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Identifying therapeutic oligonucleotides that are cross-reac-
tive to experimental animal species can dramatically accel-
erate the process of preclinical development and clinical
translation. Here, we identify fully chemically-modified small
interfering RNAs (siRNAs) that are cross-reactive to Janus ki-
nase 1 (JAK1) in humans and a large variety of other species.
We validated the identified siRNAs in silencing JAK1 in cell
lines and skin tissues of multiple species. JAK1 is one of the
four members of the JAK family of tyrosine kinases that
mediate the signaling transduction of many inflammatory
cytokine pathways. Dysregulation of these pathways is often
involved in the pathogenesis of various immune disorders,
and modulation of JAK family enzymes is an effective strategy
in the clinic. Thus, this work may open up unprecedented op-
portunities for evaluating the modulation of JAK1 in many
animal models of human inflammatory skin diseases. Further
chemical engineering of the optimized JAK1 siRNAs may
expand the utility of these compounds for treating immune
disorders in additional tissues.

INTRODUCTION
Small interfering RNAs (siRNAs) are an emerging class of medi-
cines that can reduce the expression of disease-related genes in a
highly specific and sustained manner.1,2 Following cellular internal-
ization, the siRNA duplex (�20 bp) harnesses a natural search en-
gine, called RNA interference (RNAi).3 The siRNA guide strand is
assembled into the Argonaute 2 protein to form an RNA-induced
silencing complex capable of catalytically degrading complementary
mRNAs, thus aborting the translation of target proteins.4 With a
straightforward sequence-based design and a well-defined mecha-
nism of action, siRNAs have quickly garnered attention in pharma-
ceutical development.5 Since 2018, multiple liver-delivering siRNA
drugs have been approved by the US Food and Drug Administra-
tion, with many more under clinical validation for treating diseases
of extrahepatic tissues.6–10 More recently, we have shown that RNAi
represents a highly programmable approach for targeted modula-
tion of inflammatory signaling in the skin,11 establishing a path
toward siRNA treatments for inflammatory and autoimmune skin
diseases.
This is an open access article under the CC BY-N
An essential step toward the clinical development of siRNA therapeu-
tics for skin diseases is to evaluate the safety and pharmacokinetics/
pharmacodynamics (PK/PD) of this drug modality in animal models
with tissue characteristics or pathological mechanisms resembling
those of human skin. Rodents and nonhuman primates (NHPs) are
commonly used models, and pig skin is recognized as the most accu-
rate comparative model of human skin.12,13 Identifying siRNAs with
cross-species activity for testing in human, NHP, rodent, and pig skin
would, therefore, accelerate the preclinical development of dermato-
logical siRNA therapeutics. Here, we present strategies that support
the identification and validation of siRNA with cross-species activity.
We have identified and optimized several Janus kinase 1 (JAK1)–tar-
geting siRNAs that have a broad cross-species targetability. These
validated compounds may be used in various experimental and ther-
apeutic applications.
RESULTS
Identification of a human and pig cross-reactive JAK1 siRNA

We have recently reported an siRNA (named si3033) that potently si-
lences the human, NHP, and rodent JAK1 mRNAs.14 si3033 demon-
strates disease-modifying efficacy in a mouse model of vitiligo—a
CD8+ cytotoxic T cell–mediated autoimmune skin disease driven
by the JAK1-dependent interferon-g signaling pathway.15 However,
si3033 targets a site of human JAK1 mRNA with limited homology
to pig JAK1, precluding efficacy and safety evaluations in pig models.
Through bioinformatic analysis, we identified a previously validated
human JAK1-targeting siRNA (referred to as si883; the modification
pattern shown in Table S1) that the target site is fully conserved in the
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2024.102117
mailto:john.harris@umassmed.edu
mailto:anastasia.khvorova@umassmed.edu
mailto:julia.alterman@umassmed.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102117&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. siRNA design for the modulation of JAK1 in multiple species

(A) Cross-species siRNA targeting different JAK1 mRNA transcript sites; shown guide sequence of siRNAs are complementary to target mRNA sequences. Red letters

represent mismatched bases aligned to human sequence. (B) In vitro efficacy of siRNA 883 (cholesterol-conjugated) in minipig MPK cell line. Cells were treated with siRNA at

1.5 mM (highest dose, 2� serial dilutions were used in dose-response study) for 72 h; mRNA level was measured by QuantiGene 2.0 assay. UNT, untreated control. Data

represented as percentage of UNT (n = 3 of independent biological replicates, mean ± SD). (C) Schematic of fully chemically-modified asymmetric siRNA scaffolds for skin

delivery. (D) Minipig MPK cells were transfected with 2 variants of DCA-siRNA 883 for 72 h through lipofectamine-mediated uptake, and mRNA levels were measured using

(legend continued on next page)
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pig JAK1 mRNA sequence (Figure 1A). We hypothesized that this
human compound may also be able to silence pig JAK1 mRNA tran-
scripts. We therefore tested the activity of si883 in a minipig MPK cell
line in vitro and indeed observed an approximately 70%–80% down-
regulation of pig JAK1mRNA (Figure 1B). This finding confirms that
cross-species activity of siRNAs relies on target site homology be-
tween species and suggests that the strategy we used is a viable
approach to validate the cross-species targetability of active human
siRNAs.

We next evaluated the potency of si883 in pig skin explants. To
optimize the chemistries of si883 for skin delivery, we covalently
linked si883 to a hydrophobic moiety (i.e., docosanoic acid), which
supports the delivery of siRNAs into all major skin cell types.11,14,16

50-vinylphosphonate, 20-O-methyl, 20-fluoro, and phosphorothioate
linkage modifications were also applied to si883 to improve meta-
bolic stability.17 Because the chemical modification pattern of
siRNA scaffolds may affect their potency in certain sequence con-
texts,10,11,14 we chemically engineered si883 in two different siRNA
scaffolds (i.e., scaffold 1 and 2) and compared their potency in pig
cells in vitro and skin explant ex vivo (Figure 1C). Scaffold 1 has
higher 20-O-methyl content (over 20-fluoro), whereas scaffold 2
has a balanced 20-O-methyl and 20-fluoro configuration. In pig cells,
scaffold 2 exhibited approximately 11-fold higher potency (half-
maximal inhibitory concentration [IC50]: 107 pM versus 1,128
pM) than scaffold 1 (Figure 1D). Scaffold 2 was also more potent
than scaffold 1 in the epidermis and dermis of pig skin explant,
following intradermal injection in a dose-response study (Figures
1E and 1F). Our findings identify si883 in scaffold 2 as an optimized
siRNA candidate for evaluating the safety and PK/PD profile of
JAK1 targeting siRNAs in pig models.
Identification of multispecies-targeting siRNAs that efficiently

silence JAK1 across various species

Upon further bioinformatic analysis of the human JAK1 mRNA
sequence, we discovered that a region upstream of the si883 target
site (region 880–881: 22 bases) is evolutionarily fully conserved in a
large number of animal species (with NCBI Blast algorithm). This re-
gion is not only homologous to pig JAK1 but also to NHP, mouse, and
rat JAK1 transcripts (Figure 1A). This finding presented an opportu-
nity to design JAK1-targeting siRNAs with broad cross-species target-
ability. To identify active siRNAs that target the 860–881 sites of JAK1
mRNA, we synthesized a panel of 22 siRNAs covering this entire re-
gion (Table S1). As a control, we used si1194, a previously validated
siRNA for silencing human JAK1. si1194 is fully complementary to
the site 1194 in human and NHP JAK1 mRNA, but possesses two
mismatches to this site in pig, mouse, and rat JAK1 (Figure 1G;
Table S1). si1194 should, therefore, efficiently silence human and
QuantiGene 2.0 assay (n = 3 independent biological replicates, mean ± SD; 2-way AN

dilutions) of JAK1 silencing in epidermis and dermis. Skin biopsies (8-mm) were injecte

levels were quantified by QuantiGene 2.0 assay (n = 4 independent skin tissue samp

significant). (G) Target site of siRNA 1194 on JAK1 mRNA transcripts.
NHP JAK1, but not pig, mouse, and rat JAK1. As a negative control,
we used an siRNA with a chemical construct identical to the JAK1-
targeting siRNAs but with a randomized nucleotide sequence,
referred to as nontargeting control (NTC) siRNA. Test and control
compounds were screened in vitro in cell lines of five species (i.e., hu-
man HeLa, NHP DBS-FRhL-2, minipig MPK, mouse Neuro-2a, and
rat McA-RH7777).

As expected, si1194 showed high efficacy in human and NHP cells,
but limited (up to 30% silencing) or no activity in mouse, rat, and
pig cells (Figure 2A). This observation agrees with previous reports
that high complementarity of siRNA to the target mRNA sequence,
particularly in the seed region (i.e., 2nd–7th or 8th nucleotide) of the
guide strand, is essential for its silencing efficacy.18 Our screen iden-
tified multiple hits that enabled more than 50% of JAK1 silencing in
all tested species compared to untreated cells (Figure 2A). Bio-
informatic analysis of the top two hits, si860 and si880 (showed
more than 75% silencing efficacy in all five cell lines), validated that
both siRNAs have no off-targeting predictions. si860 and si880 also
exhibited comparable potency (IC50) as determined by seven-point
dose-response studies (Figures 2B and 2C). As si860 showed a slightly
better potency in human cells, it was selected as a lead compound and
was synthesized in scaffold 2 configurations for evaluation in skin tis-
sues (Figure 1C).

We next validated the efficacy of si860 in the skin tissues of four spe-
cies: human, pig, mouse, and rat. The compounds were intradermally
injected into human and pig skin explants ex vivo and into mouse and
rat skin in vivo (Figure 2D). We observed approximately 60%–70%
silencing of JAK1 in the skin of all four tested species (Figure 2E).
This result suggests that targeting conserved sites of mRNAs across
multiple experimental species is a viable strategy for identifying
cross-species reactive compounds for preclinical development. The
bioinformatically predicted activity of si860 in other animal species
remains to be validated in future studies, and this could be conducted
in a relatively straightforward manner, as demonstrated in this work.
DISCUSSION
Oligonucleotide-based therapeutics are rationally-designed informa-
tional drugs based on the genetic sequences of disease targets. In this
work, we identified and optimized therapeutic siRNAs with cross-
species targetability against JAK1 by using RNA bioinformatics and
chemical biology approaches. Similarly, the strategies could be
applied to the design of other types of oligonucleotide therapeutics,
such as antisense oligonucleotides.19,20

JAK family enzymes play crucial roles in mediating signaling trans-
duction of a wide range of inflammatory cytokine pathways. JAK
OVA multiple comparison, **p < 0.01). (E and F) Dose response study (4-fold serial

d with siRNAs for 4 days; epidermis and dermis were separated by dispase. mRNA

les, mean ± SD; 1-way ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not
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Figure 2. In vitro screen and in vivo efficacy validation of cross-species targeting JAK1 siRNAs

(A) In vitro screen of JAK1 siRNAs (cholesterol-conjugated) in human, NHP, pig, mouse, and rat cell lines. Cells were treated with compounds at 1.5 mM for 72 h; mRNA levels

were measured by the QuantiGene 2.0 assay. NTC: siRNA with scrambled sequence that does not target known genes. Data represented as percentage of UNT (n = 3

independent biological replicates, mean ± SD). (B and C) Seven-point dose-response curves of lead siRNA 860 and 880 (cholesterol-conjugated; passive delivery); highest

dose: 1.5 mM, 2� serial dilutions. (D and E) Intradermal injection of DCA-siRNA 860 in human and pig skin ex vivo (0.13mg in 8-mmpunch biopsy) as well as mouse (0.08mg/

injection) and rat (0.13 mg/injection) skin in vivo. JAK1mRNA levels were quantified 4 days postinjection in human and pig skin and 7 days postinjection in mouse and rat skin

by QuantiGene 2.0 assay (n = 4 independent skin tissue samples, mean ± SD; unpaired t test; **p < 0.01; ***p < 0.001). Alterman and colleagues design and identify

multispecies-targeting siRNAs that potentiate themodulation of Janus kinase 1 (JAK1) across a wide range of animal species using a single molecular entity. JAK1 is amaster

regulator of many inflammatory signaling pathways, and dysregulation of these pathways is involved in various immune disorders.
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inhibition has recently emerged as a popular strategy for the treatment
of many inflammatory disorders,21 such as rheumatoid arthritis22 and
autoimmune skin diseases.23 Because the targeting site of si860 is evolu-
tionarily conserved in a large number of species, the optimized si860
compound could be tested further in animal models of human inflam-
matory skin disease to evaluate the therapeutic potential of modulating
JAK1. Future work can also apply the strategy outlined in this work to
modulate additional disease targets in the skin.

The chemical configuration and modification patterns of an siRNA
have a profound impact on its activity in silencing the target gene
expression. In the present work, we have optimized the scaffold
pattern of the multispecies-targeting JAK1 siRNAs. As the pharmaco-
kinetic profile of a siRNA is primarily defined by the conjugate,
further chemical engineering of the JAK1 compounds using proper
conjugation strategies to deliver the siRNAs to tissues beyond the
skin may open up additional opportunities.

MATERIALS AND METHODS
siRNA sequence design

siRNA sequences were designed based on 20-base target sequences of
human JAK1 transcript (NCBI accession number: NM_001321852).
Sequences with one of the following conditions were excluded: (1)
>56% GC content, (2) R4 single nucleotide stretches, or (3) perfect
homology to miRNA seeds at positions 2–7 of the guide sequence.
To minimize transcriptomic off-target effects, siRNAs were excluded
if positions 2–17 of the guide sequence had full complementarity to
nontarget mRNAs. Targeting sequences (along with +10/�15 flank-
ing nucleotides) were scored using a weight matrix,24 and top-scoring
sequences in each species were identified. Cross-species targeting was
determined based on perfect homology of the 16-nt homology region
within the target sequence (positions 2–17) to the target sequence in
the other species. siRNAs were termed based on the position in the
target transcript from which they were extracted (e.g., human si883
was extracted from positions 883–902 of NM_001321852); for
cross-species targeting sequences, naming was based on the human
transcript.

Oligonucleotide synthesis

Compounds for in vitro screening were synthesized using standard
solid-phase phosphoramidite chemistry on a Dr. Oligo 48 high-
throughput RNA synthesizer (Biolytic); compounds for in vivo injec-
tion were made using a MerMade 12 (BioAutomation) synthesizer.
Standard RNA 20-O-methyl and 20-fluoro modifications were applied
for improving siRNA stability (Chemgenes). The sense strands of
in vitro compounds were synthesized at a 1-mmol scale on a choles-
terol-functionalized controlled pore glass (CPG) solid support
(Chemgenes), and the sense strands of in vivo compound were syn-
thesized at a 5-mmol scale on an in-house synthesized docosanoic
acid–functionalized CPG, as previously described.16,25 Guide strands
were synthesized on CPG functionalized with an Unylinker (Chem-
genes), bis-cyanoethyl-N,N-diisopropyl (CED) phosphoramidite
(Chemgenes) was used to introduce a 50-monophosphate for
in vitro experiments, and custom 50 (E)-vinylphosphonate phosphor-
amidite (Chemgenes) was applied for in vivo studies. Cy3-phosphor-
amidites (Gene Pharma) were used for fluorescence labeling of the 50

of sense strands.

Oligonucleotide deprotection

For postsynthesis deprotection, sense strands were cleaved from the
CPG and deprotected using 40% aqeous methylamine and 30%
NH4OH (1:1, v/v) at room temperature for 2 h. Guide strands were
cleaved and deprotected with 30% NH4OH containing 3% diethyl-
amine for 20 h at 35�C. The deprotected oligonucleotide solutions
were filtered to remove CPG residues. The filtrates were immediately
frozen in liquid nitrogen and dried down by a SpeedVac vacuum
centrifuge in a chemical hood. The resulting pellets were reconstituted
in 5% acetonitrile for subsequent purifications.

HPLC purification

Oligonucleotide purification was carried out on an Agilent 1290 In-
finity II system. Sense strands were purified using a reverse-phase pre-
parative column (Hamilton PRP-C18) under the following condi-
tions: buffer A, 50 mM sodium acetate in 5% acetonitrile; buffer B,
100% acetonitrile; the gradient was 0%–20% for 3 min, 20%–70%
for 23 min, then cleaned and recalibrated for 9 min; column temper-
ature was 60�C; and the flow rate 40 mL/min. Guide strands were pu-
rified using an anion-exchange column (with SOURCETM 15Q) un-
der the following conditions: buffer A, 10 mM sodium acetate in 20%
acetonitrile; buffer B, 1 M sodium perchlorate in 20% acetonitrile; the
gradient was 0%–20% for 3 min, 20%–70% for 23 min, then cleaned
and recalibrated for 9 min; column temperature was 55�C; and the
flow rate was 40 mL/min. Oligonucleotides were detected by
measuring peaks with UV absorbance at 260 nm. Peak fractions
were automatically collected for confirming identities. The oligonu-
cleotide fractions were quality-controlled by liquid chromatog-
raphy-mass spectrometry (LC-MS), and pure fractions were com-
bined, frozen, and dried down in a Speed Vacuum centrifuge
overnight. The dried oligonucleotides were resuspended into water
and desalted by size-exclusion chromatography (with Sephadex
G-25 Fine).

LC-MS characterization

The identity of all of the oligonucleotides was analyzed on an Agilent
6530 accurate mass Q-TOF LC-MS system using ion-pair reverse-
phase chromatography (LC column: Agilent 2.1 � 50 mm
AdvanceBio C18 oligonucleotide) under the following conditions:
buffer A: 9 mM triethylamine/100 mM hexafluoroisopropanol in wa-
ter; buffer B: 9 mM triethylamine/100 mM hexafluoroisopropanol in
methanol; column temperature, 60�C; and flow rate, 0.5 mL/min.
Peaks were detected by measuring UV at 260 nm. MS parameters
were ion source, electrospray ionization; ion polarity, negative
mode; mass scan range, 100–3,200 m/z; scan rate, 2 spectra per sec-
ond; capillary voltage, 4,000 V; fragmentor voltage, 180 V.

Cell culture

Human HeLa cells (American Type Culture Collection [ATCC];
no. CCL-2), minipig MPK cells (ATCC; no. CLL-166), and rat
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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McA-RH7777 (ATCC; no. CRL-1601) were maintained in DMEM
(Corning Cellgro; no. 10-013CV). NHP DBS-FRhL-2 (ATCC; no.
CL-160) and mouse Neuro-2a cells (ATCC; no. CLL-131) were main-
tained in Eagle’s minimal essential medium (ATCC; no. 30–2003). All
media were supplemented with 10% fetal bovine serum (FBS; Gibco;
no. 26140) with no antibiotics. All of the cells were grown at 37�C
with 5% CO2 supply and were split every 2–4 days and discarded after
15 passages.

In vitro screening

Cells were treated with cholesterol-conjugated siRNAs at 1.5 mM,
which also served as the maximal dose for dose-response assays, for
72 h in 3% FBS media that was made from 50/50 volume of 6%
FBS media/Opti-MEM media (Gibco; no. 31985–079). Cells were
harvested in diluted lysis mixture consisting of a 1:2 ratio of lysis
mixture (Invitrogen; no. 13228) to water and 0.2 mg/mL of proteinase
K (Invitrogen; no. 25530–049), then lysed at 55�C for 30 min. Target
mRNA levels were measured using Quantigene 2.0 assays (Affyme-
trix). All QuantiGene detection probe sets were ordered from Thermo
Fisher: human JAK1 (no. SA-50455), NHP JAK1 (no. SF-4213912),
pig JAK1 (no. SF-4295068), mouse Jak1 (no. SB-3029714), and rat
Jak1 (no. SC-3062255). JAK1 mRNA expression was normalized to
housekeeping genes and the probe sets used were human actin beta
(ACTB) (no. SA-10008), NHP ACTB (no. SF-4205083), pig ACTB
(no. SF-4295627), mouse Actb (no. SA-10003), and rat Actb (no.
SC-16967).

Ex vivo human and pig skin studies

Deidentified surgically discarded fresh abdominal skin was obtained
from the University of Massachusetts Chan Biospecimen, Tissue,
and Tumor Bank. The collection of these samples from patient donors
was approved by the institutional review board at the University of
Massachusetts ChanMedical School. All of the participants gave writ-
ten informed consent before surgical procedures. Fresh flank pig (Sus
scrofa) skin samples were a gift from Dr. Kevin Donahue’s laboratory
at the University of Massachusetts Chan Medical School. Subcutane-
ous fat was fully removed and 8-mm skin biopsies were taken and in-
jected intradermally with siRNAs (200 mM) in a volume of 50 mL.
Skin biopsies were cultured in a 24-well plate with 2 mL/punch of Is-
cove’s modified Dulbecco’s media (Sigma-Aldrich; no. I3390) con-
taining 10% FBS, 100 U/mL penicillin-streptomycin, and 50 mM
2-mercaptoethanol for 96 h at 37�C. The skin biopsies were treated
with siRNAs within 24 h after the excision of specimens. To separate
epidermis and dermis of pig skin, biopsies were incubated with 2 mL
of 2.5 mg/mL dispase II (Roche; no. 04942078001) at 37�C for 1 h.
Epidermis and dermis were manually separated. Both epidermis
and dermis were mechanically homogenized in 500 mL of homoge-
nizing solution (Invitrogen; no. QS0517) containing 0.2 mg/mL Pro-
teinase K (Invitrogen; no. AM3546), followed by incubation at 55�C
for 30 min. The processed skin homogenate was then centrifuged at
14,000� g for 5 min, and the clear supernatant was collected for sub-
sequent assays. Human and pig JAK1 mRNA expression levels were
quantified using the QuantiGene Singleplex assay kit (Invitrogen;
no. QS0016) with the following probe sets: human JAK1 (no. SA-
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
50455), human ACTB (no. SA-10008), pig JAK1 (no. SF-4295068),
and pig ACTB (no. SF-4295627).

In vivo mouse and rat skin studies

Female wild-type C57BL/6J mice were purchased from The Jackson
Laboratory. Mice were 8–12 weeks of age at the time of the experi-
ments. The female Lewis rats were purchased fromCharles River Lab-
oratory and were at 8–10 weeks of age at the time of the experiment.
Animal studies were performed in accordance with the guidelines of
University of Massachusetts Chan Medical School Institutional Ani-
mal Care and Use Committee. All of the procedures were approved
under the protocol no. 202000010 (Khvorova laboratory) and no.
201900330 (Harris laboratory) and in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
The colonies were maintained and housed at pathogen-free animal fa-
cilities at the University of Massachusetta Chan Medical School with
12 h light/12 h dark cycle at controlled temperature (23�C ± 1�C) and
humidity (50% ± 20%), with free access to food and water. Mouse and
rat skin biopsies (8-mm punch) at the injection site were collected at
the indicated time points and stored in RNA later solution (Sigma-
Aldrich; no. R0901) at 4�C overnight. Skin biopsies were mechani-
cally homogenized in 500 mL of homogenizing solution (Invitrogen;
no. QS0517) containing 0.2 mg/mL Proteinase K (Invitrogen; no.
AM3546), followed by incubation at 55�C for 30 min. The processed
skin homogenate was then centrifuged at 14,000 � g for 5 min, and
the clear supernatant was collected for subsequent assays. The
mRNA levels of mouse and rat Jak1 expression were quantified using
the QuantiGene Singleplex assay kit (Invitrogen; no. QS0016) with
the following probe sets: mouse Jak1 (no. SB-3029714), mouse Actb
(no. SB-10003), rat Jak1 (no. SC-3062255), and rat Actb (no. SC-
16967).

Statistical analysis

Data were analyzed using GraphPad Prism 9 software. Sample size
and statistical methods used for analyzing each experiment are
detailed in the corresponding figure legends. Differences in all of
the comparisons were considered significant at p < 0.05.
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