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Intervertebral disk (IVD) degeneration is often associated with
severity of lower back pain. IVD core is an avascular, highly
hydrated tissue composed of type II collagen, glycosaminogly-
cans, and proteoglycans. The disk degeneration is not only a
destruction of IVD structure but also is related to a disorder
of the turnover of the disk matrix, leading the jelly-like IVD
core to be replaced by fibrous components. Here we present a
disease-modifying strategy for IVD degenerative diseases by
direct regulation of the cells in the IVD using mRNAmedicine,
to alter the misbalanced homeostasis during disk degeneration.
When mRNA encoding a cartilage-anabolic transcription fac-
tor, runt-related transcription factor-1, was administered to a
rat model of coccygeal disk degeneration using a polyplex
nanomicelle composed of polyethylene glycol-polyamino acid
block copolymers and mRNA, the disk height was maintained
to a significantly higher extent (z81%) compared to saline
control (69%), with prevention of fibrosis in the disk tissue.
In addition, the use of nanomicelles effectively prevented
inflammation, which was observed by injection of naked
mRNA into the disk. This proof-of-concept study revealed
that mRNAmedicine has a potential for treating IVD degener-
ative diseases by introducing a cartilage-anabolic factor into
the host cells, proposing a new therapeutic strategy using
mRNA medicine.
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INTRODUCTION
Lower back and neck pain are frequently associated with interverte-
bral disk (IVD) degeneration, and imaging studies have found an as-
sociation between prevalent IVD degeneration and severity of lower
back pain.1,2 The IVD is composed of a central hydrophilic proteogly-
can-rich gelatinous core, the nucleus pulposus (NP), which is sur-
rounded by a multilamellar collagenous ring, the annulus fibrosus,
and cartilaginous and bony endplates that separate the disk from
the vertebrae.3 The IVD core is an avascular, highly hydrated tissue
due to the extracellular matrix (ECM) surrounding nucleus pulposus
cells, which are composed of type II collagen, glycosaminoglycans
(GAGs), and proteoglycans such as aggrecan.4,5 The IVD is a dynamic
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tissue, in which the ECM undergoes continuous turnover.6 Disk dis-
ease is not only a destruction of IVD structure but also is related to a
disorder of the turnover, due to the shortage of factors involved in the
homeostasis of the disk matrix.7 Even when anabolic and catabolic
activities of cells in the IVD are normally maintained, excessive
mechanical stress or other stimuli can alter the homeostasis and
initiate the degenerative cascade.

Current approaches to prevent IVD degeneration are limited. Most
treatments are only symptomatic, and there is no treatment that
has been proven to directly regulate homeostasis in the IVD.8 It is
apparent that removal of NP tissue during discectomy accelerates
the degeneration of the IVD after the surgery.9 Thus, a novel
approach aiming at the restoration of IVD homeostasis is strongly
demanded.

In this context, we propose mRNA as a means to regulate IVD cells,
which could alter the misbalanced homeostasis during disk degener-
ation. This idea is based on our previous study to prevent cartilage
degeneration in the joints of osteoarthritis model mice, where the
chondrocytes in the joint cartilage were modified by introducing a
cartilage-anabolic factor, runt-related transcription factor-1
(RUNX1), via intraarticular administration of RUNX1-encoding
mRNA.10,11 The modified chondrocytes showed an increase in the
expression of cartilage-anabolic markers and proliferation, resulting
in the augmentation of the net resistance of the articular cartilage
to the mechanical loading. For IVD, especially for the core where
the components such as type II collagen, GAGs, and proteoglycans
are similar to those in the hyaline cartilage in the joint, RUNX1 intro-
duction into NP cells in the IVD core would be expected to induce
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mucoid material production, maintain the hydration content in the
core, and be effective for decelerating the disk degeneration.

The use of mRNA for administering transcription factor(s) is a key
factor for the therapeutic strategy. It is an alternative to gene therapy
using viral and non-viral vectors,12,13 but there are many advantages
of mRNA over the vectors. There is no requirement for nuclear entry,
which improves the transfection efficiency in slowly dividing or non-
dividing primary cells, such as neural cells and chondrocytes11,14,15

and, potentially, the NP cells in the IVD. Transient protein translation
with negligible risk of random integration into the genome are impor-
tant factors for the treatment of disk diseases, because the uncon-
trolled expression of intracellular signal protein(s) by gene vectors
might cause hazardous side effects. Such risks will not be accepted
for the non-lethal degenerative diseases.

In this study, we used a rat model of coccygeal disk degeneration
induced by needle puncture.16–18 It is hypothesized that the introduc-
tion of RUNX1 mRNA would stimulate mucoid material secretion
from resident NP cells to maintain the hydration content and
decelerate disk degeneration processes. A nanocarrier composed of
polyethylene glycol (PEG)-polyamino acid (Poly{N-[N’-(2-amino-
ethyl)-2-aminoethyl]aspartamide}) block copolymers (PEG-PAsp
[DET]) and mRNA, called polyplex nanomicelles, was used for intro-
ducing the mRNA into the disk.11,15,19–21 The nanomicelles are based
on self-assembly of the block copolymers, possessing a PEG outer
layer and mRNA-containing core for stable retention of the mRNA
in the nanomicelles. In addition, the PEG shielding on the carrier sur-
face effectively prevented the inflammatory responses that are often
caused by unfavorable immunogenicity of mRNA. After receiving
RUNX1 mRNA using the nanomicelles, or by the form of naked
mRNA, the disk was analyzed morphologically by X-ray, qualitatively
using MRI-T2 imaging to measure hydration content, and immuno-
histologically to evaluate the RUNX1 expression and extracellular
matrix composition. This study provides a proof of concept of a
new therapeutic for treating disk degeneration diseases by the direct
administration of mRNA into the disk.

RESULTS
Evaluation of Protein Expression from Administered mRNA into

Rat Coccygeal Disk

In this study, block copolymers of PEG and Poly{N-[N’-(2-amino-
ethyl)-2-aminoethyl]aspartamide}, PEG-PAsp[DET], were manufac-
tured as mRNA delivery nanocarriers, based on self-assembly
through electrostatic interaction with mRNA to form polyplex nano-
micelles (Figure S1A). To evaluate the protein expression from the
mRNA administered into rat coccygeal disks in quantitative and
time-dependent manners, an mRNA encoding luciferase was used.
The rat coccygeal 4-5 disk was punctured with a 20G needle, and sub-
sequently it was micro-injected with 2 mgmRNA loaded into nanomi-
celles in a total volume of 6 mL solution. The luciferase expression was
clearly observed by IVIS bioluminescent imaging for 168 h after Luc
mRNA administration, although expression levels decreased over
time (Figures 1A and 1B) (n = 4). When administering the same
Luc mRNA in the form of naked mRNA without nanomicelles, no
luminescence signals were detected on the IVIS images (Figure S2).

To confirm the expression of RUNX1 protein in the disk when Runx1
mRNA was administered, we evaluated a FLAG peptide that was
added to the sequence of RUNX1 for monitoring RUNX1 expression.
By immunohistochemical staining using an anti-FLAG antibody,
widely distributed FLAG signals were observed in the disk 2 weeks
after injecting RUNX1 mRNA using nanomicelles (Figure 1C). The
signals were weakened at 4 weeks after administration but still clearly
visible. In contrast, no FLAG signals were detected in the group
receiving naked RUNX1 mRNA or saline, which was consistent
with the results of luciferase expression (Figure 1). Thus, it was
confirmed that mRNA administration into coccygeal disk using
nanomicelles could produce encoded proteins in the disk tissue.

RUNX1 mRNA Administration Using Nanomicelles Diminished

the Coccygeal Disk Height Shrinkage Rate

A representative finding in disk degeneration is the decrease in the
disk height, due to loss of hydration content inside the disk core
and loss of mechanical strength provided by disk core elasticity.
Here, the post-puncture changes in rat coccygeal disk height were
examined by X-ray imaging. A pre-puncture image of coccygeal
(co)4-5 was taken, then the disk was punctured using a 20G needle.
The punctured disk was micro-injected with RUNX1 mRNA-loaded
nanomicelles, naked RUNX1 mRNA, or saline control using a 30G
syringe. An additional X-ray image was taken immediately after the
injection as that of 0 week, then images were taken 2 and 4 weeks after
the injection.

Representative images from pre-puncture to 4 weeks are presented in
Figure 2A. Other images of 4 rats are shown in Figure S3. The changes
in disk height were calculated as disk height index (DHI %) with the
equation shown in Figure 2B. As shown in Figure 2C, the disk height
was slightly decreased immediately after the needle puncture, and it
continued to decrease for 4 weeks in all groups. The saline-treated
control group showed a decrease in DHI to z65% by 2 weeks
post-puncture, and it remained after that. The naked RUNX1
mRNA group showed a decrease in DHI to z80% at 2 weeks, and
it further declined toz75% at 4 weeks. The RUNX1mRNA nanomi-
celle group showed a decrease to z87% at 2 weeks and to z80% at
4 weeks, and the disk heights were significantly greater than those of
saline-treated control at 2 and 4 weeks (N R 5) (p < 0.05 in saline
versus RUNX1 mRNA nanomicelle at 4 weeks). It is suggested that,
although RUNX1 mRNA nanomicelle could not stop the decrease
in disk height completely, the nanomicelle was effective for diminish-
ing the disk shrinkage after the puncture.

MRI Evaluation Demonstrated Increased Hydration Content in

the Coccygeal Disk after Administration of RUNX1 mRNA

Nanomicelles

The disk shrinkage is considered to be closely related to decreased
mucoid materials in the disk center, represented by the decrease in hy-
dration content in the disk core. To analyze the hydration content in
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 163
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Figure 1. Protein Expression in Rat Coccygeal Disk

after the Administration of mRNA Using Polyplex

Nanomicelles

(A) Time course of luciferase expression after the admin-

istration of luciferase mRNA (Luc mRNA), evaluated by

IVIS images until 168 h after the administration. Data are

expressed as the mean ± SD (n = 4). (B) Representative

IVIS images of rat coccygeal disk after Luc mRNA

administration. (C) Immunohistochemical staining using

an anti-FLAG antibody on the sections of coccygeal disks

after the administration of RUNX1 mRNA containing

FLAG sequence. Arrows indicate the post-DAB signals.
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the disks, MRI examination was also performed on the same rats as in
Figure 2. As shown in T2-weighted images (Figure 3) (N R 4), the
saline control group showed an almost complete loss of hydration con-
tent in the punctured disk, represented by the low signals in the disks,
compared with adjacent disks after 2 weeks. In contrast, the RUNX1
mRNA nanomicelle group showed partial retention of high signals
in the disks comparable to other intact disks, indicating the alleviation
of disk damage for retaining the hydration content. Interestingly, the
naked RUNX1 mRNA group showed increases in the signals not
only in the disk but also in the surrounding tissues, with an irregular
appearance. Other MRI images of 4 weeks are presented in Figure S4.
RUNX1 mRNA Nanomicelle Administration Alleviated the Loss

of NP Jelly-like Materials

In addition to evaluating disk shrinkage and changes in hydration
content, the coccygeal disks were removed for histological examina-
164 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
tion. H&E staining of coccygeal disks at 4 weeks
post-puncture revealed that the control saline
injection group showed squeezed disks, with
fibrous tissues filling in the disk space (Figure 4).
A similar finding of filling by fibrous tissues was
observed for the naked mRNA group, with
increased cell infiltration into the disk tissues.
Together with the MRI findings in Figure 3, it
is suggested that the nakedmRNA induced local
inflammation in the disk, and the details are
analyzed later (Figure 7). In contrast, for the
RUNX1mRNA nanomicelle group, transparent
jelly-like materials still existed in the disk core,
and some NP-like cells remained, although the
fibrous tissues partially infiltrated into the disk
space. In comparison with the intact disk (Fig-
ure S5), it is suggested that the RUNX1 mRNA
nanomicelle group effectively alleviated the
loss of contents in the disk core.

RUNX1 mRNA Nanomicelles Preserved

Cartilaginous Components in the Disk

Next, the cartilaginous components, type II
collagen and aggrecan, were analyzed in the
disks by immunohistochemical staining. These components play an
important role in providing the elasticity of normal disk. In the im-
ages of RUNX1 mRNA nanomicelle group, the signals of type II
collagen and aggrecan were well observed (Figure 5), although the
appearance was altered from that of the intact disk (Figure S6).
However, almost no significant signals of type II collagen or aggrecan
were detected in the sections of saline and naked RUNX1 mRNA
groups (Figure 5).

In addition, GAG was evaluated by Alcian blue staining 4 weeks after
the administration of RUNX1 mRNA nanomicelles, naked RUNX1
mRNA, or saline (Figure 6). The GAG contents represented by Alcian
blue-positive staining were greater for the RUNX1mRNAnanomicelle
group compared with the other two groups, although the appearance
of Alcian blue-positive staining was different from that of the intact
disk (Figure S7), presumably due to the tissue damage by the puncture.
These results suggest that the RUNX1 mRNA administration using



Figure 2. Evaluation of Coccygeal Disk Height by

Radiographic Imaging

(A) Representative X-ray images of the coccygeal disk of three

groups, injected with RUNX1 mRNA-loaded nanomicelles,

naked RUNX1 mRNA, and saline. (B) Schematic represen-

tation of the method to evaluate disk height by disk height

index (DHI). Adjacent vertebral body height and disk height

were measured from radiographs using ImageJ. Changes in

the DHI of punctured disks are expressed as percentage

(DHI % = post-punctured DHI/pre-punctured DHI � 100%).

DHI = 2 � (D + E + F)/(A + B + C + G + H + I). (C) Changes in

DHI % for 4 weeks after the injection (scale bar, 4 mm)

(NR 5). *p < 0.05 (saline versus RUNX1mRNA nanomicelle).
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nanomicelles provided the effect of preserving the cartilaginous com-
ponents in the disk after disk puncture.
Local Inflammation Induced by RUNX1 mRNA Was Reduced by

Nanomicelles

Finally, the inflammatory responses at the injection site were evalu-
ated, because, as shown in Figure 4, a number of cells might be infil-
trated in the disk tissue, especially for the naked RUNX1 mRNA
group. It is known that mRNA administration can elicit a strong im-
mune response through recognition by Toll-like receptor 3 (TLR-3)
and TLR-7, inducing secretion of proinflammatory cytokines such
as interleukin-6 (IL-6), as well as macrophage infiltration into the
lesion. Immunohistochemical analyses for evaluating IL-6 and mac-
rophages were done on the sections of coccygeal disks 2 weeks after
mRNA administration; however, no signals were detected for both
IL-6 and macrophage on any sections (Figure S8). Then, sections
were taken 1 day after the mRNA administration, followed by the
immunohistochemical staining. Strong signals of IL-6 and macro-
phages were observed only for the naked RUNX1mRNA group (Fig-
ure 7). These results strongly suggest that the naked RUNX1 mRNA
Molecul
administration produced inflammation due to
immunogenicity of the mRNA, leading to macro-
phage infiltration into the disk as well as IL-6 upre-
gulation. The nanomicelles effectively prevented
the inflammatory responses by shielding the
mRNA in the nanomicelles.

DISCUSSION
In this study, we demonstrated the therapeutic ef-
fects of RUNX1mRNA injected into the IVD using
nanomicelles. The disk height and hydration con-
tent were maintained after disk puncture with pre-
vention of fibrosis in the disk tissue. In addition,
the use of nanomicelles effectively prevented
inflammation, which was observed by injection of
naked mRNA into the disk.

RUNX1 is chosen in this study because RUNX1 is
directly involved in Kartogenin-mediated cartilage
regeneration and protection, inducing chondro-
genesis through regulating the nuclear localization of the core-bind-
ing factor beta (CBFb) transcription complex.22 RUNX1 also controls
type II collagen expression by directly binding with its promoter-
responsive elements,23 and it plays a critical role in controllingmesen-
chymal stem cell (MSC) differentiation to chondrocytes and their
proliferation and survival.24,25 In addition, RUNX1 would suppress
RUNX2 transcription, a master regulator for osteoblast differentia-
tion,26 inhibiting osteoblast differentiation and terminal chondrocyte
hypertrophy.22 Indeed, these findings of RUNX proteins have been
established in the study of joints, but also they have been reported
to be closely involved in the pathogenesis of IVD degeneration.27

Taken together, RUNX1 is a promising candidate for the therapeutic
use of disk degeneration by regulating homeostasis in the disk.

The therapeutic effect was most typically presented by MRI images
(Figure 3). The T2-high signals in the disk tissues receiving RUNX1
mRNA nanomicelles clearly indicated retained hydration content
compared with other controls 4 weeks after the mRNA administra-
tion. In addition, the chondrogenic markers such as GAG, ColII,
and aggrecan were generally upregulated (Figures 5 and 6). Therefore,
ar Therapy: Nucleic Acids Vol. 16 June 2019 165
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Figure 3. MRI Images of Coccygeal Disk after the Administration of RUNX1

mRNA

MRI-T2 images 2 or 4 weeks after the injection of RUNX1 mRNA nanomicelles,

naked RUNX1 mRNA, and saline. Arrows indicate the mRNA-injected disk. Other

animals’ MRI-T2 images at 4 weeks are shown in Figure S4 (N R 4).
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it is reasonable to believe that RUNX1 mRNA exerted a cartilage-
anabolic function in the injured disk tissue, by enhancing the produc-
tion of hydration content as well as the components that form the disk
tissue. We consider the target cells are chiefly the residing cells in the
disk tissue, since the RUNX1 expression was confirmed by the FLAG
expression in the cells in the disk (Figure 1).
166 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
In contrast, the MRI T2-weighted image after injection of naked
RUNX1mRNA showed the irregular appearance of bright lesions sur-
rounding the injected IVD at 2 and 4 weeks after the mRNA admin-
istration (Figure 3). T2-high signals in the disk tissues were apparently
higher than those of saline control; however, since almost no RUNX1
expression was obtained by the naked mRNA (Figure 1), the mecha-
nism of maintaining the T2-high signals in the disk tissues should
not be the same as that of RUNX1 mRNA nanomicelles. Otherwise,
since a wild-type mRNA is known to be immunogenic via the innate
immune system,28 it is reasonable to assume that the inflammation
was induced by the naked mRNA at the IVD lesion and the surround-
ing tissues, resulting in the irregular appearance with the T2-high
signals. Although the acute inflammatory reactions such as macro-
phage infiltration in the disk with upregulation of IL-6 had disap-
peared at 2 weeks (Figure S8), the T2-high signals at the lesion might
be continued, as observed in the study to treat IVD degeneration using
an agent for regulating inflammation.29 Presumably, the greater disk
height of the naked RUNX1mRNA group compared with saline con-
trol (Figure 2C) might be due to fluid accumulation and disk swelling
induced by the local inflammation in the disk.

Eventually, the abnormal findings were not observed for mRNA
nanomicelles (Figure 7), clearly demonstrating that the nanomicelles
effectively prevented the inflammation. The nanomicelle has a stealth
property due to dense PEG palisades on the surface, and the mRNA
inside the nanomicelles can be shielded from innate immune system
recognition.21 Unlike mRNA vaccines, which are often administered
in the form of naked mRNA, it is apparent that the immunogenic
mRNA would be unfavorable for therapeutic purposes. As well as
the use of modified mRNA with less immunogenicity, mRNA
carriers, such as nanomicelles, are a promising technique for regu-
lating the immune responses in the lesion, even for the case of local
administration.

mRNAmedicine has great potential for various diseases. Therapeutic
effects by in vivo mRNA administration were reported so far in
Figure 4. Histological Observation of Coccygeal

Disks

Representative H&E images at 4 weeks after the injection

of RUNX1 mRNA nanomicelles, naked RUNX1 mRNA,

and saline. Inset boxes indicate the magnified region

shown below each image.



Figure 5. Immunohistochemical Staining of Type II

Collagen and Aggrecan

Sections were stained with primary antibodies targeting

ColII and Aggrecan, respectively, and further stained with a

secondary antibody labeled with Alexa 488. They are

shown (A) 2 weeks and (B) 4 weeks after the injection of

RUNX1 mRNA nanomicelles, naked RUNX1 mRNA, and

saline (n = 4). Scale bar, 100 mm.

www.moleculartherapy.org
animal models of cardiac infarction,30,31 neurologic disor-
ders,15,20,32,33 hepatitis,34 genetic diseases,35,36 and tissue regenera-
tion.11,37–39 Especially, the administration of transcription factor(s)
for directly regulating cell fate and functions can provide a new para-
digm for the field of drug development. The conventional processes of
drug development, including the screening of candidate molecules,
Molecular
would be unnecessary. Upon identifying the
intracellular signals that are related to the physi-
ological or pathological processes of the target
diseases, mRNA can be easily used for upregulat-
ing the signaling by introducing the key mole-
cule(s). In this regard, the strategy is similar to
that of developing nucleic acid medicines such
as antisense oligonucleotides and small inter-
fering RNA (siRNA) for gene knockdown. It is
apparent that a transient manner of expression
is mandatory for the signaling molecules, because
continuous activation of specific signaling should
cause serious safety concerns. mRNAmedicine is
likely the only way for this therapeutic approach.

Currently, there are almost no therapies for
aborting or slowing the progress of disk degener-
ation. Tissue engineering by cell transplantation
with or without artificial scaffolds is a promising
method to preserve the cell metabolism in the
disk tissue, and this is now vigorously investigated in many labora-
tories, some of which have already proceeded to clinical trials.40–44

However, the preparation of the cells remains a critical issue: it is
costly, time consuming, and clinically difficult to obtain sufficient
numbers of cells from the elderly patients who often suffer from
IVD degenerative diseases. The prevention of disk degeneration using
Figure 6. Alcian Blue Staining for Evaluating

Glycosaminoglycan

Sections were obtained 4 weeks after the administration

of RUNX1 mRNA nanomicelles, naked RUNX1 mRNA,

and saline. Inset boxes indicate the magnified region

shown below each image.
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Figure 7. Immunohistochemical Staining for IL-6 and

Macrophages

Sections were obtained 1 day after the administration of

RUNX1 mRNA nanomicelles, naked RUNX1 mRNA, and

saline. (A) IL-6 staining. The red signals represent the Alexa-

647-labeled IL-6. (B) Macrophage marker staining. The

green signals represent the Alexa 488-labeled macro-

phages. Dotted lines indicate the disk area (n = 3). Scale

bar, 100 mm.
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mRNA medicine is a promising alternative by directly using the
residing cells in the disk. Considering the fact that the number of
residing cells in the disk would be significantly decreased in the late
stage of disk degeneration, mRNA medicine may be preferentially
indicated for earlier stages of disk degeneration.

Of course, prior to considering the clinical application of the mRNA
medicine for IVD diseases, there are some critical issues to be ad-
dressed. Safety is the most important issue. The transient manner
of protein expression from the mRNA can be confirmed, but no
one knows the long-term outcomes after the administration of tran-
scription factor using mRNA. Much more information on the basis of
clinical experience with mRNA medicine, including mRNA vaccines,
many of which are now under clinical trials, is required for assuming
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the long-term safety. In addition, the administra-
tion route should be discussed. Unlike joint carti-
lage, the IVD requires an invasive approach
owing to the deep location. The injection tech-
nique into the IVD is clinically established for
the case such as discography, although a fluoro-
scopic monitoring is usually required for identi-
fying the disk location. Nevertheless, this proof-
of-concept study revealed that mRNA medicine
has a potential for treating IVD degenerative
diseases by introducing a cartilage-anabolic tran-
scription factor into the host cells. More impor-
tantly, this approach will allow us to apply basic
biological findings on disease-protective or tis-
sue-regenerating factors for the treatment of
degenerative diseases, opening a new era of drug
development.

MATERIALS AND METHODS
In Vitro Transcription to Prepare the

Therapeutic mRNA

RUNX1-FLAG mRNA was prepared using the
pSP73-RUNX1-FL vector.11 Briefly, the Runx1-
FL sequence was sub-cloned into pSP73 vector,
containing a 120-bp chemically synthesized pol-
y(d(A/T) fragment at the downstream of the
cDNA region45 (Figure S1B). Then, the vectors
were linearized with SpeI (Figure S1C), blunted
with E. coli DNA polymerase I, purified with gel
electrophoresis, and used as templates for in vitro transcription
(IVT), using the mMESSAGE mMACHINE T7 Ultra Kit (Ambion,
Invitrogen, Carlsbad, CA) to generate mRNA encoding FLAG and
Runx1 fusion protein. The mRNA encoding Luc2 was similarly con-
structed from a vector encoding photinus pyralis luciferase (pGL4;
Promega). Prior to the experiments, all transcribed mRNAs were
purified by RNeasy mini kit (QIAGEN) and analyzed for size and
purity with the Agilent RNA 6000 Nano Assay on a BioAnalyzer
2100 (Agilent Technologies) (Figure S1C).

Preparation of PEGylated mRNA Nanomicelles

A PEGylated block catiomer was previously developed21 through a
simple and affordable synthetic procedure based on an aminolysis
of benzyl groups in the side chain of the poly(b-benzyl L-aspartate)
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(PBLA) segment of PEG-PBLA block copolymer, with diethylenetri-
amine (DET) to generate N-substituted polyaspartamides (Fig-
ure S1A) bearing 2 aminoethylene repeats in the side chain. The block
catiomer thus prepared (PEG [molecular weight (MW) = 42,000]-poly
{N-[N0-(2-aminoethyl)-2-aminoethyl]aspartamide}) was abbreviated
as 42K-PEG-PAsp(DET). The degree of polymerization of the
PAsp(DET) segment was determined to be 56 by 1H NMR anal-
ysis, respectively. To prepare the mRNA nanomicelles, 42K-PEG-
PAsp(DET) and mRNA were separately dissolved in 2-[4-(2-hydrox-
yethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer and mixed
at a volume ratio of 1:2 (Figure S1A). The concentration of mRNA
was set to 666 ng/mL, and that of 42K-PEG-PAsp(DET) was adjusted
to keep a residual molar ratio of amino groups in 42K-PEG-
PAsp(DET) to phosphate groups in mRNA (N:P ratio) of 3. The
mRNA nanomicelles were revealed to have the diameter around
50 nm with almost neutral surface charge.11 mRNA quantity was
adjusted to be 4 mg in a 6 mL total transfection volume.

Rat Coccygeal Disk Puncture Model and Nanomicelle

Administration

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Innovation Center of
NanoMedicine, Kawasaki Institute of Industrial Promotion. The
10- to 12-week-old male Sprague-Dawley rats (Charles River Labora-
tories, Japan) were anesthetized by inhalation of 2.5% isoflurane
(Abbott) and placed in a prone position on the stereotaxic instrument
(Narishige Group). A 1.0- to 1.5-cm sagittal incision was made on the
tail to expose the coccygeal disk co4-5, and the surgery area was
treated with 0.1% adrenalin, which largely ceased bleeding. Under
microscope (Figure S9A), the rat coccygeal disk co4-5 was punctured
transversally with a 20G needle, completely penetrating the fibrosus
ring, and subsequently injected with 6 mL gene mixture, using a
30G micro-injection needle at 1 mL/min and 1-mm depth (Fig-
ure S9B), through the larger track created by the previous 20G needle
puncture (Figure S9C). Under microscopic operation, we could
confirm the gene mixture delivered by the 30G needle reached the
disk NP area.

Luminescence Measurement to Examine PEGylated

Nanomicelle-Mediated mRNA Expression

To measure in vivo firefly Luc2 expression, D-Luciferin substrate
(Promega) was dissolved in PBS and adjusted to a final concentration
of 15 mg/mL. Bioluminescence was measured by an IVIS imaging
system (Xenogen) 5 min after intraperitoneally injecting 800 mL
D-Luciferin substrate. Bioluminescent signals in the coccygeal disk
co4-5 region were analyzed by background subtraction using Living
Image Software (Xenogen).

Radiographic Images to Evaluate the Coccygeal Disk Shrinkage

Rats were anesthetized at 0, 2, and 4 weeks post-injury by intramus-
cular injection of Zoletil 50/Rompon and placed in a prone position in
the radiographic instrument. X-ray images were captured at a dis-
tance of 60 cm from the tail (40 kVp, 5 mAs), and images were
used for the evaluation of DHI at post-injection. The percent DHI
was represented as post-puncture DHI/pre-puncture DHI � 100%,
as Figure 2B shows.17

Coccygeal Disk Hydration Content Evaluated by MRI

MRI scans were performed using a 7T MR scanning system (Bruker
BioSpin, Germany) at the Central Institute for Experimental Animals.
T2-weighted sagittal sections were rendered using the following
settings: fast spin echo sequence with a time to repetition of
2,000 ms and time to echo of 72 ms; slice thickness, 1 mm; interslice
gap, 1 mm; matrix, 256; field of view, 60 mm; and number of averages,
2. A 60-mm volume resonator and a 2-cm diameter surface receive
coil were used to maximize image resolution and quality.

Histological Examination

Rats were sacrificed at 2 and 4 weeks post-injury; coccygeal disks
co4-5 were removed, fixed with 4% paraformaldehyde (PFA) in
PBS, decalcified in 0.5 M EDTA for 2 weeks, embedded in paraffin,
and serial sectioned in 5-mm thickness for H&E staining. Sagittal se-
rial sections in the mid-zone of the vertebral body were prepared for
immunohistochemical (IHC) staining by standard protocol. Briefly,
slides were de-paraffined, washed, blocked, and immunostained
with type II collagen (COL2A1 [M2139]) (sc-52658), aggrecan
(H-300) (sc-25674), IL-6 (M-19) (sc-1265), and macrophage marker
(MAC387) (sc-66204) primary antibodies (Santa Cruz Biotech-
nology) at 4�C overnight; then they were stained with Alexa 488- or
Alexa 647-conjugated secondary antibody (Jackson ImmunoResearch
Laboratories) at room temperature for 1 h and subsequently counter-
stained with DAPI (VECTASHIELD, VECTOR Laboratories) and
observed by fluorescencemicroscope (Carl Zeiss).46 For histochemical
staining, the de-paraffined sections were rehydrated and stained with
3%Alcian blue (in glacial acetic acid) for 30min, followed by dehydra-
tion with 100% ethanol, or incubated with antibodies to FLAG (F1804,
M2; Sigma-Aldrich, St. Louis, MO), and visualized by the reaction of
peroxidase and diaminobenzodine (DAB).

Statistical Analysis

Statistical comparisons were performed by two-way ANOVA and
p values < 0.05 were considered significant. All in vivo data are repre-
sentative of at least 4 independent experiments as indicated.
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