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B I O C H E M I S T R Y

Efficient healing of large osseous segmental defects 
using optimized chemically modified messenger  
RNA encoding BMP-2
Rodolfo E. De La Vega1,2, Martijn van Griensven1,2, Wen Zhang3, Michael J. Coenen1, 
Christopher V. Nagelli1, Joseph A. Panos1, Carlos J. Peniche Silva2, Johannes Geiger3, 
Christian Plank3, Christopher H. Evans1, Elizabeth R. Balmayor1,4*

Large segmental osseous defects heal poorly. Recombinant, human bone morphogenetic protein-2 (rhBMP-2) is 
used clinically to promote bone healing, but it is applied at very high doses that cause adverse side effects and 
raise costs while providing only incremental benefit. We describe a previously unexplored, alternative approach 
to bone regeneration using chemically modified messenger RNA (cmRNA). An optimized cmRNA encoding BMP-2 
was delivered to critical-sized femoral osteotomies in rats. The cmRNA remained orthotopically localized and 
generated BMP locally for several days. Defects healed at doses ≥25 g of BMP-2 cmRNA. By 4 weeks, all animals 
treated with 50 g of BMP-2 cmRNA had bridged bone defects without forming the massive callus seen with 
rhBMP-2. Moreover, such defects recovered normal mechanical strength quicker and initiated bone remodeling 
faster. cmRNA regenerated bone via endochondral ossification, whereas rhBMP-2 drove intramembranous 
osteogenesis; cmRNA provides an innovative, safe, and highly translatable technology for bone healing.

INTRODUCTION
Large osseous segmental defects do not heal well and remain a major 
clinical problem that can lead to amputation. Regenerative medi-
cine offers new possibilities for restoring lost bone and producing a 
regenerate that is indistinguishable from its native counterpart. The 
identification and cloning of morphogens that guide the behavior of 
osteoprogenitor cells provide opportunities for biologically based tis-
sue regeneration.

Recombinant, human bone morphogenetic protein-2 (rhBMP-2) 
and rhBMP-7 have been approved for use in the United States and 
Europe, but the clinical efficacy of these molecules has been disap-
pointing and adverse side effects have been associated with their use 
(1). The latter are exacerbated, and the financial cost increased, by 
the very high amounts of recombinant protein that need to be ap-
plied to overcome the inadequacies of the collagen sponge used as a 
scaffold for protein delivery. Several approaches to improving pro-
tein delivery, including the use of smart scaffolds (2), have been in-
vestigated. However, none of these have advanced to clinical trials. 
Furthermore, rhBMP-7 has been withdrawn from the market and 
is no longer available for clinical use. Alongside, restrictions have 
been imposed in the clinical use of rhBMP-2, and this product is not 
available in many countries.

Local gene delivery provides a promising, alternative approach 
to delivering osteogenic proteins at therapeutic levels within an 
osseous lesion for an extended period of time (3). Successful intra-
lesional delivery and expression of complementary DNA (cDNA) 
encoding an osteogenic product such as a BMP will result in the 
sustained in situ production of authentic BMP by the endogenous 
biological machinery of the cell. Substantial preclinical progress has 

been made (3, 4), and the results confirm that low amounts of BMP-2 
synthesized endogenously within the osseous lesion for a short pe-
riod of time by genetically modified cells efficiently heal bone (3). 
Despite these encouraging results, traditional gene therapy has yet 
to generate a clinical product. The reasons for this are several in-
cluding the disadvantages of current genetic delivery strategies, cost, 
safety concerns, translational barriers, and the regulatory com-
plexity of advancing gene therapies for non-Mendelian, non–life- 
threatening conditions.

Taking the above into consideration, messenger RNA (mRNA), 
the intermediary between a gene and its encoded protein, may offer 
the best of both worlds and confer numerous advantages. After de-
livery into a cell, mRNA will almost immediately begin to be trans-
lated into its cognate protein, unlike the case with traditional gene 
delivery of DNA, which needs first to translocate to the nucleus of 
the cell before its expression can begin. The protein encoded by 
mRNA is expressed from the introduced message for a finite period 
of time, after which the mRNA is degraded by innate physiological 
processes of the cell, leaving no residue. There is therefore no risk of 
insertional mutagenesis or other genetic damage, unlike the case 
with DNA therapeutics. Moreover, synthetic mRNAs encoding spe-
cific therapeutic proteins are relatively easy and straightforward to 
produce and can be readily delivered into the cell with inexpensive, 
nonviral vectors. Together, these advantages endow mRNA thera-
peutics with several important advantages over their DNA equiva-
lents. They are expected to be safer and easier to translate to a large 
patient population, as demonstrated by the mRNA vaccines in use 
against coronavirus disease 2019 (COVID-19).

The application of mRNA to regenerative medicine has been ham-
pered by its instability, cytotoxicity, and inflammatory properties (5). 
However, these limitations can be overcome by transcript engineer-
ing. Modifications that have been investigated to affect the stability 
and biocompatibility of mRNA include changes in the 5′ and 3′ un-
translated regions (UTRs), open reading frame alterations, poly(A) 
tail length, and the use of modified nucleosides (6–10). The latter 
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markedly reduce immunogenicity (11, 12). Recent advances in mRNA 
technology, led by these structural modifications and by the use of 
lipid vectors for delivery, have kindled interest in the use of 
mRNA in regenerative medicine as a safe and effective means of tissue 
restoration (13).

Here, we have evaluated the ability of an optimized chemically 
modified mRNA (cmRNA) encoding BMP-2 (12) to heal a critical- 
sized segmental defect in the rat femur. The data demonstrate the 
complete healing of the damaged tissue with almost no escape of the 
cmRNA from the lesion into the circulation or major organs. De novo 
formed bone showed mechanical properties comparable to those of 
the native bone while lacking the massive callus formed by rhBMP-2 
in this model. Unlike the latter, BMP-2 cmRNA induced bone heal-
ing via the native endochondral route. The work summarized here 
demonstrates the efficacy and safety of an affordable transcript ther-
apy for expedited bone healing.

RESULTS
Local, intraosseous expression of cmRNA without escape 
from the site of application
Figure S1 summarizes the study design. We used a standardized rat, 
mid-diaphyseal, femoral, 5-mm defect model stabilized by a bridg-
ing plate (fig. S1B). If left untreated, this defect does not heal. Intra-
lesional implantation of 50 g of cmRNA encoding firefly luciferase 
(FLuc) on a collagen sponge resulted in orthotopically localized 
expression of FLuc at a declining rate for at least 3 days (Fig. 1, A 
to D). No luciferase activity was detected when a truncated, non-
coding (NC) cmRNA was administered (Fig. 1, C and D). No expres-
sion of luciferase was detected at other sites in the body by in vivo 
imaging (Fig. 1A).

In agreement with the imaging data, only femtogram amounts 
of BMP-2 cmRNA [blood (≥0.08 fg/l)] were detected in the cir-
culation at days 1 and 2 after administration of the 50-g dose, and 
cmRNA was undetectable by day 10 (Fig. 1E). No BMP-2 cmRNA 
was detected in lung, spleen, liver, or kidney at 4 and 8 weeks after 
administration of the 50-g dose (Fig. 1F), apart from one outlier 
with a femtogram signal in its lung.

Administration of 50 g of BMP-2 cmRNA resulted in signifi-
cant in vivo BMP-2 production (Fig. 1G), whereas no BMP-2 produc-
tion was detected in the NC cmRNA control group. In vivo BMP-2 
levels showed a different temporal profile after delivery as rhBMP-2. 
For the cmRNA group, production peaked at day 2 and then de-
cayed to very low levels by day 5 after administration. In the rhBMP-2 
group where 11 g of protein, the clinically equivalent dose, was im-
planted at the time of surgery, in vivo protein levels were highest 
at day 1 with much slower subsequent decay. The total amount of 
BMP-2 generated by cmRNA was considerably lower than the amount 
present after administration of rhBMP-2.

Dose-dependent bridging of critical-sized defects by 
BMP-2 cmRNA
The in situ production of BMP-2 healed bone defects at doses ≥25 g 
of BMP-2 cmRNA (Fig. 2A). A clear dose dependency was already 
evident in the x-ray images and micro–computed tomography (CT) 
reconstruction at 4 weeks after administration. As early as 4 weeks 
after treatment, all animals treated with 50 g of BMP-2 cmRNA had 
bridged bone defects indicating complete healing (Fig. 2A). While 
lower doses of 5 to 10 g of BMP-2 cmRNA seemed to stimulate 

de novo tissue formation, this was insufficient to bridge the defect. 
At a dose of 25 g of cmRNA, there was a 50% union rate, while 50 g 
of BMP-2 cmRNA succeeded in completely bridging all bone defects. 
The massive, ectopic callus formed in response to rhBMP-2 was not 
observed during healing with cmRNA (Fig. 2A).

The dose-dependent induction of bone by cmRNA was confirmed 
by CT (Fig. 2B). The 50-g BMP-2 cmRNA group showed the high-
est bone volume (BV) values as early as 4 weeks when compared to 
doses of cmRNA <50 g (P < 0.0001), comparable to the rhBMP-2 
control (P > 0.05). By 8 weeks after treatment, the 50-g cmRNA 
group showed significantly higher BV–to–total volume (BV/TV) 
ratios than all other treatment groups, including the recombinant 
protein counterpart (P < 0.0001; Fig. 2B). It was interesting to ob-
serve that the BV/TV ratios of the rhBMP-2 treatment peaked at 
4 weeks, followed by a significant decrease at 8 weeks (P = 0.01). 
This was not the case for either the 25- or 50-g BMP-2 cmRNA 
groups, where BV/TV values increased or remained unaltered, 
respectively.

Quantitative bone parameters further indicated the superior qual-
ity of the 50-g BMP-2 cmRNA treatment. A significantly higher 
number of bone trabeculae that featured less separation were con-
firmed in this group when compared to all other cmRNA groups 
(Fig. 2C). Moreover, the newly formed trabeculae were thinner for 
the 50-g BMP-2 cmRNA and rhBMP-2 groups. Values of trabecu-
lar thickness (Tb.Th), trabecular number (Tb.N), and trabecular 
separation (Tb.Sp) were similar for both the 50-g BMP-2 cmRNA 
and rhBMP-2 groups (P > 0.05; Fig. 2C). Of note, Tb.N significantly 
decreased at 8 weeks for the rhBMP-2 group (P = 0.018; Fig. 2C), 
while it increased in the 50-g BMP-2 cmRNA group. For rhBMP-2, 
Tb.N decreased, while Tb.Th maintained approximately constant 
over time. The decrease in Tb.N while maintaining constant thick-
ness and separation speaks to an accelerated bone loss, which might 
explain the lower BV/TV value of rhBMP-2 from 4 to 8 weeks. We 
did not observe this loss of bone in the BMP-2 cmRNA group.

Mechanical properties of defects healed by BMP-2 cmRNA 
and rhBMP-2
Because of the small sizes of the rat bone specimens, a custom-made 
sample holder and test system was used (Fig. 2D and movies S1 and 
S2). Healed defects showed significantly increased resistance to fail-
ure over time (Fig. 2E). This was observed for both the 50-g BMP-2 
cmRNA and rhBMP-2 groups (P < 0.003; Fig. 2E). No statistically 
significant difference was found for the failure torque (N*cm) at 4 or 
8 weeks between these two groups. However, the BMP-2 cmRNA 
group had recovered the failure torque values of native bone at 
4 weeks (P = 0.19), whereas values for the rhBMP-2 group remained 
significantly lower than normal (P = 0.02; Fig. 2E). At 8 weeks, only 
the BMP-2 cmRNA–healed specimens showed significantly higher 
failure torque values than normal bone (P = 0.03; Fig. 2E). This sug-
gests that recovery of mechanical strength may be quicker in re-
sponse to cmRNA.

Expression of transcripts associated with osteogenesis 
following application of BMP-2 cmRNA and rhBMP-2
Polymerase chain reaction (PCR) array technology was used to in-
vestigate the expression of genes associated with osteogenesis and 
matrix formation in response to BMP-2 cmRNA and rhBMP-2. The 
results are presented in Fig. 3, with the top 10 up-regulated genes for 
each treatment and time point highlighted in table S1. In addition, 
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Fig. 1. Single application of FLuc cmRNA induces robust and localized luciferase activity in the bone but is absent from the circulation and essential organs. 
(A) Bioluminescence images at 24, 48, 60, and 72 hours after administration (n = 6). Scale denotes light intensity as protons s−1 cm−2 sr−1. (B) Bioluminescence image of an 
exposed bony defect 72 hours after administration. (C) Quantification of light intensity over time. “Luc” indicates FLuc cmRNA administration, while “NC” shows NC 
cmRNA used as control. Six samples were plotted and analyzed by multiple t test corrected by Holm-Sidak for comparison. (D) Luciferase stained by IHC 72 hours after 
administration of FLuc cmRNA or NC cmRNA control. White arrows indicate luciferase staining. (E) BMP-2 cmRNA concentration in blood 1, 2, and 10 days after adminis-
tration. Scale indicates picograms of BMP-2 cmRNA per microliter of blood. N.D., not determined. (F) BMP-2 cmRNA content of lung (right, lower lobe), spleen (entire), 
liver (right, caudate lobe), and kidney (right, entire) 4 and 8 weeks after administration. In (E) and (F), eight samples were used. One-way analysis of variance (ANOVA), 
corrected by Tukey for multiple comparison, was used for statistical analysis. (G) Levels of BMP-2 produced in vivo within the femoral defect 1, 2, and 5 days after BMP-2 
cmRNA administration. Animals treated with rhBMP-2 and NC cmRNA were also analyzed for comparison. Six samples were analyzed per group using ELISA. Two-way 
ANOVA, corrected by Tukey for multiple comparison, was used for statistical analysis. Statistical significance is shown by *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and 
****P ≤ 0.0001. Also, statistical significance revealed by the letter “a” indicates P = 0.0085 for increased levels of BMP-2 at day 2 compared to day 1 after BMP-2 cmRNA 
administration. Similarly, the letter “b” denotes P = 0.0005 for decreased levels of BMP-2 at day 5 when compared to day 2 after BMP-2 cmRNA administration.



De La Vega et al., Sci. Adv. 8, eabl6242 (2022)     16 February 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 15

gene expression data, organized by biological role of the analyzed 
gene, are summarized in tables S2 to S7.

Both osteogenic agents stimulated an up-regulation of tran-
scripts encoding key components of the extracellular matrix of 

bone, particularly collagens, osteonectin, and osteopontin. Osteo-
genic transcription factors such as Runx2 and Sp7, but also Twist, 
were mildly up-regulated at 4 weeks, but not at 8 weeks, which 
might be explained by the late time points used for PCR evaluations 

Fig. 2. Bone healing with BMP-2 cmRNA is dose-dependent; doses >25 g are necessary to heal critically sized bone defects reliably in rats. (A) X-ray images and 
CT reconstruction images of the defect after BMP-2 cmRNA administration. Representative x-ray images are shown for weeks 4 and 8 after administration, while CT 
images are shown at 8 weeks. (B) Bone volume–to–tissue volume ratios (BV/TV), shown as percentages. (C) Trabecular thickness (Tb.Th; mm), trabecular number (Tb.N; 
1/mm), and trabecular separation (Tb.Sp; mm). Values shown in (B) and (C) were derived by CT 4 and 8 weeks after BMP-2 cmRNA administration at different doses. NC 
cmRNA and empty defects were used as controls. Six samples were plotted per group. Data were analyzed using two-way ANOVA corrected by Holm-Sidak for multiple 
comparisons. Letters a and b [in (B)] indicate significantly lower (P < 0.0001) BV/TV ratio for NC cmRNA (a) and empty defect (b) when compared to 25 g of BMP-2 cmRNA, 
50 g of BMP-2 cmRNA, or 11 g of rhBMP-2 at 8 weeks after treatment. (D) Custom-made sample holder and machine for torsional testing used in this study. White arrows 
indicate the breaking point within the newly formed tissue for a BMP-2 cmRNA–treated specimen. (E) Results of the biomechanics testing are plotted as torque to failure 
(N*cm). Samples (n = 8) of animals treated with either 50 g of BMP-2 cmRNA or 11 g of rhBMP-2 were analyzed 4 and 8 weeks after administration. Normal femora (n = 8) 
were also evaluated; the range of failure torque values for normal bone is plotted as double, discontinuous line in the graph. Data were analyzed using one-way ANOVA 
corrected by Tukey for multiple comparisons; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001; # indicates comparison to normal bone (P < 0.03).
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(table S2). Certain growth factors and their receptors were also 
up-regulated in both treatment groups (table S3), especially mem-
bers of the transforming growth factor– (TGF-) superfamily. 
Up-regulation of Tgfb3 and receptors Tgfbr1 and Fgfr1 was ob-
served 4 weeks after BMP-2 cmRNA treatment. Transcripts encoding 
enzymes involved in bone remodeling such as matrix metallopro-
teinases (MMPs) and cathepsin K were also induced by BMP-2 
cmRNA and rhBMP-2 (table S6). Of particular note were the high 
fold up-regulation values obtained for cathepsin K and Mmp-2, 
Mmp-13, and Mmp-16 at 4 weeks and Mmp-12 at 8 weeks after 
both treatments.

By far, the largest increases occurred in genes encoding various 
collagens, with type I being the most up-regulated, followed by 
types V and III (table S5). These data are consistent with type I colla-
gen being the most abundant protein in bone, with type V collagen 
also being present. The type III collagen signal probably reflects its 

abundance in the endothelial linings of blood vessels in bone. These 
data, along with high expression of transcripts, such as Spp1, Sparc, 
Postn, related to bone mineralization, and the collagen chaperone 
Serpinh1, collectively reflect a highly active mineralized tissue envi-
ronment in both cmRNA- and rhBMP-2–treated defects.

Differences between transcripts induced by BMP-2 cmRNA and 
rhBMP-2 were minor, apart from collagens associated with chon-
drogenesis. Both PCR arrays detected transcripts encoding type II 
and type X collagens in defects treated with BMP-2 cmRNA but not 
in defects treated with rhBMP-2 (Fig. 3 and table S5). Type II colla-
gen signifies the presence of chondrocytes, and type X collagen is a 
marker of chondrocyte hypertrophy and endochondral ossification. 
Thus, these findings strongly suggest that there is a major difference 
in the biology of bone healing using these two osteogenic agents, 
with cmRNA provoking endochondral ossification and rhBMP-2 
provoking intramembranous ossification.

Fig. 3. Expression of relevant osteogenic and extracellular matrix–related genes in newly formed tissue. The analyzed set of genes using each array is tabulated 
(left) using a layout that matches the heat map representation of the results in (A) to (H). Osteogenic (A to D) and extracellular matrix (E to H) PCR array results shown as 
heat maps for weeks 4 and 8 after treatment with either 50 g of BMP-2 cmRNA or 11 g of rhBMP-2. Heat maps provide a visualization of the fold changes in expression 
between the selected groups (i.e., treatment versus normal bone) for every gene in the array in the context of the array layout. Inserted values provide the fold change. 
Gray boxes indicate a gene whose average threshold cycle is either not determined or greater than the defined cutoff (35). Following the array manufacturer’s recommen-
dation, this was interpreted as a gene whose expression was undetectable.
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Confirmation by histology
Histological examination confirmed that bone defects were bridged 
by osseous material at 4 and 8 weeks in the BMP-2 cmRNA (25 and 
50 g) and rhBMP-2 groups. Both Masson trichrome and hematox-
ylin and eosin (H&E) staining reveal newly formed bone (green in 

Masson trichrome) with cortication and the reestablishment of mar-
row (Fig. 4 and fig. S2). The bone fibrous matrix (osteoid) detected 
by Toluidine blue at 4 weeks seemed to be less prominent at 8 weeks, 
indicating mineralization of the osteoid over time (fig. S3). Resto-
ration of the cortices seemed to be less pronounced with rhBMP-2, 

Fig. 4. BMP-2 cmRNA administration induces de novo bone deposition in the defect. Masson-Goldner trichrome staining shows bone defects filled with newly 
formed bone (compact green) as a result of BMP-2 cmRNA treatment. Dose dependency is apparent; images corresponding to the higher BMP-2 cmRNA doses show 
deposits of a denser, green stained new matrix when compared to the lower doses. This was observed in fully healed animals. Staining was performed on harvested ex-
plants from all groups 4 and 8 weeks after surgery. From left to right, a section scan illustrates the entire defect area, while a ×5 magnification image shows the detailed 
appearance within the defect. Insets in section scans indicate the area where the ×5 magnification picture was taken. Representative images from n = 6 rats per group are 
shown. Scale bar on section scans, 2.5 mm. Scale bar on ×5 magnification images, 500 m.
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where a greater volume of callus tissue could be appreciated when 
compared to the 50-g BMP-2 cmRNA. At lower concentrations of 
cmRNA producing partial bridging, areas of new bone were inter-
spersed with fibrous and, in some specimens, abundant cartilaginous 
tissue (Figs. 4 and 5).

The possible presence of chondrocytes in the unbridged or par-
tially bridged BMP-2 cmRNA specimens is interesting given the ex-
pression of type II and X collagen noted earlier. Safranin O confirmed 
the presence of this cell type within an abundant anionic extracel-
lular matrix (Fig. 5). Rounded, chondrocytic cells can be seen quite 
clearly embedded in a proteoglycan-rich matrix (stained dark red 
by safranin O) in the defects treated with 5, 10, and 25 g of BMP-2 
cmRNA (Fig. 5). Figure S4 depicts, in detail, the morphological fea-
tures of the identified chondrocytic cells. At 4 weeks, the cells were 
rounded and organized in perpendicular columns. Later, at 8 weeks 
after treatment, these cells resembled hypertrophic chondrocytes 
deeply buried in the surrounding matrix. This morphologic change 
indicates a transition from a cartilaginous matrix to a more calcified 

one. This suggests that the lower dose of endogenously produced 
BMP-2 to which they were exposed stimulated chondrogenesis of 
mesenchymal precursors but failed to drive them all the way to en-
dochondral ossification, despite enhanced expression of type X 
collagen (Fig. 3). Chondrocytic cells are also evident, but less exten-
sively, in defects treated with 50 g of BMP-2 cmRNA, where endo-
chondral ossification proceeds to bone formation. No chondrocytic 
cells were visible in defects treated with rhBMP-2 (Fig. 5 and fig. S4). 
At neither the 4-week nor 8-week time point was there histological 
evidence of a local inflammatory response.

Tissue remodeling, indicated by cathepsin K expression (Fig. 3), 
was confirmed by tartrate-resistant acid phosphatase (TRAP) stain-
ing. In keeping with the PCR array data, TRAP activity was detected 
as early as 4 weeks after treatment and was clearly stronger in the 
25- and 50-g BMP-2 cmRNA–treated groups (Fig. 6A). In higher- 
magnification images (fig. S5), the presence of multinucleated 
osteoclast-like cells can be appreciated populating the newly formed 
tissue as a result of the BMP-2 cmRNA treatment. Semiquantitative 

Fig. 5. Chondrocytic cells are only visible within defects administered BMP-2 cmRNA. H&E, Masson-Goldner trichrome, and safranin O images show the morphology 
of the cells populating the newly formed tissue and its extracellular matrix. For the BMP-2 cmRNA groups, a clear chondrocytic morphology can be observed; using 
Masson-Goldner trichrome, cells appear embedded in a green-staining, collagen-rich matrix. Using safranin O, rounded, chondrocytic cells that are embedded in a 
proteoglycan-rich matrix appear (dark red). From left to right, the first three images correspond to week 4 after surgery, while the last three images were taken of specimens 
8 weeks after surgery. Images were taken at ×20 magnification. Scale bars, 250 m.
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analysis of the TRAP staining confirmed significantly higher per-
centage of TRAP-positive area in the 25- and 50-g BMP-2 cmRNA–
treated groups when compared to lower-dose cmRNA groups and 
to rhBMP-2 (P < 0.001; Fig. 6B). It is interesting that cmRNA treat-
ment provoked more TRAP activity, indicative of more tissue re-
modeling, than its rhBMP-2 counterpart. This is further supported 
by the local increase in interleukin-17A (IL-17A) production, con-
comitant with elevated RANKL expression that was observed at 
3 days after BMP-2 cmRNA treatment (P < 0.0001; fig. S6).

Confirmation by immunohistochemistry of type II and X 
collagens in defects treated with cmRNA but not rhBMP-2
In keeping with the PCR array data (Fig. 3) and the histology images 
(Figs. 4 and 5), immunohistochemistry (IHC) detected type II (Fig. 7) 
and X (Fig. 8) collagens in defects treated with cmRNA but not in those 
treated with rhBMP-2. Consistent with the histology, expression of 
these collagens was strongest in those defects treated with sub-healing 
doses of BMP-2 cmRNA. In defects treated with 50 g of cmRNA, 
type II collagen staining was visible at 4 weeks, but not at 8 weeks, 
presumably because endochondral ossification was advanced in the 
later animals.

Expression of type X collagen was weaker than that of type II 
collagen in defects treated with suboptimal amounts of cmRNA and 

had almost disappeared by 8 weeks. This presumably reflects failed 
endochondral ossification. Defects treated with 50 g of cmRNA 
had less distinctive staining for type X collagen at 4 weeks, reflecting 
the advanced stage of repair at this time. No type X collagen was 
detected by IHC at 8 weeks, in agreement with the PCR array data.

Circulating anti- and pro-inflammatory cytokines were 
induced by cmRNA
Concentrations of a variety of inflammatory [interferon- (IFN-), 
IL-1, IL-1, IL-12p70, IL-17A, IL-2, IL-5, IL-6, and tumor necrosis 
factor– (TNF-)] and anti-inflammatory (IL-4, IL-10, and IL-13) 
cytokines were measured in the peripheral blood at various times 
after surgery and implantation of BMP-2 cmRNA or rhBMP-2 (fig. 
S7 and table S8). No increase in any of these cytokines was noted 
when comparing levels in rats with empty defects and those receiv-
ing rhBMP-2. In contrast, cytokine levels were increased in animals 
receiving cmRNA. In most cases, noncoding cmRNA alone elevated 
cytokine production and this was further augmented when BMP-2 
cmRNA was applied. Induction of the pro-inflammatory cyto-
kine IL-1 was particularly strong, with circulating levels of several 
hundred picograms per milliliter in rats receiving BMP-2 cmRNA. A 
similar but slightly milder scenario was observed with the anti- 
inflammatory cytokine IL-10. In other instances, as in the case of 

Fig. 6. TRAP activity is prominent in defects treated with higher doses of BMP-2 cmRNA but trivial in those treated with rhBMP-2. TRAP staining was performed 
on harvested explants from all groups 4 and 8 weeks after surgery. (A) From left to right, a ×10 magnification image shows a general view within the region of interest 
(ROI = interface between the old bone and the newly formed tissue), while a ×40 magnification image shows detailed positive stained areas (magenta) within the 
ROI. Insets in ×10 magnification images are indicative of the area where the ×40 magnification picture was taken. Scale bar on ×10 magnification images, 200 m. Scale 
bar on ×40 magnification images, 50 m. Representative images from n = 6 rats per group are shown. (B) Quantification of TRAP-positive area by means of ImageJ. Results 
are reported as % of TRAP-positive area normalized to total area of the tissue section. ns, not significant.
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IL-1, IL-2, IL-6, IL-13, IL-17A, and TNF-, NC cmRNA induced 
levels that were either very low or similar to those of the empty and 
rhBMP-2 groups for days 1 and 10, but not for day 2. In all cases, the 
increase in cytokines was maximal by 1 day after surgery and re-
mained elevated for at least 10 days.

DISCUSSION
With two modified mRNA-based COVID-19 vaccines currently 
approved for clinical use, the potential of this technology has been 

validated (14, 15). In addition, modified mRNA has been used in 
the treatment of various diseases caused, for example, by single-gene 
defects (16, 17). A less explored therapeutic application of this tech-
nology is to stimulate tissue regeneration. Tissue restoration is a 
particularly appropriate target for mRNA, because it may not need 
repetitive or systemic administration. Transient, local protein ex-
pression may be sufficient to initiate the sustained regeneration of 
diverse tissues.

Recent investigations have shown mRNA therapy to be applicable 
in liver (18), cardiac tissue [reviewed in (19)], and skin regeneration 

Fig. 7. Collagen type II deposition and chondrocytic cells are only visible within defects administered BMP-2 cmRNA. Collagen type II immunohistochemical staining 
was performed on harvested explants from all groups 4 and 8 weeks after surgery. From left to right, a section scan illustrates the entire defect area, while a ×5 magnifi-
cation image shows detail. Images taken at ×40 magnification show the appearance of cells populating the newly formed tissue. Insets in section scans indicate the area 
where the ×5 magnification picture was taken. Insets in ×5 magnification pictures indicate the area where the ×40 magnification image was taken. Representative images 
from n = 6 rats per group are shown. Scale bar on section scans, 2.5 mm. Scale bar on ×5 magnification images, 500 m. Scale bar on ×40 magnification images, 50 m.
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(20). The last of these progressed into clinical trials for patients with 
type 2 diabetes, where it improved blood flow in patients’ skin (20). 
These studies demonstrate that, unlike its recombinant protein coun-
terpart, mRNA can be administered at a low dose while achieving a 
successful therapeutic outcome without side effects. mRNA thera-
peutics are generally considered to be safe and affordable (21, 22). 
However, turning mRNA into drugs may be hampered by two main 
problems: poor pharmacology (rapid degradation) and high immu-
nogenicity. Decades of research have developed several strategies to 
overcome these obstacles, one being to modify the 5′ cap, the 5′ and 

3′UTRs, and the poly(A) tail among other mRNA structural ele-
ments (22); more than 100 nucleotide modifications have been in-
vestigated (10, 23).

We previously reported the combination of a translation initi-
ator of short UTRs (TISU) and 5-iodo–modified pyrimidine nu-
cleotides (12) as a strategy for improving translational efficiency 
while reducing inflammatory responses to mRNA (fig. S1A). When 
coding for BMP-2, cmRNA containing TISU in conjunction with 
5-iodinated pyrimidines was shown to be osteogenic in a dose- 
dependent manner (12).

Fig. 8. Collagen type X is clearly visible 4 weeks after BMP-2 cmRNA treatment but decreases at 8 weeks. Hypertrophic chondrocytes are embedded within the 
newly formed tissue. Collagen type X immunohistochemical staining was performed on explants 4 and 8 weeks after surgery. From left to right, a section scan illustrates 
the entire defect area, while a ×5 magnification image shows detail. Images taken at ×40 magnification show the appearance of cells populating the newly formed tissue. 
Insets in section scans indicate the area where the ×5 magnification picture was taken. Insets in ×5 magnification pictures indicate the area where the ×40 magnification 
image was taken. Representative images from n = 6 rats per group are shown. Scale bar on section scans, 2.5 mm. Scale bar on ×5 magnification images, 500 m. Scale bar 
on ×40 magnification images, 50 m.
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Here, we provide convincing evidence that the optimized cmRNA 
we developed is able to heal large segmental defects in the rat when 
delivered by a nonviral, lipid vector. The BMP-2 cmRNA:lipoplex 
particles were able to induce robust and timely expression of BMP-2. 
The time frame of detectable protein production was just 5 days yet 
sufficient to heal the defects. BMP-2 protein production remained 
intralesional, and almost no drug was detected in blood, lung, spleen, 
liver, or kidney at relevant times after administration. No relevant 
side effects were associated with BMP-2 cmRNA administration, 
consistent with the transient and anatomically restricted expres-
sion of BMP-2.

The transcriptomic analyses provided important insights into os-
teogenic mechanisms in operation after 4 and 8 weeks. Various com-
ponents of the extracellular matrix, including osteopontin (spp1), 
osteonectin (sparc), and several types of collagen particularly types I 
and V and, with cmRNA, types II and X were highly up-regulated, as 
were various MMPs, particularly MMP2 and MMP13. Coupled to 
the high expression of cathepsin K and TRAP, these data suggest 
robust remodeling of both the mineral and organic components of 
the extracellular matrix of the newly formed bone. The up-regulation 
of BMP-1, BMP-2, and BMP-3, as well as the BMP receptor 1a, in-
dicates the importance of endogenous BMPs in regulating these 
processes. There was also a robust induction of TGF-3, TGF- re-
ceptors 1 and 2, and fibroblast growth factor (FGF) receptor 1.

The cmRNA used here was engineered to reduce induction of in-
flammatory cytokines. We have previously shown that induction 
of IL-1, IL-6, TNF-, and IFN- production by human peripheral 
blood mononuclear cells is greatly reduced by these modifications 
(12). It is therefore unexpected that circulating cytokine levels, es-
pecially IL-1, were elevated in rats receiving BMP-2 cmRNA. It is 
also interesting that NC cmRNA alone generally did not do this, 
suggesting the importance of BMP-2, although rhBMP-2 did not 
produce these changes. Intracellular expression of BMP-2 in con-
junction with a cmRNA triggers effects that are not observed with 
rhBMP-2. A certain amount of early inflammation seems required 
for bone healing, and it is possible that the residual inflammatory 
properties of the cmRNA matched this requirement. In this context, 
it is interesting that BMP2 cmRNA induced more IL-1 than did 
rhBMP-2 at early time points (fig. S6). Moreover, RANKL, which is 
induced by IL-1, was higher at 3 days in the cmRNA group. Induc-
tion of IL-17A, on the other hand, was much lower and did not differ 
statistically between BMP-2 cmRNA and rhBMP-2. Additional re-
search is required to investigate these matters.

Our data suggest that BMP-2 delivered by cmRNA heals bone by 
the endochondral route, whereas rhBMP-2 does so intramembra-
neously. Long bones form via endochondral ossification during de-
velopment and heal fractures by the same route, unless absolute 
stability is achieved using compression hardware, which is not pos-
sible when dealing with a large segmental defect. This suggests that 
part of the superiority of BMP-2 cmRNA over rhBMP-2 reflects the 
former’s ability to trigger the native endochondral ossification path-
way to bone formation in a segmental defect model. It is interesting 
that doses of cmRNA too low to heal these segmental defects never-
theless generated cartilage, as gauged histologically and by detection 
of type II collagen expression. Although type X collagen expression 
was detected by PCR array in the 50-g cmRNA groups and by IHC 
in all cmRNA groups, these cells failed to proceed to endochondral 
ossification at lower doses. No type II or type X collagen was detected 
at any time in the defects receiving rhBMP-2.

Bone remodeling, a process essential for bone healing, was also 
visibly superior in the BMP-2 cmRNA group as indicated by the high 
TRAP activity observed in the animals treated with 25 and 50 g of 
BMP-2 cmRNA. This may help account for the observation that with 
BMP-2 cmRNA healing lacks the massive, ectopic callus formation 
that has been described for rhBMP-2 (24) and confirmed here. The 
de novo tissue formed with BMP-2 cmRNA was localized and con-
strained to the defect area. Correspondingly, newly formed tissue as a 
consequence of BMP-2 cmRNA treatment showed earlier biomechan-
ical improvement and remained superior 8 weeks after treatment.

Overall, the data summarized in this study are the first demon-
stration that cmRNA can heal large, critical-sized, segmental osseous 
defects of long bones in a superior fashion to its recombinant pro-
tein counterpart. This technology promises to couple affordability 
with efficacy, and clinical expediency with safety, while presenting 
fewer barriers than traditional gene therapy to clinical translation. 
Remaining challenges for this technology include the development 
of mRNA-specific carrier matrices. These three-dimensional car-
riers may provide further protection to the cmRNA from degrada-
tion while ensuring optimal cmRNA delivery (25). In addition, such 
a matrix might also prolong the cmRNA action time; this may be 
interesting for complex tissues and tissue interfaces such as cartilage 
and the osteochondral unit.

Although convincing, this study does have limitations. Young, 
healthy male rats were used for the experimental model; this may be 
relevant to certain types of trauma patients but not, for example, to 
patients whose segmental defects were created by tumor resection 
and whose surrounding soft tissue may have been subjected to irra-
diation. Before contemplating clinical translation of this technology, 
it will be necessary to confirm that similar results are obtained for 
female rats. A second requirement is to confirm that the technology 
is effective in a large animal model; sheep, pigs, and goats are fre-
quently used for this purpose (26). Translation will be facilitated by 
the widespread, effective, and safe use of cmRNA in vaccines as well 
as the fact that BMP-2, the protein product of our cmRNA, is already 
approved by the U.S. Food and Drug Administration (FDA) for cer-
tain applications in bone healing.

MATERIALS AND METHODS
Study design
The goal of this study was to determine the efficacy, potency, and 
safety of an optimized cmRNA encoding BMP-2  in healing a 
critical-sized, diaphyseal, femoral defect in the rat. Its properties in 
these regards were compared to those of rhBMP-2, the current clin-
ical gold standard. We used a validated rat model in which a 5-mm 
mid-femoral osteotomy was performed and stabilized with a custom- 
made plate. Various doses of cmRNA encoding BMP-2 were placed 
in the defect on a collagen sponge. Noncoding cmRNA was used as 
a negative control, and the clinically equivalent dose of rhBMP-2 
was included for comparison. A collagen sponge was used as a car-
rier to secure a valid comparison of cmRNA and rhBMP-2 under 
identical settings, matching the current clinical practice for rhBMP-2 
delivery. In addition, using the well-known collagen sponge removed 
potential complications from unknown effects related to an alterna-
tive carrier. Furthermore, using an already approved collagen carrier 
should facilitate translation into clinical use because the regulatory 
authorities are very familiar with, and have already approved, the 
collagen sponge. Biodistribution of cmRNA and its expression were 
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assessed by reverse transcription PCR (RT-PCR) and in vivo imag-
ing in conjunction with cmRNA encoding luciferase. Bone healing 
was monitored by weekly x-ray and analyzed at 4 and 8 weeks by 
CT, mechanical testing, and histology. Mechanistic data were ob-
tained from gene expression analysis using PCR arrays and by IHC.

cmRNA production and formulation
cmRNA encoding BMP-2 and FLuc, as well as an NC construct, was 
synthesized by T7 RNA polymerase in vitro transcription (IVT). 
BMP-2 coding sequence (NM_001200.2) was used in combination 
with a translation initiator of short 5′UTR element, TISU (fig. S1A). 
In the plasmid template for the NC cmRNA, the Kozak element 
(GCCACC) was scrambled (CGCACC) and all in-frame ATGs were 
converted to stop codons (TGA). For the FLuc cmRNA, the FLuc 
coding sequence (amplified from pGL4.10 plasmid; Promega, USA) 
was used in combination with a minimal 5′UTR sequence. Regarding 
ribonucleotide substitution, 35% of uridine residues were replaced 
with 5-iodo-uridine and 7.5% of cytidine residues were replaced 
with 5-iodo-cytidine. Details of the IVT reaction and later purifica-
tion can be found elsewhere (12). The concentration and quality of 
all cmRNAs were measured on NanoDrop 2000C (Thermo Fisher 
Scientific, USA). The purity and size were confirmed by automated 
capillary electrophoresis (Fragment Analyzer; Advanced Analytical, 
USA). Nucleotide analysis was performed by high-performance liquid 
chromatography (Agilent 1260 Infinity, Agilent Technologies, USA).

For in vivo application, lipoplexes were formed using a nonviral 
lipidoid vector. This vector is based on a cationic lipidoid with di-
palmitoyl phosphatidylcholine (DPPC), cholesterol helper lipids, and 
1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene PEGylated 
lipid (DMG-PEG) (27). This vector has been shown to be biocom-
patible in mice (27, 28) and rats (12). A solvent exchange methodol-
ogy was followed to obtain the lipoplexes (29). cmRNAs were mixed 
with the lipid at an N/P ratio of 8 (molar ratio of polymer amine 
(N) to nucleic acid phosphate (P) groups), ensuring a final cmRNA 
concentration of 1 mg/ml. Lipoplexes thus formed had particle 
sizes of 60 to 80 nm and a positive zeta potential of approximately 
20 mV. The encapsulation efficiency, as determined by RiboGreen, 
was found to be >90% and similar for all three cmRNAs.

Treatment of rats with critical-sized femoral defects
cmRNA lipoplexes were loaded onto an FDA-approved collagen 
sponge (sterile, sized 0.6 × 1.27 cm, Helistat, Integra LifeSciences, 
USA) 20 min before implantation into the rat bone defect. Doses of 
5, 10, 25, and 50 g of BMP-2 cmRNA per sponge were used. For 
NC cmRNA and FLuc cmRNA, 50 g was loaded per sponge. As a 
clinically relevant control, 11 g of rhBMP-2 (INFUSE, Medtronic, 
USA) was loaded to the collagen sponges following the same proce-
dure as used for the cmRNAs. This dose of rhBMP-2 is equivalent 
to the one used clinically for bone formation in humans.

Animal care and experimental protocols were approved by Mayo 
Clinic’s Institutional Animal Care and Use Committee (no. A00004410-
19). F344 rats (n = 190) at 18 weeks of age were used for surgery as 
described before (30). Briefly, a critical-sized, mid-diaphyseal, 5-mm 
defect was created in the right femur of each rat (fig. S1B). Rats were 
anesthetized with isoflurane and placed in the left lateral decubitus 
position with the right hind limb protruding through a sterile fenes-
trated drape. The skin incision was made on the posterolateral thigh, 
and the lateral intermuscular septum was dissected to expose the 
femoral diaphysis. Care was taken to avoid damaging the surrounding 

soft tissues. Using a polyacetal plate (Special Designs, USA), four 
holes were drilled along the mid-diaphysis using a 0.79-mm drill bit 
(RISystem AG, Switzerland). The plate was then secured carefully 
to the femur using four hand-driven 0.9-mm threaded K-wires 
(MicroAire Surgical Instruments, USA), which allowed the con-
struct to act as a locked plate. Creation of a 5-mm ostectomy was 
performed using a 0.44-mm Gigli wire saw (RISystem AG). The 5-mm 
bone fragment was removed, and the site was irrigated with normal 
saline. The defect site either was left empty or received a collagen 
sponge containing one of the test substances (fig. S1C). A soft tissue 
pouch was created with the deep thigh muscles to contain the im-
plants within the defect. The wound was closed in layers with 4-0 
Vicryl, and the incision site was closed using 9-mm wound clips. Ani-
mals were followed for up to 8 weeks after surgery, at which time the 
treated femora and the contralateral, nontreated femora were harvested 
for analysis. The timeline as for this study is depicted in fig. S1D.

Radiographic monitoring
In vivo bone healing was monitored with radiographic images of the 
right femur using a digital MX-20 x-ray cabinet system (Faxitron 
Bioptics, USA) under general anesthesia with isoflurane. Rats were 
ventrally positioned inside the cabinet with the hind limbs abducted 
at a 90° angle from the body. Radiographs were obtained at 42-kV 
energy and 10-s exposure time on day 10 and weeks 4, 6, and 8 after 
surgery. Two observers analyzed the images for fractures, failure of 
fixation, bone formation, and bridging of the defect.

In vivo bioluminescence
Rats (n = 6 per group) underwent bioluminescence imaging using 
an IVIS Spectrum system (PerkinElmer, USA) at days 1 to 3 after 
surgery. d-Luciferin (GoldBio, USA) diluted in phosphate-buffered 
saline (PBS) was administered via intraperitoneal injection at a dose 
of 150 mg/kg. Rats were anesthetized with isoflurane, and fur was 
shaved from the operated limb, right lumbar region, and lower right 
abdomen to reduce the luminescent signal from the white fur. Rats 
were placed inside the IVIS chamber in the left lateral decubitus 
position so that the right hind limb was facing the charge-coupled 
device camera. Photon emissions from the operated limb were col-
lected 30, 35, 40, and 45 min after injection using a 1-min exposure 
time. Bioluminescence signal was superimposed over a photograph 
of the rat, and the flux within a circular region of interest compris-
ing the length of the femur was quantified using the Living Image 
software (PerkinElmer). At day 3, rats were euthanized after in vivo 
imaging and the femora were explanted, rinsed in PBS, and fixed in 
10% neutral buffered formalin for immunohistological analysis.

Blood draws and organ harvest
Blood was drawn from the animals at days 1, 2, and 10 after sur-
gery using microtainer K2EDTA tubes (BD, USA). Six animals per 
group were used. A 250-l sample of whole blood was transferred to 
ribonuclease/deoxyribonuclease-free sterile tubes containing 1 ml 
of RNAlater (Thermo Fisher Scientific, USA). After an overnight in-
cubation at 4°C, samples were transferred to −20°C until further 
PCR analysis. Microtainer tubes containing 250 l of blood were 
incubated on ice for 15 min and then centrifuged at 1500g for 10 min. 
Plasma was carefully collected and stored at −80°C for further mul-
tiplex assay. At weeks 4 and 8 after surgery, rats were euthanized, and 
lung, spleen, liver, and kidney were surgically removed. The same 
portion of harvested organs was used for all the animals (entire spleen, 
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right kidney, right caudate lobes of the liver, and right lower lobe of 
the lung). The organs were collected using a 5× volume of RNAlater 
(Thermo Fisher Scientific) and incubated overnight at 4°C. Tis-
sue homogenization was performed using TRIzol (Thermo Fisher 
Scientific) in Qiagen TissueLyser II (two cycles of 2 min at 30 Hz; 
Germany). Samples were stored at −80°C until further PCR analysis.

ELISA for BMP-2
Groups of animals (n = 6 per group) were euthanized at days 1, 2, 
and 5 after surgery to evaluate in vivo BMP-2 production in the fem-
oral defects, following a previously reported procedure (31). Colla-
gen implants were collected and processed in stainless steel grinding 
jars using TissueLyser II (Qiagen, Germany). Care was taken to pre-
serve all cellular material and/or tissue deposited within the harvested 
implant. The resulting homogenate was extracted with T-PER tissue 
protein extraction solution (Thermo Fisher Scientific) containing 
protease inhibitors to release protein. The supernatant was collected 
for BMP-2 determination using the commercial DuoSet ELISA De-
velopment System (R&D Systems, USA).

Biomechanical testing
After euthanasia at weeks 4 and 8 after surgery, the femora (n = 8 per 
group) were explanted, cleaned of soft tissue, wrapped in gauze soaked 
in normal saline, and frozen at −20°C until used. Frozen femora were 
allowed to thaw at 4°C for 24 hours before testing. Biomechanical 
properties of the healed segmental defects were determined by tor-
sional testing to failure. The member of our research team (C.V.N.) 
who conducted the testing was blinded to the treatments. Eight spec-
imens (n = 8) were included per group. Before testing, the callus size 
was measured using a high-precision digital digimatic absolute caliper 
(Mitutoyo, USA) and the ends of the femora were potted in poly-
methylmethacrylate within a square metal fixture. A custom-made 
material testing system for small animals (Mayo Clinic, USA) was 
used to complete the torsional testing (movie S1 for native bone 
sample and movie S2 for explanted test bone sample). This machine 
interfaces with a LabVIEW (National Instruments, USA) software 
designed to output displacement and load (model RTS-200, Trans-
ducer Techniques LLC, USA). Bones were tested to failure under 
deformation control at a constant deformation rate of 5 rad/min. 
The torque and displacement were used to calculate failure strength 
and torsional stiffness.

CT analysis
Bone explants were scanned by using a SkyScan 1176 apparatus 
(Bruker, Belgium) at 65 kV, 385 mA, and a voxel size of 9 mm. Im-
age reconstruction and analysis were performed by using NRecon 
and CTAn Bruker software, respectively. Trabecular parameters such 
as separation (Tb.Sp; mm), number (Tb.N; 1/mm), and thickness 
(Tb.Th; mm) were determined. In addition, the ratio BV/TV (%) 
was calculated for each sample. Six samples per group were scanned 
for analysis.

cmRNA localization by qPCR
Total RNA was isolated from blood and organs using the RiboPure 
RNA Purification Kit (Thermo Fisher Scientific). Total RNA was 
reverse-transcribed into cDNA by using the First-Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific). In both cases, the instructions 
of the manufacturer were carefully followed. Real-time quantita-
tive PCR (qPCR) was performed with SsoFast Eva Green Supermix 

(Bio-Rad, USA) on a Bio-Rad CFX96 thermal cycler (Bio-Rad). The 
sequences of primers used to amplify BMP-2 cmRNA and rat tubulin 
beta 2A class IIa (Tubb2a) can be found in the Dataverse repository 
(https://dataverse.nl/privateurl.xhtml?token=73db97df-5749-44aa-
83d6-e8b0a123aa9e). Spike-in controls were used for all samples. The 
percentage of recovery of the BMP-2 cmRNA used as spike-in control 
was >96.1 ± 3.4% for all tissue samples analyzed. Absolute quantifi-
cation was performed using a standard curve, and cmRNA values 
were calculated by interpolation. Data are reported as picograms of 
BMP-2 cmRNA.

Extracellular matrix and osteogenesis PCR array
Total RNA was isolated from the defect sites of explanted femora 4 
and 8 weeks after surgery. Frozen samples were homogenized with 
steel beads in TRIzol (Thermo Fisher Scientific) using TissueLyser II 
(Qiagen; 3 min at 30 Hz). Samples were then immediately processed 
following a standard phenol/chloroform method with subsequent 
purification using the Monarch RNA Cleanup Kit (New England 
BioLabs, USA). cDNA was synthesized using the RT2 First Strand Kit 
(Qiagen) following the instructions provided. For the PCR array, 
RT2 SYBR Green Master Mix was used as recommended by Qiagen. 
RT2 Profiler PCR Array Rat Extracellular Matrix and Adhesion 
Molecules (GeneGlobe Id: PARN-013ZD-2) and Rat osteogenesis 
(GeneGlobe Id: PARN-026Z) were used following the instructions 
provided for the Bio-Rad CFX96 thermal cycler (Bio-Rad). Gene 
list for both arrays can be found in table S9. Overall, 148 genes that 
are relevant during skeletal development and for bone mineral me-
tabolism were analyzed. Expression of relevant growth factor, tran-
scription factor, extracellular matrix, and cell adhesion molecule 
genes was also measured. Five housekeeping genes were included in 
each array. Data analysis was performed by uploading the obtained 
Ct values table (Excel file) on to the data analysis web portal at www.
qiagen.com/geneglobe. Samples were assigned to controls (i.e., native 
bone) and test groups (i.e., 50 g of BMP-2 cmRNA/4 weeks, 50 g 
of BMP-2 cmRNA/8 weeks, 11 g of rhBMP-2/4 weeks, and 11 g 
of rhBMP-2/8 weeks). The Ct cutoff was set to 35 for analysis. Data 
are reported as fold change/regulation. The Ct method was used. 
For this, Ct was calculated between gene of interest and an average 
of all reference genes; Ct calculations were performed using the 
following equation: Ct (Test Group) − Ct (Control Group). Fold 
change was then calculated using the 2-Ct formula.

Histology
Femoral explants were decalcified in 10% buffered EDTA (Sigma- 
Aldrich, USA), dehydrated in ethanol, and embedded in paraffin. 
Longitudinal cross sections with a thickness of 7 m were stained 
with H&E and Masson-Goldner trichrome kits (Carl Roth GmbH, 
Germany) using the protocol provided by the manufacturer. In 
addition, staining with safranin O and toluidine blue (both from 
Sigma-Aldrich) was performed following standard protocols de-
scribed elsewhere (32). For TRAP staining, an l-tartaric acid solution 
(12 g/liter) was prepared in sodium acetate medium (pH adjusted to 
5). Next, 120 mg of fast red violet LB salt and 1 ml of naphthol AS-MX 
phosphate solution [ethylene glycol monoethyl ether (20 mg/ml)] 
were mixed with 200 ml of the l-tartaric acid solution to obtain the 
TRAP staining solution mix. Deparaffinized slides were rehydrated 
with distilled water and placed inside a prewarmed TRAP staining 
solution mix. Samples were incubated at 37°C for 30 min, rinsed 
with distilled water, and then counterstained with 0.02% fast green. 

https://dataverse.nl/privateurl.xhtml?token=73db97df-5749-44aa-83d6-e8b0a123aa9e
https://dataverse.nl/privateurl.xhtml?token=73db97df-5749-44aa-83d6-e8b0a123aa9e
http://www.qiagen.com/geneglobe
http://www.qiagen.com/geneglobe
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All reagents used for TRAP staining were purchased from Sigma- 
Aldrich. Six samples per group were used for each staining. Images of 
the complete section were taken using a Slide scanner (NanoZoomer 
2.0, Hamamatsu Photonics, Japan). NDP.view 2 software was used 
to process the images. Higher-magnification images were taken using 
an Olympus BX43 microscope equipped with an Olympus camera 
SC50 (Olympus, Japan). The member of our research team (W.Z.) 
who conducted histological processing was blinded to the treatments. 
A semiquantitative analysis of the TRAP staining was performed 
by ImageJ v1.53k (National Institutes of Health, MD, USA). TRAP 
images were converted to 8-bit grayscale images. Next, the TRAP- 
positive area was selected by applying a black and white threshold 
(minimum, 95; maximum, 170). The total sample area and TRAP- 
positive area were calculated in pixels by using the ImageJ “measure” 
command. The TRAP-positive area was normalized to the total 
area analyzed. Two members of our research team (C.J.P.S. and 
E.R.B.) performed the ImageJ analysis independently, and results 
were averaged.

Immunohistochemistry
Luciferase and collagen types II and X were stained by IHC. Sam-
ples used for luciferase staining were collected at day 3, while sam-
ples used for collagen analysis were harvested at weeks 4 and 8 after 
surgery. Dewaxed and rehydrated sections were incubated first in 
3% hydrogen peroxide (Sigma-Aldrich) for 15 min and then with 
proteinase K (Dako, Denmark) for 7 min at room temperature. Slides 
used for collagen staining were blocked with 2% bovine serum albu-
min (Sigma-Aldrich) for 60 min, and the sections were incubated 
with the primary antibody solutions in blocking buffer overnight 
(4°C). Collagen primary antibodies were purchased from Abcam 
(Cambridge, United Kingdom). Anti–collagen type II (ab34712) 
was used at a dilution of 1:200, and anti–collagen type X (ab49945) 
was used at a dilution of 1:1000. Rabbit isotype control immuno-
globulin G (IgG) (ab27478) was used at a dilution of 1:200. Subse-
quently, slides were incubated with EnVision Dual Link System-HRP 
Rabbit/Mouse (Dako) for 1 hour at room temperature. Color devel-
opment was performed with liquid diaminobenzidine chromogen 
(Dako), and sections were counterstained with Mayer’s hematoxy-
lin (Carl Roth GmbH). Sections used for luciferase detection were 
blocked with 2.5% donkey serum for 1 hour at room temperature. 
Next, an overnight incubation at 4°C was performed with primary 
anti-luciferase antibody (G7451, Promega, USA) diluted 1:200 in 
PBS supplemented with 0.3% Triton X-100. Tissue sections were 
washed in PBS and incubated with secondary donkey anti-goat IgG 
HRP (horseradish peroxidase) (V805A, Promega) for 1 hour at room 
temperature. Sections were counterstained with Mayer’s hematoxy-
lin (Carl Roth GmbH). Goat anti-rabbit IgG from Abcam (ab6702, 
1:200 dilution) was used as isotype control. Images of the complete 
sections were taken using a Slide scanner (NanoZoomer 2.0) and 
processed with the NDP.view 2 software. The member of our re-
search team (W.Z.) who conducted IHC processing was blinded to 
the treatments.

Multiplex ELISA
Plasma samples (n = 6 per group) were used to detect levels of pro- 
and anti-inflammatory cytokines including granulocyte colony- 
stimulating factor (G-CSF)/CSF-3, granulocyte-macrophage CSF 
(GM-CSF), IFN-, IL-1, IL-1, IL-10, IL-12p70, IL-13, IL-17A, IL-2, 
IL-4, IL-5, IL-6, and TNF-. ProcartaPlex Rat Th Complete Panel 

14-plex (Invitrogen by Thermo Fisher Scientific, USA) was used care-
fully following the manufacturer’s instructions. Samples were allowed 
to thaw at room temperature and centrifuged at 1000g for 10 min 
immediately before assay. Data were acquired in a Luminex system 
(Luminex Co., USA) that was calibrated (MAGPIX Calibration kit, 
Luminex Co.) before each assay.

Statistical analysis
Analysis of the data was performed using GraphPad Prism software 
(version 9.1.0, GraphPad, USA). Data are presented as means ± 
SD. Statistical analysis was done using one- or two-way analysis of 
variance (ANOVA). When two groups were analyzed over time, a 
multiple t test was used. Correction for multiple comparisons was per-
formed, following GraphPad Prism recommendation, using either 
Tukey’s, Dunnett’s, or Holm-Sidak corrections and 95% confidence 
intervals. The sample size (n = number of animals) was a priori de-
termined to be the minimal necessary for statistical significance. 
Therefore, n varied between experiments. Six samples were used for 
IVIS, CT, histology, and IHC, as well as BMP-2 enzyme-linked im-
munosorbent assays (ELISAs); eight samples were needed for PCR 
arrays, quantitative RT-PCR, and biomechanics. Blood was drawn 
from six animals for cytokine determination by multiplex ELISA. All 
operated animals were radiographically examined (x-ray of n = 190) 
each at relevant time of observation. The exact methodology fol-
lowed for statistical analysis has been described in Materials and 
Methods and in the legend of each figure, along with the n used in 
each case. P > 0.05 was considered not significant, and P values were 
reported using the GraphPad Prism style (*P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl6242

View/request a protocol for this paper from Bio-protocol.
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