siRNA uptake into tumor
cells, since accumulation of albumin has previously been demon-
strated for tumor tissues.18 Reduction of b-catenin was also
confirmed at the protein level by western blotting. Nearly 50% loss
of b-catenin protein was detected in tumors isolated frommice dosed
with EGFR-1-ABD-CTNNb1 siRNA, while negative control Cen-
tyrin-siRNA conjugates resulted in minimal protein loss (Figure S3).

In order to confirm that an RNAi mechanism was responsible for the
observed silencing activity, mRNA cleavage fragments were evaluated
from RNA isolated from either vehicle or EGFR-ABD-siRNA-1-
treated tumor tissue with a 50 rapid amplification of cDNA ends
(RACE) assay. The PCR products were run on an agarose gel,
where an approximately 200 bp band was evident for the EGFR-1
Cent-ABD-siRNA_1-treated samples but not the vehicle controls
(Figure 2C). mRNA was extracted from the band and 26 sequences
were identified, one of which had an insert that began with the ex-
pected sequence derived from the RNA adaptor from the GeneRacer
kit and a nearly perfect match with the target cleavage site, as shown
in Figure S4.

Since Centyrin-siRNA conjugates (particularly conjugates containing
ABDs) were found to accumulate in liver, silencing was also evaluated
in liver tissue. In Centyrin-siRNA conjugates that did not contain
ABDs, silencing was only observed with the EGFR-siRNA conjugate
(EGFR-1 Cent-ABD-siRNA_1) but not the non-binding Centyrin-
siRNA conjugate (neg. Cent-ABD-siRNA_1) or the EGFR Centyrin
alone. As EGFR is expressed in the liver and EGFR-1 Cent cross-re-
acts with mouse EGFR, it is likely that the CTNNb1 mRNA silencing
observed in the liver is mediated through EGFR-specific uptake (Fig-
ure S5A). With the Centyrin-siRNA conjugates fused to an ABD,
significant CTNNb1 mRNA silencing was observed for both the
non-binding Centyrin-ABD-siRNA conjugate and the EGFR-ABD-
siRNA conjugate (Figure S5B). Silencing may be due to albumin-
mediated and EGFR-mediated uptake. Silencing was not evaluated
in the kidney.
Molecular Therapy Vol. 29 No 6 June 2021 3
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Figure 2. In vivo silencing of CTNNB1 gene by i.v. administration of

Centyrin-siRNA conjugate in A431 tumor xenograft model

Mice bearing A431 tumor xenografts were dosed three times every other day with

targeted or non-targeted siRNA conjugates containing 10 mpk siRNA or equimolar

levels of Centyrin only. Tumors were excised 72 h following the final dose, and

CTNNb1 mRNA was assessed by qRT-PCR following tissue lysis (n = 6 mice per

group). (A) Silencing with non-half-life extended constructs (red). mRNA silencing is

observed with both EGFR-1 and EGFR-2 Centyrin conjugates. Non-binding Cen-

tyrin conjugates, Centyrins alone, and vehicle are used as controls. (B) Silencing

with conjugates incorporating albumin-binding domain (ABD) fusion for half-life
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We have previously reported on the critical role of chemical modifi-
cations in the sugar-phosphate backbone in stabilizing GalNAc-
siRNA conjugates against nucleolytic degradation.5 In our siRNA de-
signs, the ribosugar moieties of each nucleotide are generally modified
with either 20-deoxy-20-fluoro (20-F) or 20-O-methyl (20-OMe) and
two phosphorothioate linkages at each of the free 30 and 50 ends of
the siRNA. We have also reported that additional enhancement of
metabolic stability and in vivo activity can be achieved through
further optimization of the siRNA chemistry, specifically by judicious
increase in the 20-OMe and a concomitant decrease in the 20-F con-
tent.4 To address the question whether these findings would translate
to Centyrin-conjugated siRNAs and different tissue/cell types, we
compared conjugates containing two different siRNA designs, one
with a higher and one with an optimized (lower) 20-F content (Table 1;
siRNA_1 and siRNA_2). Further, the impact of the conjugation site
was investigated with siRNA_3, which was linked to the Centyrin
via the 50 rather than the 30 end of the sense strand. Maximum
mRNA knockdown and IC50 were modestly improved in vitro with
both new constructs with optimized siRNA chemistry (Figure 3A).
Moreover, analysis at the protein level showed more than a 5-fold
improvement in IC50 for the new modification pattern (siRNA_2:
1.6 nM and siRNA_3: 1.3 nM versus siRNA_1: 9.1 nM; Figure 3B).

The trend of improved activity for the two siRNAs with optimized
modification pattern observed by in vitro free uptake also translated
to improved in vivo activity (Figures 3C and 3D). In tumor xenografts
following a single dose of EGFR-1 Cent-ABD-siRNA conjugates
(containing 10 mpk siRNA) the original conjugate (siRNA_1) re-
sulted in 51% CTNNb1 mRNA knockdown 72 h after dosing.
The conjugates containing the chemically optimized siRNA_2 or
siRNA_3 exhibited improved knockdown of CTNNb1 mRNA of
65% and 70%, respectively and a tendency toward higher tumor expo-
sures. This is in agreement with our previously published work on
GalNAc mentioned above and indicates that improved metabolic sta-
bility through optimized siRNA chemistry plays a similarly important
role when targeting tumor tissue (Figure 3D). Comparing the conju-
gates of CTNNb1_2 and CTNNb1_3, however, the impact of the
conjugation site on mRNA knockdown appears to be insignificant,
despite the somewhat higher tissue levels observed for siRNA_2.

Generalizability of Centyrin-mediated siRNA delivery

To assess the general utility of Centyrins for targeted delivery of
siRNA, Centyrins binding to PSMA, BCMA, or EpCAM were conju-
gated to CTNNb1 siRNA_1 and evaluated for knockdown in recep-
tor-positive cell lines. Treatment of PSMA Cent-siRNA_1 conjugates
in LnCAP cells (200,000 PSMA per cell) resulted in 42% CTNNb1
mRNA knockdown (Figure 4). A431 cells (350,000 EpCAM antigens
extension (blue). (C) 50 RACE experiment performed on tumor biopsy from EGFR-1-

ABD-siRNA_1-treated animals confirms RNAi mechanism of silencing. PCR prod-

ucts from 50 RACE assay were run on an agarose gel. Arrow indicates mRNA

cleavage product in samples treated with EGFR-1-ABD-siRNA but not vehicle (n = 3

mice per group). Data represent mean ± SEM. *p < 0.0001 versus untreated con-

trols, #p < 0.0001.



Table 1. Oligonucleotide sequences and chemistries are listed

CTNNb1 siRNAs Strand Sequence

CTTNNb1 siRNA_1
sense U$a$CuGuUgGAUuGaUuCgAaAL1

antisense VPu$U$uCgAaUcAaucCaAcAgUa$g$c

CTTNNb1 siRNA_2
sense u$a$cuguUgGAUugauucgaaaL1

antisense VP(Tam)$U$ucgAaUCaaucCaAcagua$g$c

CTTNNb1 siRNA_3
sense Qu$a$cuguUgGAUugauucga$a$a

antisense VP(Tam)$U$ucgAaUCaaucCaAcagua$g$c

CTTNNb1 siRNA_4
sense u$a$cuguUgGAUugauucgaaaL2

antisense VP(Tam)$U$ucgAaUCaaucCaAcagua$g$c

KLKB1 siRNA
sense A$a$UcCaAaAUAuUcUaCaAaAL1

antisense VPu$U$uUgUaGaAuauUuUgGaUu$u$c

CD68 siRNA
sense A$u$GgCgCaGAAuUcAuCuCuAL1

antisense VPu$A$gAgAuGaAuucUgCgCcAu$g$a

SSB siRNA
sense U$a$AcAaCaGACuUuAaUgUaAL1

antisense VPu$U$aCaUuAaAgucUgUuGuUa$g$a

Structures of L1, L2, and Q are in the Supplemental information. Chemistry modifica-
tion: $, phosphorothioate (PS) linkage; lower case nucleotides, 20-O-methyl (OMe); up-
per case nucleotides in italics, 20-deoxy-20-fluoro (F); L1, 30 maleimide; L2, 30 triglycine;
Q, 50 maleimide; VP, 50-(E)-vinylphosphonate; (Tam), 20-O-(N-methylacetamide)
thymidine.
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per cell) treated with EpCAMCent-siRNA_1 conjugates also induced
knockdown of CTNNb1 mRNA by 40%. Impressively, even BCMA
Cent-siRNA_1 conjugates were able to significantly silence CTNNb1
mRNA levels in H929 cells, which only express 17,000 BCMA anti-
gens per cell. In all cases, negative control Centyrin-siRNA conjugates
had no activity.

To demonstrate that Centyrin-mediated siRNA delivery was gener-
ally applicable across different genes, Centyrins were conjugated to
siRNAs targeting one of three additional genes: kallikrein B1
(KLKb1), murine CD68, and SSB. Since KLKB1 and murine CD68
are not endogenously expressed by HCC827 cells, cells were first
transfected with a luciferase reporter plasmid fused to human
KLKb1, murine CD68, human SSB, and human CTNNb1 genes.
24 h after transfection with luciferase reporter, cells were rinsed
and treated with Centyrin-siRNA conjugates for 72 h. Figure 5 illus-
trates significantly improved potency of EGFR-targeted Centyrin-
siRNA conjugates compared to non-binding controls for CD68 (Fig-
ure 5A), SSB (Figure 5B), KLKb1 (Figure 5C), and CTNNb1 siRNA_1
(Figure 5D)-containing conjugates, where IC50 values were reduced
by between 20- and 600-fold. The activity of the non-binding controls
appears to be higher than observed previously (as in Figures 1B and
4), which may be an artifact of compromised membrane integrity
following transfection of the luciferase reporter plasmids.

Following effective knockdown of a single gene via EGFR-1 Cent-
siRNA conjugates, we explored the potential to knock down two genes
simultaneously with a single Centyrin conjugated to two different
siRNAs. An EGFR Centyrin was first conjugated to an SSB-targeting
siRNA at an internal cysteine (E54C) using a thiol maleimide reaction.
The Centyrin-SSB conjugate was then conjugated to CTNNb1
siRNA_4 at the C terminus using a sortase transpeptidase reaction,19

as illustrated in Figure 6A. Silencing was compared using an EGFR
Centyrin conjugated to either CTNNb1 siRNA, SSB siRNA, or both
CTNNb1 and SSB siRNA. Figures 6B and 6C show that the EGFRCen-
tyrin dually conjugated to both SSB andCTNNb1 reduced SSBmRNA
to levels equivalent to the EGFR-1 Cent-SSB siRNA mono-conjugate.
Similarly, the dual siRNA Centyrin conjugate silenced CTNNb1 to
levels comparable to that of the EGFR-1 Cent-CTNNb1 siRNA conju-
gate. These results indicate that the potency of a dual-function
Centyrin conjugate containing two different siRNAs can be equivalent
to the individual conjugates. Importantly, these results also demon-
strate that no CTNNB1 silencing was observed with a EGFR1-
Cent-SSB siRNA, nor was SSB silencing observed with a EGFR1-
Cent-CTNNb1 siRNA, further demonstrating the gene specificity of
the Centyrin-siRNA conjugates used in these studies.

Centyrin-siRNA conjugates show antitumoral activity in vitro

To assess the potential for using Centyrin-siRNA conjugates to knock
down genes that are important for tumor growth, we evaluated cyto-
toxicity of Centyrin-siRNA conjugates in CTNNb1-dependent cell
lines. Mutations in both APC and CTNNb1 are a major driving factor
in many colorectal cancers.20–22 APC is a negative regulator of b-cat-
enin protein levels, and therefore mutations in APC lead to constitu-
tive b-catenin activation, which ultimately activates WNT signaling
and drives aberrant growth.23 To assess Centyrin-siRNA conjugate
activity in CTNNb1-dependent colorectal cancer cells, we assessed
downstream gene signaling and toxicity in a panel of colorectal cell
lines with APC mutations using EpCAM-targeted Centyrins conju-
gated to CTNNb1 siRNA.

To select for the best Centyrin for siRNA delivery, a panel of EpCAM-
binding Centyrins was screened using a high-throughput internaliza-
tion assay. Centyrins were conjugated to a cytotoxic drug, MMAF.
Colo205 cells were treated with Centyrin-toxin conjugates at 20 or
2 nM for 72 h and assessed for cytotoxicity. Internalizing Centyrins
were selected when they induced more than 50% cytotoxicity when
conjugated to vcMMAF. Seven of the EpCAM-binding Centyrin-
vcMMAF conjugates were found to induce cytotoxicity in greater
than 50% of Colo205 cells at 20 nM (Figure 7), including the positive
control EpCAM-binding Centyrin referenced in Figure 4. Of the
seven, four were also toxic at 2 nM, while the original positive control
was inactive, suggesting improved internalization profiles. EpCAM
Centyrin F01 was selected for further evaluation.

Treatment with EpCAM Cent-siRNA_3 for 72 h led to a 50% reduc-
tion in CTNNb1 mRNA levels with IC50 values of less than 1 nM in
both Colo205 and H358 cells (Figure 8A). Moreover, treatment with
EpCAM Cent-siRNA_3 for 9 days potently killed Colo205 cells
harboring an APC mutation, while there was no impact on toxicity
in H358 cells, which carry wild-type (WT) APC (Figure 8B). To
further demonstrate the impact of Centyrin conjugate-mediated
CTNNb1 gene knockdowns on downstream signaling, we measured
Molecular Therapy Vol. 29 No 6 June 2021 5
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Figure 3.mRNAknockdown (KD) potency of the same

oligonucleotide sequence further optimized using

changes in siRNA modification chemistry

(A) A431 cells were treated with three different EGFR-

1-Cent-ABD-siRNA conjugates containing the same

sequence but different chemical modifications or conju-

gation sites, as indicated in Table 1. (A and B) CTNNb1

mRNA expression after 72 h treatment determined by qRT-

PCR (A) and b-catenin protein knockdown after 120 h

determined by ELISA (B) are shown. Data represent

average of two replicate samples at each dose. (C) Mice

bearing A431 tumor xenografts were treated with a single

dose of EGFR-1-Cent-siRNA containing various chemis-

tries and conjugation sites (10 mpk by siRNA), and tumors

were excised 72 h after dosing. siRNA levels were deter-

mined by stem-loop PCR, and (D) CTNNb1 mRNA

expression was quantified by qRT-PCR. Chemistries used

in siRNA_2 and siRNA_3 result in better tumor knockdown

than siRNA_1. n = 6 mice per group. *p < 0.0001 versus

vehicle. #p < 0.0001. ##p < 0.05.
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TCF-LEF reporter activity 72 h after EpCAM Cent-siRNA_3 treat-
ment. Three cell lines with mutant APC and significantly enhanced
TCF-LEF gene signaling compared to H358 cells expressing WT
APC were selected. Treatment with 100 nM EpCAM Cent-siRNA_3
for 3 days inhibited TCF-LEF signaling in all three cell lines to levels
similar to or better than lipofectamine-mediated transfection of
CTNNb1 siRNA (Figure 8), while negative Centyrin-siRNA_3 conju-
gates were not significantly changed.

DISCUSSION
The recent successes in the development of clinically validated tech-
nologies for the delivery of RNAi therapeutics to the liver have
encouraged and intensified the quest for efficient siRNA delivery to
extrahepatic tissues, for which to date there are no clinically proven
delivery systems available. Here we explored a delivery system based
on Centyrins, a platform based on designed FN3 domain proteins,
which can be engineered to target internalizing plasma membrane
proteins. Centyrins are particularly amenable to rapid evaluation of
intracellular siRNA delivery potential due to the ease of selecting
new ligands and introducing functionalities for site-specific conjuga-
tion. Centyrins do not contain cysteines, so addition of a defined
number of siRNA molecules is easily achieved by introducing cyste-
ines or other conjugation strategies (e.g., peptide ligation). We previ-
ously scanned the entire Centyrin scaffold to determine what sites
were amenable to conjugation with minimal impact on binding and
other biophysical properties.16

Precise tumor targeting and efficient intracellular delivery appear to
be essential for successful application of RNAi therapeutics as anti-
6 Molecular Therapy Vol. 29 No 6 June 2021
cancer agents. Like antibodies, Centyrins can be
developed to bind with high affinity and selec-
tivity to numerous antigens, whichmakes specific
tumor targeting across a broad range of tumor antigens feasible. Pre-
viously reported approaches for delivery of siRNAs to tumor tissue
include encapsulation in cationic nanoparticles. However, these can
be toxic, are not selective for tumor cells, and are preferentially
sequestered by the reticuloendothelial system.24–26 Similarly, while
cholesterol-siRNA conjugates have demonstrated good potency,
they are taken up by numerous cell/tissue types, resulting in lower tu-
mor accumulation.27,28 Previously reported tumor-targeting strate-
gies also include aptamer-siRNA conjugates. However, these can be
less selective than traditional biologics and suffer from low metabolic
stability and rapid clearance from circulation.9,12,13

In addition to selective cell surface receptor binding, it is essential for
the targeting moiety to promote active internalization into the tumor
cells, as the highly negative charge of the siRNA prevents passive cell
penetration. As the high-throughput internalization screen previ-
ously described, Centyrins with good internalization properties can
be rapidly identified, conjugated to siRNA, and evaluated for func-
tional siRNA delivery. We selected three Centyrins targeting different
antigens (EGFR, EpCAM, and BCMA) using this screening paradigm
and demonstrated functional delivery of CTNNb1-siRNA for each of
the constructs as evident by target mRNA knockdown. Interestingly,
while the degree of mRNA knockdown seems to depend on the target
receptor density, the minimum number of receptors required
for functional siRNA delivery varied by target and cell type. With
EGFR, siRNA delivery required more than 150,000 receptors per
cell, while successful knockdown was achieved with BCMACentyrins
binding to as few as 17,000 receptors per cell. The minimal receptor
expression is likely determined by a combination of factors, including
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Figure 4. CTNNb1 mRNA expression for cells treated with Centyrin-siRNA

conjugates against multiple antigens

(A) LNCAP cells were treated with 200 nM nonbinding Centyrin-siRNA conjugate

(neg Cent-siRNA_1) or PSMA-binding Centyrin-siRNA conjugate (PSMA Cent-

siRNA_1) against CTNNb1 for 72 h, and mRNA was detected by qRT-PCR. (B)

A431 cells were treated with 125 nM nonbinding Centyrin-siRNA conjugate (neg

Cent-siRNA_1) or EpCAM-binding Centyrin-siRNA conjugate (EpCAM Cent-

siRNA_1) for 72 h. (C) H929 cells were treated with 175 nM non-binding Centyrin-

siRNA conjugate or BCMA Centyrin-siRNA conjugate for 72 h, and CTNNb1 mRNA

was assessed by qRT-PCR. Significant CTNNb1 mRNA knockdown was observed

only with treatment with targeted siRNA conjugates but not non-binding Centyrin-

siRNA conjugates. n = 4 per group. Data plotted as mean ± SEM. *p < 0.05 versus

untreated controls.
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internalization kinetics, endosomal trafficking, and proliferation
rates. The high-throughput screen used to identify Centyrins selects
for the best internalizers but does not differentiate for endo/lysosomal
trafficking; future efforts should consider screening directly for
mRNA knockdown via high-throughput conjugation to siRNA in or-
der to identify the best Centyrins for siRNA delivery across multiple
receptors.
Importantly, we found that the mRNA knockdown observed in vitro
translated to tumor xenografts as well. Despite rapid clearance of Cen-
tyrin-siRNA conjugates in the absence of any half-life extension strat-
egy, we still observed up to 50% mRNA knockdown in A431 tumor
xenografts with an EGFR Centyrin-siRNA conjugate. With the addi-
tion of anABD,mRNAknockdownwas enhanced tonearly 70%.These
data indicate that Centyrin-siRNA conjugates were able to penetrate
well through the tumor tissue. Moreover, we show that enhancing sta-
bility of the CTNNb1 siRNA (but keeping sequences identical) can
improve tumor uptake and knockdown in vivo. Indeed, the EGFR
Centyrin-CTNNb1_3 containing the more stabilized siRNA showed
enhanced tumor exposure, suggesting that reduced degradation was
predominantly responsible for the enhanced activity observed.

Using orthogonal conjugation strategies, we were able to engineer a
single Centyrin carrying two different siRNAs. Impressively, there
was no loss in potency with the addition of a second siRNA, suggest-
ing that the larger size of the construct does not influence internaliza-
tion or endosomal escape. Such dually conjugated molecules may be
beneficial in order to develop therapies to prevent resistance mecha-
nisms by targeting 2 either horizontal or vertical gene inhibition stra-
tegies. Alternatively, two different siRNAs targeting the same gene
could be delivered with the potential to achieve enhanced efficacy.29

Future studies should evaluate the feasibility of this strategy in vivo.
Centyrins demonstrated equal potency when conjugated to siRNA
at either the 50 (CTNNb1_4) or 30 end (CTNNb1_2), with no impact
on potency. We hypothesize that the small size of Centyrins together
with conjugation to the sense strand leaves the unmodified guide
strand available and unimpeded for RISC loading.

Overall, we have demonstrated that the combination of tumor-target-
ing Centyrins with chemically stabilized siRNAs presents a versatile
platform for RNAi-mediated gene silencing across multiple tumor
types. Combination of Centyrins and chemically stabilized siRNA of-
fers the potential to silence oncogenes that are not druggablewith tradi-
tional modalities and creating novel therapeutics for cancer and other
genetic disorders. For example, CTNNb1 has long been considered an
undruggable target, although it is implicated in numerous cancers,
especially colorectal cancer where the majority of cases contain
aberrant signaling due to mutations in either APC or CTNNb1,30

andmore recent data have implicatedCTNNb1 signaling in preventing
immune cell infiltration into tumors.31,32 Our data show that an opti-
mized EpCAM Centyrin conjugated to a CTNNb1 siRNA can effec-
tively kill tumor cells exhibitingAPCmutations but not cells exhibiting
normal CTNNb1 signaling. Hence, Centyrin-mediated delivery of
CTNNb1 siRNAmay provide a novel approach to treat colorectal can-
cer, with limited off-target toxicity due to the high selectivity of the
siRNA target and the tissue-specific delivery approach, which may
reduce unwanted effects of gene silencing in healthy tissues.

MATERIALS AND METHODS
General synthesis of siRNA

Oligonucleotide sequences and chemistries are listed in Table 1. Oligo
synthesis was performed on either an Applied Biosystems 394, AKTA
Molecular Therapy Vol. 29 No 6 June 2021 7
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Figures 5. In vitro potency of EGFR Centyrin-siRNA

conjugates targeting different genes

HCC827 cells were transfected with plasmid containing

luciferase-tagged CD68, KLKb1, SSB1, and CTNNb1

genes. Cells were then treated with a dose range of Cen-

tyrin-siRNA conjugates that targeted EGFR (EGFR-1 Cent,

red) or were non-binding (neg. Cent, blue) for 72 h. (A–D)

Percent luciferase activity is reported as a surrogate for

relative gene expression in HCC827 cells transfected with a

luciferase reporter gene construct and treated with Cen-

tyrin conjugates delivery (A) CD68, (B) KLKb1, (C) SSB1, or

(D) CTNNb1 siRNA. Non-binding Centyrin-siRNA conju-

gates appeared to be more potent than in previous

experiments, but this was presumably due to the

compromised membrane integrity that occurred following

transfection.
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Oligopilot, or Mermade 12 synthesizer using standard phosphorami-
dite chemistry on 500–600 Å controlled pore glass (CPG). The phos-
phoramidites were prepared as 0.15 M solutions in acetonitrile with
15% dimethyl formamide (v/v) added as a cosolvent for 20 OMe uri-
dine and cytidine. 0.6M ETT (5-ethylthiotetrazole) was the activation
agent during coupling reactions. The oxidizing reagent was 0.02 M
I2 in THF/pyridine/water. N,N-dimethyl-N0-(3-thioxo-3H-1,2,4-di-
thiazol-5-yl)methanimidamide (DDTT), 0.09 M in pyridine, was
used as the sulfurizing reagent for the Applied Biosystems 394 and
Mermade 12 instruments, while 0.2 M phenylacetyl disulfide
(PADS) in 50/50 (v/v) lutidine-acetonitrile was used for the AKTA
system. Detritylation was performed using 3% dichloroacetic acid
(v/v) in dichloromethane. The single strands were purified by ion ex-
change chromatography (IEX), with the exception of maleimide-con-
taining strands (see below). The IEX buffers were 20 mM phosphate
at pH 8.5 (sense strands) or pH 11 (antisense strands) with 1 M so-
dium bromide used for the gradient. After IEX purification, the
appropriate fractions were pooled, concentrated to a reduced volume,
and desalted. Sample volumes were then further reduced by rotary
evaporation, filtered through a sterile 0.2 mm filter, and lyophilized
to dryness prior to storage of the oligonucleotide powder at �20�C.

Oligos, with the exception of oligos to be included in maleimide-con-
taining duplexes, were annealed using routine methods by dissolving
the oligos in annealing buffer, combining the oligos, heating the oligos
to 95�C in a water bath, and allowing the water bath to cool to room
temperature (RT). Annealed duplexes were stored at �20�C.

Deprotection of antisense strands

Upon completion of synthesis, the support was washed with acetoni-
trile (ACN) and dried in the column under vacuum or by blowing
nitrogen through the column. Subsequently, the support was trans-
ferred into a container that could be tightly sealed and shaken with
a solution of 5% diethylamine in aqueous ammonia at 35�C for
8 Molecular Therapy Vol. 29 No 6 June 2021
20 h or 65�C for 5 h; optimization for these
conditions has been extensively discussed previ-
ously.33 The mixture was filtered into appropri-
ately sized containers according to scale and washed at least twice
with water (5� volumes of deprotecting solution). The deprotection
of crude oligo was checked by IEX-high-performance liquid chroma-
tography (HPLC) and liquid chromatography-mass spectrometry
(LC-MS) and was subsequently purified by IEX-HPLC.

Deprotection of tri-glycine siRNA

The tri-glycine modification for sortase-mediated conjugation was
synthesized as a CPG solid support (Supplemental information).
The N terminus of the tri-glycine was trifluoroacetic acid (TFA) pro-
tected. Upon completion of synthesis, the support was washed with
ACN and dried under vacuum or by blowing nitrogen through the
synthesis column. Subsequently, the support was transferred into a
polypropylene tube that could be tightly sealed and incubated with
50/50 v/v 40% aqueous methyl amine and aqueous ammonia
(AMA) at room temperature for 3 h.

Synthesis and deprotection of maleimide-containing

oligonucleotides

Precursors for maleimide conjugation were made using either a 30

amino-modified CPG solid support or a 50 amino modifier phosphor-
amidite. In either case, the amine was protected with a TFA group and
was deprotected using the same conditions as the tri-glycine oligonu-
cleotides. The single strand was purified by IEX chromatography and
desalted under standard conditions prior to maleimide conjugation.

The amine-modified oligomer was dissolved at a concentration of
approximately 20 mg/mL in 0.05 M phosphate buffer at pH 7.1.
Ten equivalents of the maleimide N-hydroxysuccinimide (NHS) ester
were dissolved in ACN at the same volume of the phosphate buffer.
The NHS ester solution was added to the aqueous oligonucleotide
solution and shaken for 3 h at room temperature. Maleimide-
containing oligonucleotides were purified by reverse-phase chroma-
tography (20 mM triethyl ammonium acetate with 80% acetonitrile
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Figure 6. Centyrin-siRNA conjugates can be designed to simultaneously

inhibit multiple genes

(A) Schematic shows Centyrin dually conjugated to CTNNb1 and SSB siRNA. A431

cells were treated with Centyrin-siRNA conjugates at a range of doses for 72 h, and

mRNA expression was assessed by qRT-PCR. Cells were treated at each con-

centration in triplicate. EGFR1-Cent-dual siRNA (CTNNb1, SSB) contained an

EGFR Centyrin conjugated to both CTNNB1 and SSB siRNA, as indicated in

schematic in (A). EGFR1-Cent-CTNNb1 siRNA and EGFR1-Cent-SSB siRNA were

EGFR Centyrins conjugated only to CTNNb1 or SSB siRNA, respectively. (B) SSB

mRNA is shown. Cells treated with Centyrin-siRNA conjugates targeting SSB

demonstrate potent knockdown, while that with CTNNb1 siRNA only has no ac-

tivity. (C) CTNNb1mRNA is reduced in cells treated with Centyrin-siRNA conjugates

against CTNNb1 but not SSB. No difference in potency is observed in Centyrin-

siRNA conjugates containing one versus two siRNA, as long as the appropriate

siRNA is present.
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in Buffer B), as the maleimide hydrolyzes under ion exchange buffer
conditions.

After purification, the oligo was dried to a small volume of liquid, not
to dryness, at 30�C on a rotary evaporator, and desalted. Due to the
sensitive nature of the maleimide, duplexing was performed by
freeze-drying using equimolar amounts of each desalted single strand.

Centyrin conjugation to siRNA and conjugate purification

Centyrins were expressed and purified as previously described.16 Cen-
tyrins were conjugated to siRNA through either cysteine-specific
chemistry via maleimide handles on the siRNA34 or using the sortase
reaction.19 For cysteine-maleimide conjugation, cysteine-containing
Centyrins in PBS at 50–200 mM were reduced with 5–10 mM
tris(2-carboxyethyl)phosphine (TCEP) to yield a free thiol. To re-
move the TCEP, Centyrin was precipitated by addition of 3 volumes
of saturated ammonium sulfate solution (Teknova, Hollister, CA,
USA) followed by incubation on ice for 10 min and centrifugation
(20 min, 75,600 � g). The supernatant was decanted, and the pellet
was resuspended in a 3:1 mixture of saturated ammonium sulfa-
te:PBS, followed by another centrifugation step (20 min, 75,600 �
g). The supernatant was decanted, and the final Centyrin pellet was
re-dissolved in PBS. The Centyrin was mixed with maleimide-modi-
fied siRNA duplex that was dissolved in water immediately prior at a
molar ratio of ~1.5:1 Centyrin:siRNA. After 1 h incubation at RT, the
reaction was quenched with N-ethyl maleimide.

The conjugate was purified in two steps. Crude reaction was loaded
onto an equilibrated QIAGEN Ni-NTA cartridge (Hilden, Germany)
and purified using an AKTA AVANT system. Fractions containing
conjugate and crude Centyrin were pooled and purified further by
ion exchange chromatography (IEX). For IEX, sample was injected
onto an AKTA AVANT equipped with a CaptoQ HiTrap column
(GE Healthcare, Chicago, IL, USA) equilibrated in Buffer QA
(20 mM Tris-HCl [pH 7.5]) and eluted with a 0%–100% gradient
of Buffer QB (QA + 2 M NaCl). Fractions containing conjugate
were pooled, exchanged into PBS by dialysis or with Zeba desalting
columns (Thermo), and concentrated if necessary.

For sortase-catalyzed conjugation, Centyrins with a C-terminal sortase
recognition sequence were conjugated to siRNA duplex modified with
a tri-glycine peptide. Centyrin (~100 uM), siRNA (~50 uM), and sor-
tase (1 uM) were incubated for 1–2 h at room temperature in buffer
containing 50 mM Tris (pH 7.5), 150 mM NaCl, and 10 mM CaCl2.
Conjugates were purified essentially as described above.

For dual-siRNA conjugates, a Centyrin with C-terminal sortase recog-
nition site as well as a single cysteine at position 54 (E54C) was used.
The first siRNA was conjugated via a maleimide handle to the cysteine
and purified as described above. The second siRNA, modified with a
tri-glycine handle, was conjugated subsequently using sortase-cata-
lyzed transpeptidation essentially as described above. Purification of
the final conjugate proceeded in two steps, using Ni-NTA chromatog-
raphy to remove the sortase and free siRNA followed by preparative
size exclusion chromatography on an AKTA AVANT system equip-
ped with a Superdex75 16/60 column (GE Healthcare) run in PBS.

For conjugates prepared for in vivo studies, endotoxin was removed
(if necessary) using an EndoTrapHD column (Hyglos, Munich,
Germany). Endotoxin was measured with Endosafe PTS cartridges
using an Endosafe device (Charles River, Wilmington, MA).

Characterization of Centyrin-siRNA conjugates

LC-MS was used to confirm identity and purity of the conjugates.
Samples were analyzed using an Agilent Model 6230 TOF mass
Molecular Therapy Vol. 29 No 6 June 2021 9
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Figure 7. EpCAM Centyrin internalization screen

A panel of 48 EpCAM-binding Centyrins were screened for internalization. Centyrins were rapidly conjugated to MMAF, a cytotoxic drug, and treated on Colo205 cells for 72

h. Each bar represents screening data from a single clone. (A and B) Internalizing Centyrins, as indicated by those reducing viability to less than 50%, are detected at both (A)

20 nM, and (B) 2 nM treatment, as indicated by the red bars. The blue bar indicates the first-generation EpCAM Centyrin, while black indicates the non-binding Centyrins.
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spectrometer system (Agilent, Santa Clara, CA, USA). The instru-
ment was operated in negative electro-spray ionization mode and
scanned from m/z 100 to 3,200. Instrument settings included: spray
voltage 3,750 V, source temperature 350�C, drying gas flow 12 L/
min, nebulizer 35 psi, sheath gas 300�C, sheath gas flow 11 L/min,
nozzle voltage 1,200 V, fragmentor 250 V. For the HPLC (Agilent
1290 instrument), the column was a Waters xBridge C8, 2.5 mm
particle, 2.1 � 50 mm, and it was run at 75�C with the buffers
MSA (25 mM triethylamine, 570 mM 1,1,1,3,3,3-hexafluoro-2-prop-
anol, 10% methanol) and MSB (acetonitrile). 5 mL of sample was
injected onto the column, washed for 2 min with 1%MSB, and eluted
with a gradient of 1%–50% B over 10 min (flow rate 0.3 mL/min
for all).
10 Molecular Therapy Vol. 29 No 6 June 2021
Target mRNA knockdown after Centyrin-mediated uptake of

siRNA

Centyrins were assessed for their ability to mediate uptake of siRNAs
into various cell lines in the absence of transfection reagent. Cells were
plated in 96-well plates (5,000–10,000 cells per well) for 24 h and then
treated with Centyrin-siRNA conjugates in duplicate for 72 h. Cells
were lysed with Protein Quant Sample Lysis Reagent (Applied Bio-
systems, Waltham, MA, USA). Lysates were frozen at �80�C until
analysis. Samples were thawed on ice, and RNA in cell lysate was con-
verted to cDNA using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) in a ProFlex ThermoCycler (Thermo
Scientific, Waltham, MA, USA) according to manufacturer’s instruc-
tions. qPCR of cDNA was performed using TaqMan Fast Advanced



A

B

C

Figure 8. Efficacy of EpCAM Centyrin-CTNNb1 siRNA conjugates in cells

with APC mutations

(A) Colo205 or H358 cells were treated with a dose response of Centyrin-siRNA

conjugates that bound to EpCAM (EpCAM Cent-siRNA_3) or that were nonbinding

(neg. Cent-siRNA_3) for 72 h. Cells were treated at each concentration in duplicate.

EpCAM Centyrin-siRNA conjugates induced potent reduction in CTNNb1 mRNA

compared to nonbinding negative control Centyrin-siRNA conjugate in both

Colo205 and H358 cells. (B) Colo205 or H358 cells were treated with a dose

response of Centyrin-siRNA conjugates for 9 days (with media refreshed with fresh

treatment after 5 days), and cell viability was assessed by CellTiterGlo. Cell viability

was found to be significantly and selectively reduced in Colo205 cells (containing

mtAPC) treated with EpCAM-Centyrin-siRNA conjugates but not in H358 cells,

which are not reliant on CTNNb1 for growth as they do not have a mutation in either
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2�Master Mix (Applied Biosystems) with TaqMan Gene Expression
Assay Primer/Probes (Applied Biosystems) for CTNNb1 and pep-
tidyl-prolyl cis-trans isomerase B (PPIB) on a ViiA 7 Real-Time
PCR System (Applied Biosystems). Target gene CT values were
normalized by subtracting the PPIB CT value to obtain a deltaCT.
The average of untreated deltaCT values was then subtracted from
the sample deltaCT. Relative mRNA level was then determined using
the equation, % Gene expression = 100 � 2(�deltadeltaCT). Data were
log transformed on the x axis, then analyzed using nonlinear regres-
sion, applying a 3-parameter model to determine IC50.

Western blot

A431 cells were plated in 6-well plates (100,000 cells per well) and
treated with Centyrin-siRNA conjugates or transfected with 50 nM
On-Target plus CTNNb1 SMARTpool siRNA (Dharmacon, Lafay-
ette, CO, USA) using Lipofectamine RNAiMAX transfection reagent
(Invitrogen, Carlsbad, CA, USA) as a positive control for 3 days. Cells
were washed twice with ice-cold PBS and lysed with RIPA buffer
(Thermo Scientific) containing PhosSTOP (Sigma, St. Louis, MO,
USA) and Complete Mini Protease Inhibitor Cocktail Tablets
(Sigma). Total protein concentration was quantified with a Pierce
BCA assay (Thermo Scientific), according to manufacturer’s instruc-
tions. Samples were prepared using LDS Sample Buffer (Life Technol-
ogies) and heated to 95�C for 5 min. For western blots with cell
lysates, 20 mg protein was loaded per well into a 4%–12% NuPage
Bis-Tris gel (Thermo Scientific) and subjected to electrophoresis at
150 V. Proteins were transferred to 0.45 mm nitrocellulose mem-
branes (Thermo Scientific) by applying 30 V constant for 90 min.
Membranes were then blocked for 1 h at room temperature with Od-
yssey Blocking Buffer (PBS) (Li-Cor, Lincoln, NE, USA), washed with
PBS containing 0.1% Tween-20 (Sigma), and stained with rabbit anti-
CTNNb1 antibody #9562 (Cell Signaling Technology, Danvers, MA,
USA) at 1:1,000 dilution or mouse anti-GAPDH antibody #Ab8245
(Abcam, Cambridge, MA, USA) at 1:10,000 dilution overnight at
4�C. Antibody binding was detected with donkey anti-rabbit IRDye
800CW or donkey anti-mouse IRDye 680RD (Li-Cor) used at
1:20,000 dilution and incubated for 1 h at room temperature. For
western blots in tissue lysates, 15 mg of protein was loaded into a
4%–12% NuPage Bis-Tris gel and subject to electrophoresis. After
transfer to nitrocellulose membranes, membranes were blocked for
1 h in Odyssey blocking buffer (Li-Cor), and proteins were stained
with an anti-b-catenin antibody (Sigma, # HPA029159, 1:1,000)
and anti-alpha Tubulin Abs (Abcam, # ab184613, 1:1,000) at 4�C
overnight on a shaker. After thorough rinsing, proteins were stained
for 1 h with donkey anti-rabbit IRDye 800CW (Li-Cor, 1:5,000) and
donkey anti-mouse IRDye 680 (Li-Cor, 1:5,000) in block buffer for 1 h
CTNNb1 or APC. (C) Downstream gene signaling, via a TCF/LEF reporter assay,

was assessed in a panel of cells treated with reporters alone, lipofectamine, or

transfected with CTNNb1 via lipofectamine or Centyrin-siRNA conjugates for 72 h.

EpCAM Centyrin-siRNA conjugates reduced TCF/LEF activity in three cell lines

containing mutant APC, to a level similar to that with lipofectamine transfection of

free CTNNb1 siRNA. Data are plotted as mean ± SEM. *p < 0.05 versus cells +

reporters alone.
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Table 2. Primer and probe sequences used for stem-loop PCR are shown

RT stem-loop
primer

50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA
TACGACGCTACT-30

qPCR probe (6-FAM)-50-CTGGATACGACGCTACT-(NFQ)-(MGB)-30

qPCR forward
primer

50-TCGTGATTTCGAATCAATCCAAC-30

qPCR reverse
primer

50-GTGCAGGGTCCGAGGT-30

Molecular Therapy

Please cite this article in press as: Klein et al., Centyrin ligands for extrahepatic delivery of siRNA, Molecular Therapy (2021), https://doi.org/10.1016/
j.ymthe.2021.02.015
at room temperature. Blots were imaged on an Odyssey Infrared
Fluorescence Imaging System (Li-Cor).

b-catenin protein ELISA

A431 cells were plated in 96-well plates at 1,000 cells per well and
treated with Centyrin-siRNA conjugates at a range of doses. Five
days after treatment, cells were rinsed twice with PBS and lysed
with 50 mL RIPA buffer containing HALT protease inhibitors and
EDTA. b-catenin protein was assessed with a Human Total Beta-Cat-
enin DuoSet IC ELISA (R&D Systems), according to manufacturer’s
instructions with minor modifications. Capture antibody was left on
plate overnight at 4�C and horseradish peroxidase (HRP) was de-
tected with BM Chemiluminescence ELISA Substrate (POD)
(50 mL/well; Roche). Luminescence was read on a SpectraMax M5
(Molecular Devices), and protein levels were back calculated from a
standard curve generated using linear regression.

Xenograft tumor model

Mouse studies were performed at Charles River Laboratories. All
animal protocols were approved by Janssen Institutional Animal
Care and Use Committee. Ten-week-old female SCID beige mice
(Charles River Laboratories) were implanted with 5 � 106 A431 cells
suspended in 50% Matrigel (Corning, Corning, NY, USA) in PBS,
subcutaneously into the right flank. Tumors were monitored as their
volumes approached the target range of 100–150 mm3.

Mice were dosed i.v. three times during the first week (corresponding
to days 1, 3, and 6 after tumors reached appropriate size) with EGFRor
wild-type Centyrin with or without siRNA. Molecules included both
non-half-life extended Centyrins and Centyrins with an ABD fusion.
Tumor tissue was collected from all animals 3 days after the final dose.
For each mouse, a terminal whole-body perfusion with PBS was per-
formed prior to sample collection. The perfusions were performed by
injecting each mouse intraperitoneally (i.p.) with anesthetic (sodium
pentabarbitol, 6.5 mg/mL, 500 mL/mouse). Once the perfusion was
completed, animals were exsanguinated, and tumors and livers were
removed and bisected. Three 3 mm biopsies were collected from the
tissue sample using biopsy punches (Sklar, West Chester, PA, USA)
and placed in a single RNALater tube (Ambion) and stored at 4�C.

Tissue punches were homogenized in Trizol (Ambion) using a Tissue-
Lyser II BeadHomogenizer (QIAGEN), extracted in 1-bromo-2 chlor-
opropane (Sigma), and total RNAwas isolated on the KingFisher Flex
Nucleic Acid Purification System (Thermo Scientific) using the Mag-
12 Molecular Therapy Vol. 29 No 6 June 2021
Max RNA Isolation Method (Ambion). CTNNb1 mRNA levels were
determined using 50 ng total RNA per sample as described above.

50 RACE assay

mRNA cleavage fragments were evaluated from 1 mg RNA isolated
from either vehicle or EGFR1-Cent-ABD-siRNA_1-treated tumor
tissue with a 50 RACE assay using the Invitrogen GeneRacer Kit
with SuperScript III RT and TOPO TA Cloning Kit for Sequencing
(L150201), per the manufacturer’s protocol. PCR amplification was
done with the Gene Racer 50 nested primer and gene-specific inner
primer (50-ACCCCCTCCACAAATTGCTGCTGTGT-30). The PCR
product from tumor tissue isolated from mice treated with vehicle
or 83v2-ABDcon12-siRNA (5 mL/sample) was run on an agarose
gel. Sample was added to 1 mL of 10� Blue Juice (Invitrogen) and
loaded on a 1% agarose gel (BioRad) in 1� Tris-borate-EDTA
(TBE) (Invitrogen). Track IT 1 kB Plus DNA ladder (Invitrogen)
was also run, along with 5 mL of the BioRad ladder. Gel was run at
125 V for 45 min, imaged using a BioRad Gel Doc XR, and analyzed
with BioRad Image Lab software. Relevant bands were cut out, and
mRNA was extracted from the gel using the Wizard PCR and Gel
Cleanup Kit (Promega). Fragments were eluted in 50 mL nuclease-
free water and cloned in Invitrogen’s TOPO TA cloning vector, using
TOPO TA Cloning Kit for Sequencing (Invitrogen).

Detection of siRNA in tissue samples

Concentrations of siRNA in tissue samples were determined using real-
time quantification of microRNAs by stem-loop RT-PCR methods as
previously described.35 Tissue samples were weighed, diluted in RIPA
buffer (containingHALT protease/phosphatase inhibitor [Thermo Sci-
entific] and Superase RNase inhibitor [Life Technologies]), and lysed in
a TissueLyzer (QIAGEN). Samples, siRNA standards, and study test
article spike controls were diluted 1:100 or 1:1,000 with TE buffer
(pH 8.0) (Thermo Scientific). 25 nM sequence-specific stem-loop
Primer (Thermo Scientific; Table 2) was annealed to the siRNA in all
assay samples using a ProFlex ThermoCycler (Thermo Scientific),
then converted to cDNA using the TaqMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems). qPCR of cDNA was performed us-
ing TaqMan Fast Advanced 2�Master Mix (Applied Biosystems) with
sequence-specific forward and reverse primers and probe (Thermo Sci-
entific; Table 2) and run on a ViiA 7 Real-Time PCR System (Applied
Biosystems). CT values for the siRNA standards are transformed to
X = log(X) and Y = log(Y), and nonlinear regression curve fit is per-
formed using a sigmoidal dose-response (variable slope) to generate a
standard curve. Concentration of siRNA in the unknowns is interpo-
lated from the standard curve. Resultant values are multiplied by the
dilution factor to determine nanomolar concentration.

Receptor quantitation in cell lines

EGFR, PSMA, EpCAM, and BCMA expression levels were quantified
by flow cytometry. Cells were lifted from substrate with Enzyme-Free
Cell Dissociation buffer (Thermo Scientific) and then stainedwith satu-
rating levels of phycoerythrin (PE)-conjugated anti-EGFR antibody
(25 mg/mL, #555997, BD Biosciences, Franklin Lakes, NJ, USA), anti-
EpCAM antibody (3 mg/mL, #347198, BD Bioscience), anti-PSMA
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antibody (20 mg/mL; #77228, Abcam), anti-BCMA antibody (300 mg/
mL, #357504, BioLegend), or isotype control (BD Biosciences) for 2 h.
Excess antibody was rinsed away, and fluorescence was recorded using
a FACs Calibur Flow Cytometer (BD Biosciences). Antibody binding
was quantified using PEQuantibrite beads (BDBiosciences) as directed
by the manufacturer. The number of bound antibodies was then trans-
lated to receptor antigen expressionby subtracting that bound to isotype
control, assuming that each antibody bound to two antigens.

Luciferase assay

To test the activity of Centyrin-siRNA conjugates against targets that
are not expressed endogenously in the cell lines used, a luciferase re-
porter system was used. Cells were plated in 96-well plates (3,000 cells
per well) for 4 h, then transfected using Lipofectamine 2000 according
to manufacturer’s instructions with the Multi-site psiCheck-2 Dual
Luciferase Reporter Plasmid (Promega, Madison, WI, USA) contain-
ing the target gene of interest. Cells were thoroughly rinsed 24 h later
to remove excess transfection agent and treated with Centyrin-siRNA
conjugates for 72 h. Cells were assayed for both Renilla and firefly
luciferase expression using the Dual-Glo Luciferase Assay System
kit (Promega), essentially according to manufacturer’s instructions
(manufacturer’s supplied Luciferase assay Reagent II was diluted
1:1 with complete media prior to use). Luminescence was detected us-
ing an Envision multi-mode plate reader (Perkin Elmer, Waltham,
MA, USA). Background signal from untransfected cells was sub-
tracted from each assay well, and Renilla expression was normalized
to the nonspecific Firefly expression.

Centyrin internalization assay

Centyrins were conjugated to monomethyl auristatin F (MMAF36) us-
ing a high-throughput conjugation strategy via a sortase tag. Purified
Centyrins in 96-well plates weremixedwith the cytotoxic drug payload
Gly3-Val-Cit-para-aminobenzyl-MMAF (Levena Biopharma), Sortase
A, and sortase buffer (50 mM Tris [pH 7.5], 150 mM sodium chloride,
10 mM calcium chloride final). The conjugation reaction proceeded
for 2 h at room temperature, after which proteins were purified using
a Ni-NTAmulti-trap HP plate (GE Catalog #28-4009-89). Conjugates
were filter sterilized and used directly for cell-based cytotoxicity assays.
Centyrin-drug conjugates were then diluted to 20 or 2 nM and treated
onColo205 cells for 72 h. Cell viabilitywas assessed usingCell TiterGlo
(Promega), according to manufacturer’s instructions. Percent viable
cells was determined by normalizing the Cell TiterGlo relative light
units (RLU) signal to the average of the untreated cells. The best inter-
nalizing Centryins were determined by those that caused more than
50% toxicity at the indicated concentrations.

TCF/LEF assay

Cells were plated in white 96-well tissue-culture-treated plates (5,000
cells per well) and incubated overnight in a humidified incubator at
37�C, 5% CO2. Lentiviral transduction was performed after creating
a transduction master mix with CMV-Renilla Control (QIAGEN),
TCF/LEF Reporter (QIAGEN), and SureEntry (QIAGEN) in growth
medium (RPMI + 10% FBS). Transduction mix and Centyrin-siRNA
conjugates were then sequentially added to each well. Transfection
samples were prepared with equal volume conjugate to RNAiMAX
in serum-free OptiMEM and incubated at room temperature for
20min prior to sample addition. Following sample addition, the plates
were incubated in a humidified incubator at 37�C, 5% CO2. Seventy-
two hours later, cells were assessed for firefly/Renilla luminescence us-
ing Promega DualGlo, according to manufacturer’s instructions.
Firefly luminescence (FL) (TCF/LEF plasmid) is normalized to the
constitutively expressed Renilla luciferase (RL) signal. The FL/RL ratio
was compared among treatment groups and cell lines.

Viability assay

Cells in growth media (RPMI + 10% FBS) were plated in ultra-low
attachment 96-well plates (500 cells per well; Corning 3474) and incu-
bated overnight in a humidified incubator at 37�C, 5% CO2. Cells
were then treated with Centyrin-siRNA conjugates and returned to
the incubator. After 5 days, cells were replenished with fresh media
containing Centyrin-siRNA conjugates in growth media and incu-
bated for an additional 96 h. Cell viability was assessed with CellTiter-
Glo (Promega), according to the manufacturer’s protocol. Percent
viability was determined by normalizing the RLU readings of treated
wells to the average of untreated wells.

Statistical analysis

All data were analyzed in GraphPad Prism and presented as mean ±

standard error of the mean (SEM). Dose-response curves were all per-
formed in duplicate, concentrations were log transformed, and data
were fit to three parameter sigmoidal curves, unless otherwise noted.
All single-dose comparisons contain at least four replicates unless
noted. Statistically significant differences were evaluated using a
one-way ANOVA and compared to untreated controls using a Sidak
multiple comparisons test.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2021.02.015.
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Figure S1:  HCC827 cells were treated with a dose range of and EGFR-CTNNb1 siRNA conjugate (EGFR-1 

Cent-siRNA_1) for 24h, 72h, or 120 and CTNNb1 mRNA expression was measured by RT/qPCR.  

Knockdown was detected as early as 24h after treatment and maximal at 72h.  mRNA knockdown 

persisted at least through 120h.   
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Figure S2:  BALB/c mice were dosed intravenously with a single dose of free siRNA or non-binding 

Centyrins-siRNA conjugates with (neg. Cent-ABD-siRNA_1) or without an ABD (neg-Cent-siRNA_1), 

where all compounds contained 3mpk siRNA.  siRNA levels in A) plasma, B) kidney and C) liver were 

detected at various timepoints after dosing by stem-loop PCR.  D) Area under curve for each tissue are 

shown.  N=3 per group.  Data represent average +/-SEM.  
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Figure S3:  Mice bearing A431 tumor xenografts were dosed three times every other day with targeted 

or non-targeted siRNA conjugates containing 10mpk siRNA.  Tumors were excised 72h following the final 

dose and b-catenin was assessed by western blot following tissue lysis (N=3 mice per group).  A) Protein 

from tumor lysates were stained for b-catenin (top band) or alpha-tubulin (bottom band).  B) Relative b-

catenin protein levels were normalized to alpha-tubulin by band intensity analysis.  Nearly 50% loss of b-

catenin protein was detected in tumors isolated from mice dosed with EGFR-1-ABD-CTNNb1 siRNA.  

Data are plotted as average +/- SEM.  *indicates p<0.05 vs vehicle.   
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Figure S4:  Mice bearing A431 tumor xenografts were treated with three doses (every other day) of 

Centyrin-siRNA conjugates containing 10mpk siRNA.  mRNA cleavage fragments were evaluated from 

RNA isolated from EGFR-ABD-siRNA-1 treated tumor tissue with a 5’ RACE assay.  The PCR products 

were run on an agarose gel and mRNA was extracted from the 200bp band.  RNA sequencing revealed a 

nearly perfect match with the target cleavage site, as indicated.  The CTNNb1 gene sequence is indicated 

by the red lines, siRNA binding sequence is indicated by the blue line and a portion of GeneRacer RNA 

adapter amplified by inner primer and the inner gene specific primers is shown with black arrow.  

Remaining sequence was from the cloning vector but is not shown.  
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Figure S5:  Mice bearing A431 tumor xenografts were treated with three doses (every other day) of 

Centyrin-siRNA conjugates containing 10mpk siRNA or equimolar levels of Centyrin only.  Tissue was 

extracted 72h after final dose and RNA was isolated for assessment of mRNA knockdown by RT/qPCR.  

Knockdown is shown in liver from mice dosed with conjugates A) without half-life extension and B) 

containing an ABD for half-life extension.  N=6 per group.  Data represents average +/- SEM. * indicates 

p<0.001 vs. vehicle controls.   
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Structure of L1: 3’ maleimide linker 

 

Structure of Q: 5’ maleimide linker 

 

Structure of L2: 3’ Gly3 linker 

 

Synthesis of L2 CPG Loaded support: 

Scheme 1 
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i) HBTU, DIEA, DMF; ii) H2, Pd/C (5% wet, Degussa type), EtOAc/MeOH iii) a. H2, Pd/C (5% wet, Degussa 

type), EtOAc/MeOH b. Ethyl trifluoroacetate, Triethylamine, EtOAc/MeOH; iv) a. Succinic anhydride, 

DMAP,  Triethylamine, DCM;  b. HBTU, DIEA, LCAA CPG, Acetonitrile; c. Acetic anhydride, Triethylamine, 

Pyridine      

 

Compound 102:  Azido carboxylic acid (7.00g, 24.04 mmol) was dissolved in 90 mL of DMF in a round 

bottom flask under argon and cooled the solution in an ice bath.  HBTU (9.12g, 24.04 mmol) and DIEA 

(8.36 ml, 48.05 mmol) were added and stirred mixture for 5 minutes. A solution of amine 100 (10.07g, 

24.04 mmol) in 15 mL of DMF was added and mixture stirred overnight. TLC checked and the reaction 

mixture was poured into an ice-water, extracted with ethyl acetate, washed the organic layer with brine, 

dried over anhydrous sodium sulfate and removed the solvents. Residue was purified by silica gel 

chromatography using mixture of dichloromethane/methanol (gradient elution). Fractions were 

collected and evaporated under reduced pressure to give 102 (16.00g, 96%) as yellow viscous liquid.  1H 

NMR (400 MHz, DMSO-d6) δ 7.40 – 7.13 (m, 8H), 6.90-6.80 (m,  5H), 5.05 – 4.84 (m, 1H), 4.37 (q, J = 4.7 

Hz, 1H), 4.22 – 4.06 (m, 1H), 3.72 (s, 6H), 3.66 – 3.19 (m, 22H), 3.12 (dd, J = 8.8, 5.4 Hz, 1H), 3.06 – 2.96 

(m, 1H), 2.10 – 1.75 (m, 2H). Mass calc. for C37H48N4O9 692.34; found 693.345 (M+H).  

Compound 103: Azido derivate 102 (11.00g, 15.88 mmol) was dissolved in a mixture of EtOAc/MeOH 

(4:1, 220 mL), degassed the mixture with argon and Pd/C (1.00g, wet Degussa type 5 wt%). The mixture 

was hydrogenated under balloon pressure of hydrogen overnight. Reaction was monitored by TLC, once 

the reaction is over, filtered the solution over celite, washed the cake with EtOAc and MeOH. Solvents 

were removed and the residue dried under high vacuum overnight to get 103 as pale-yellow viscous 

liquid. This was used for next reaction without any further purification. Mass calc. for C37H50N2O9 666.35; 

found 667.352 (M+H).     
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Compound 105: Carboxylic acid 104 (4.52g, 14.00 mmol) was dissolved in 80 mL of DMF in a round 

bottom flask under argon and cooled the solution in an ice bath.  HBTU (5.57g, 15.30 mmol) and DIEA 

(7.67 ml, 44.10 mmol) were added and stirred mixture for 5 minutes. A solution of amine 103 (10.20g, 

15.30 mmol) in 20 mL of DMF was added and mixture stirred overnight. TLC checked and the reaction 

mixture was poured into an ice-water bath, extracted with ethyl acetate, washed the organic layer with 

brine, dried over anhydrous sodium sulfate and removed the solvents. Residue was purified by silica gel 

chromatography using mixture of dichloromethane/methanol (gradient elution). Fractions were 

collected and evaporated under reduced pressure to give 105 (10.10g, 70%) as a pale-yellow viscous 

liquid.  1H NMR (400 MHz, DMSO) δ 8.22 – 8.06 (m, 2H), 7.85 (t, J = 5.6 Hz, 1H), 7.49 (t, J = 6.0 Hz, 1H), 

7.41 – 7.13 (m, 13H), 6.90-6.75 (m, 5H), 5.11 – 4.87 (m, 3H), 4.38 (q, J = 4.7 Hz, 1H), 4.14 (td, J = 5.3, 2.6 

Hz, 1H), 3.80 – 3.54 (m, 14H), 3.54 – 3.27 (m, 16H), 3.27 – 2.90 (m, 5H), 2.07 – 1.78 (m, 3H). Mass calc. 

for C51H65N5O14 971.45; found 972.448 (M+H).     

Compound 106: Cbz derivative 105(6.40g, 6.58 mmol) was dissolved in a mixture of EtOAc/MeOH (1:1, 

200 mL), degassed the mixture with argon and Pd/C (0.700g, wet Degussa type 5 wt%). The mixture was 

hydrogenated under balloon pressure of hydrogen overnight. Reaction was monitored by TLC, once the 

reaction is over, filtered the solution over celite, washed the cake with EtOAc and MeOH. Solvents were 

removed and the residue dried under high vacuum overnight to get amine as pale-yellow viscous liquid. 

Crude amine (5.80g) was dissolved in a mixture of DCM/Methanol (1:1, 100 mL) under argon. Ethyl 

trifluoroacetate (3g, 21 mmol) and triethylamine (3 mL, 22 mmol) were added and stirred the mixture 

overnight. TLC checked and solvents were removed under reduced pressure. Crude residue was 

dissolved in dichloromethane, transferred to a separatory funnel and washed successively with water, 

aqueous bicarbonate solution and brine. Organic layer was dried over anhydrous sodium sulfate and 

solvents were removed.  Residue was purified by silica gel chromatography using mixture of 

dichloromethane/methanol (gradient elution). Fractions were collected and evaporated under reduced 

pressure to give 106 (5.5g, 90%, two steps) as a pale-yellow viscous liquid. 1H NMR (400 MHz, DMSO) δ 

9.63 (s, 1H), 8.37 (t, J = 5.7 Hz, 1H), 8.15 (t, J = 5.9 Hz, 1H), 7.86 (t, J = 5.7 Hz, 1H), 7.38 – 7.10 (m, 8H), 

6.77-6.90 (m, 5H), 5.05 – 4.85 (m, 1H), 4.47 – 4.07 (m, 2H), 3.87 (s, 3H), 3.82 – 3.53 (m, 11H), 3.53 – 3.27 

(m, 18H), 3.25 – 2.94 (m, 4H), 2.29 – 1.76 (m, 2H). Mass calc. for C45H58F3N5O13 933.40; found 933.411 

(M+H).     

Compound 107:  Compound 106 (5.70g, 6.10 mmol), succinic anhydride (1.23g, 12.20 mmol), DMAP 

(0.786 g, 12.20 mmol), and Et3N (1.64 mL, 12.20 mmol) were dissolved in DCM (100 mL) and stirred for 

24 h. The reaction mixture was transferred to separatory funnel, diluted with DCM, and washed with 

saturated brine. The organic layer was dried over anhydrous Na2SO4. Solvents and volatiles were 

removed under reduced pressure. The residue was dried under high vacuum overnight to obtain the 

Et3N salt of the hemi-succinate as an off-white solid (6.20g, crude).  The hemi-succinate (6.00g, 5.80 

mmol) and HBTU (2.30g, 5.85 mmol) were dissolved in acetonitrile (250 mL). Diisopropylethylamine 

(DIEA, 3.02 mL, 17.4 mmol) was added to the solution, and the mixture was swirled for 3-4 min followed 

by addition of LCAA-CPG support (50 g, amine content: 152 mol/g). The suspension was gently shaken 

at room temperature on a wrist-action shaker for 24 h then filtered, and washed with DCM, 10% MeOH 

in DCM, DCM and ether. The solid support was dried under vacuum for 24 h. The unreacted amines on 
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the support were capped by stirring with 30% acetic anhydride/pyridine containing 1% Et3N at room 

temperature for 3 h. The washing of the support was repeated as above.  The solid was dried under 

vacuum for 24 h to yield solid support 107 (53.00 g, 71.00 mol/g loading).    

 

 

 


