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Crouzon syndrome is a rare genetic craniofacial malformation
caused by heterozygous gain-of-function mutations in the
FGFR2 gene. The resulting constitutive activation of the
FGFR2 signaling causes the premature osteogenic differentia-
tion of calvarial mesenchymal stromal cells in skull sutures,
leading to early suture ossification. Craniectomy is the gold
standard treatment, being invasive and burdened by complica-
tions. To address these issues, we developed personalized allele-
specific (AS) small interfering RNA (siRNA) to knockdown the
expression of the FGFR2 mutant allele in Crouzon patient-
derived suture cells. The selected therapeutic siRNA mitigated
FGFR2 cascade downregulating phosphorylation of FGFR2
(48%) and of its key effector ERK1/2 (77%) as RUNX2 protein
levels (34%). This effect was confirmed by the reduced osteo-
genic commitment and differentiation of treated cells, evi-
denced by decreased expression of osteogenic marker genes
and a 5-fold decrease in mineralized matrix deposition. We
developed a highly biocompatible delivery system for siRNAs,
based on human recombinant ferritin nanoparticles (NPs),
combining cell targeting with improved nucleic acid encapsula-
tion and endosomal escape properties. We demonstrated the
ability of these NPs to deliver and release siRNAs within target
cells, sustaining their inhibitory and AS effects. Here, we show
that ferritin-mediated AS FGFR2 knockdown by siRNA repre-
sents a suitable strategy to dampen FGFR2 overactivation in
patients’ cells.

INTRODUCTION
Crouzon syndrome (CS) (OMIM: 123500; ORPHANET: 207) is a
rare genetic disorder occurring in approximately 16.5 cases per
million live births, primarily characterized by craniosynostosis and
midface deformities.1,2 CS is predominantly caused by heterozygous
missense mutations in the fibroblast growth factor receptor 2
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(FGFR2) gene, with a gain-of-function (GoF) effect and autosomal
dominant inheritance.3 FGFR2 mutations occur de novo in more
than 50% of cases, causing sporadic cases to be way more frequently
observed than familial recurrence.3–8 FGFR2 is largely expressed in
mesenchymal stromal cells, osteoprogenitors, and differentiating os-
teoblasts within cranial sutures, where it regulates their proliferation
and differentiation via the activation of multiple downstream path-
ways, including phospholipase Cg, extracellular-related kinase/
mitogen-activated protein kinase (ERK/MAPK) and phosphatidyli-
nositol 3-kinase as the main effectors.9–13 The FGFR signaling
cascade overactivation resulting from GoF mutations causes the
accelerated osteogenic commitment of calvarial mesenchymal stro-
mal cells (CMSCs), ultimately leading to the exhaustion of the stem
cell reservoir within the suture mesenchyme and to the premature
ossification of cranial sutures.10,14,15

CS is usually diagnosed at birth through physical examination, imag-
ing techniques, and genetic testing.4,16,17 Current therapeutic proto-
cols include multiple surgeries starting with cranial vault expansion
within 1 year of age, to decompress the craniostenotic skull and re-
establish the intracranial pressure, hence minimizing the related com-
plications.18,19 Subsequent maxillofacial interventions enable reestab-
lishing the functional and cosmetic facial anomalies.16,20–23 Several
peri-operative and/or post-operative complications frequently occur,
herapy: Nucleic Acids Vol. 36 March 2025 ª 2024 The Author(s).
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including severe blood loss requiring massive transfusion (hence,
transfusion-related adverse events) and relapse of the synostosis
(i.e., resynostosis). This latter requires further repeated surgeries in
up to 40% of treated patients due to the rapid postoperative bone
re-growth at the site of intervention.24–26

The development of a noninvasive treatment to limit the progression
of ongoing synostosis and/or to reduce the risk of resynostosis would
provide a promising strategy able to minimize the need of multiple
interventions and the associated complications, hence reducing
morbidity and lethality of CS treatment.

In the last decade, several studies have already assessed the effective-
ness of pharmacological strategies to inhibit the overactive FGFR
signaling cascade in in vitro and in vivomodels of FGFR-related syn-
dromic craniosynostoses.27 Given the wide pleiotropy of FGFR
signaling,28 RNA interfering approaches based on the use of small
interfering RNA (siRNA) and small hairpin RNA (shRNA) offer
advantages over direct FGFR targeting. Indeed, allele-specific (AS)
silencing has been shown to hinder the overactive cranial suture ossi-
fication, particularly in Apert syndrome, while minimizing off-target
effects.29–31

Additionally, researchers have been aiming to develop an efficient
nanodelivery systems to overcome limitations and the challenges
encountered with direct administration of naked siRNAs. Indeed,
polymeric nanoparticles (NPs) have been widely exploited for the de-
livery of bioactive drugs and for gene transfer in gene therapy ap-
proaches for bone diseases, granting extended half-life and controlled
release, and hence enhanced therapeutic effects.32–34 In this context,
human ferritin heavy chain (H-type; HFt), a naturally occurring poly-
meric NP serving as an iron storage molecule in cells, has been
emerging as a promising drug nanodelivery system, thanks to its
high biocompatibility, biodegradability, high solubility, stability, low
toxicity, and low-cost production.35–37

Its unique cage-like structure, small size, and surface versatility make
it an ideal carrier for bioactive compounds, including siRNAs.36–40

Our group has previously demonstrated that an HFt derivative named
HFt-MP-PASE is characterized by improved stability and target spec-
ificity. In this construct, HFt contains a shielding/masking polypep-
tide (PASE) rich in proline (P), alanine (A), serine, and glutamate
(E) that is cleavable (MP sequence) in the presence of specific tu-
mor-selective sequence (MP) proteases.41

In this study, we developed patient-tailored AS siRNA molecules
selectively targeting the mutant allele of FGFR2 in CMSCs derived
from CS patients. The siRNAs could mitigate the overactive FGFR2
signaling cascade and re-establish the osteogenic commitment of
CS patients’ cells. Additionally, functionalized ferritin-based NPs
have been formulated for the delivery of selected siRNAs into target
cells. To achieve this, a modified version of the previously reported
recombinant HFt-MP-PASE protein was developed, containing a
tag of five histidine residues (HFt-HIS-PASE) to facilitate endosomal
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
escape and the consequent release of themolecule payload in the cyto-
plasm.41–44 This construct exhibited a high rate of internalization in
CMSCs, delivering and releasing specific siRNAs within cell cyto-
plasm. Additionally, the HFt-HIS-PASE/siRNA complex optimized
the biological efficiency, the safety and cell-specific targeting of the
proposed gene knockdown strategy, while offering an innovative
platform to be exploited for siRNA delivery.

RESULTS
The personalized AS FGFR2-targeting siRNA design strategy is

able to selectively knockdown the mutant alleles in Crouzon

patients’ cells

To develop a personalized siRNA-based strategy targeting mutant
FGFR2 allele, we enrolled a cohort of pediatric patients with CS
(N = 3) carrying three different heterozygous GoF missense patho-
genic variants in the FGFR2 gene (see Tables S1 and S2).

Each heterozygous FGFR2mutation identified in CS patients was used
to design siRNA sequences that fully matched the mutant FGFR2
mRNA while containing a single base difference (mismatch) with the
wild-type FGFR2 transcripts to obtain AS siRNAs. Given that the
type of single nucleotide mismatch and its position along siRNA guide
strand influence the functionality of siRNA molecules, we developed a
set of AS siRNAs against the mutant allele of each CS patient by intro-
ducing the specific one-base mismatch at different positions, according
to the literature (Figures 1A–1C).45–47 For patient 1, the mismatch C:A
was located at positions 8–12 and 14–15 from the 50 end of siRNAs
guide strand (Figure 1A), while for patient 2, the mismatch U:G was
introduced at positions 10–13 and 15–16 (Figure 1B) and G:T
mismatch in patient 3 was placed at positions 10–13 (Figure 1C).

Human CMSCs were efficiently isolated in primary culture from
fused suture tissue fragments of CS patients to simulate a two-dimen-
sional in vitromodel for siRNA screening. Each set of patient-tailored
siRNAs was used to treat the corresponding patient cells as to select
the constructs exhibiting the highest target gene silencing coupled
with mutated vs. wild-type discriminatory effect. The assay was per-
formed using scalar siRNAs’ concentration by qPCR (Figures S1–S3).

For patient 1, the siRNA designed to carry the mismatch C:A at po-
sition 11 (named si4) (Figure 1A) exhibited the most reproducible AS
and inhibitory effect on the expression of the mutant FGFR2 allele
compared with controls treated with vehicle (Figure S1 and 1D). In
particular, in cells treated with 1 nM of si4, the expression of the
mutant FGFR2 mRNA was reduced by more than 50%, without
affecting the wild-type FGFR2 allele expression (Figure 1D). For pa-
tient 2, we selected a pool of three siRNAs (named si8, si10, and
si11) featuring a U:G mismatch at positions 10, 12, and 13, respec-
tively (Figure 1B). The treatment with the three pooled siRNAs
demonstrated an enhanced AS silencing than that obtained when us-
ing the same siRNAs individually (Figures S2 and 1E). As a result, the
mutant FGFR2 transcript was reduced by 25% in CMSC treated with
3 nM of siRNA pool, while the levels of the normal transcript
remained unchanged (Figure 1E). Regarding patient 3, qPCR analysis



Figure 1. siRNA design and in vitro selection

(A–C) Tables show the sequences of siRNA designed to target three different heterozygous mutations in the FGFR2 gene. siRNA fully matching the mutant FGFR2 c.983A>G

mRNA of CS patient 1 are reported in (A). The mismatch C:A with wild-type FGFR2 mRNA has been introduced at positions 8–12, 14–15 from the 50 end of siRNAs’ guide

strand (A). Table (B) displays siRNA sequences designed against mutant FGFR2 transcript (c.1025G>A) of patient 2 with the mismatch located at position 10–13 and 15–16.

Table (C) shows wild-type and mutant FGFR2 transcripts (c.1024T>C) and the set of designed siRNAs with the mismatch located from position 10 to 13. (D–F) Bar graphs

show wild-type (in gray) and mutant (in black) FGFR2 expression analysis in CS patient-derived CMSCs treated with selected siRNAs for 48 h. Each siRNA was transfected

into cells by cationic lipids and the effects was compared with cells treated with transfection reagent alone (with Lipofectamine). Data were normalized to b-actin and are

expressed as fold change calculated according to 2�DDCt method. Data were analyzed using GraphPad Prism, employing Student’s t test for statistical significance eval-

uation. *p < 0.0119 (D). *p < 0.0079 (F). ns, not significant. Results are shown as mean with error bars (SD) of at least three experiments (n = 3 in D and E; n = 4 in F).
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revealed that siRNA having the G:T mismatch at position 11 (named
si15) (Figure 1C) significantly inhibited the FGFR2 mutant allele
expression by 60%, while having minimal impact on the wild-type
allele (Figures S3 and 1F).

Time course evaluations of the sustained effects of selected siRNA
molecules revealed that silencing of the FGFR2 mutant allele,
achieved within 48 h of siRNA treatment, persisted for up to 96 h
(see Figure S4). Prolonged siRNA effects at extended time points
(e.g., 7 days) could not be evaluated, as cell viability was reduced
due to the toxicity of the transfection reagent.

The FGFR2 mutant AS siRNAs are capable of reprogramming

Crouzon patients’ cells

Functional effects of the siRNAmolecule, previously developed for CS
patient 1 (si4), have been investigated on FGFR2 signaling cascade.
Due to the highest AS inhibitory targeting of si4 and to the limited
availability of a large number of primary cultures of mutant CMSCs
derived from patients, cells from patient 1 were chosen as the single
use case for validation analyses. First, the silencing potency on
FGFR2 expression was confirmed at the protein level by immunoblot-
ting analysis, revealing that AS si4 downregulated total FGFR2
(t-FGFR2) protein levels by 2-fold (50%) compared with untreated
cells (Figure 2). Moreover, our data demonstrated that si4 treatment
reduced phospho-FGFR2 (p-FGFR2) levels by 48% compared with
cells treated with solely Lipofectamine (Figure 2). To further investi-
gate siRNA effects, we have analyzed changes in the protein levels of
two major effectors of FGFR2-mediated signaling as ERK1/2 and
Runt-2 related transcription factor (RUNX2). According to the low
levels of intracellular p-FGFR2, siRNA-treated cells exhibited a 77%
decrease in phosphorylated ERK1/2 (p-ERK1/2) levels, along with a
34% downregulation of RUNX2, a key regulator of osteoblast
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 3
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Figure 2. Effects of siRNAs on FGFR2 signaling

pathway

Representative western blot images (A) and relative

densitometric bar graphs (B) of total FGFR2 (t-FGFR2),

p-FGFR2/t-FGFR2, phospho-ERK (p-ERK)/total-ERK

(t-ERK), and RUNX2 levels in patient 1-derived CMSCs

treated with 1 nM of selected siRNA (si4) for 48 h, using

Lipofectamine as transfection reagent. Cells grown

with only Lipofectamine were used as controls (with

Lipofectamine). t-FGFR2 and RUNX2 expression levels

were normalized to glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) and are represented as fold

changes to untreated control (with Lipofectamine). All

phosphorylation levels were evaluated by the ratio of

phosphoprotein to total protein. The data shown are

representative of four independent experiments (n = 4)

and were analyzed by Student’s t test. ****p < 0.0001;

**p = 0.0071 (p-FGFR2/t-FGFR2); **p = 0.0056 (RUNX2).
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differentiation, downstream the FGFR2 activation (Figure 2).48–50

Altogether, these data confirmed the functional efficacy of si4 to
mitigate FGFR2 signaling cascade overactivation.

Furthermore, to determine whether siRNA-mediated slowdown of
FGFR2 signaling cascade would attenuate the osteogenic potential
of FGFR2 mutation-positive osteoprogenitor cells, we cultured
CMSCs under osteogenic conditions in presence of si4 (Figure 3).
Our data confirmed that t-FGFR2 mRNA levels were reduced by
61% after 5 days of osteogenic induction in si4-treated cells compared
with controls treated with transfection reagent alone (with Lipofect-
amine) (Figure 3A). Additionally, the expression of the master bone
transcription factor RUNX2 was inhibited by 70% during osteogenic
differentiation of si4-treated cells compared with the untreated cells
(Figure 3A). The inhibitory effect of the selected siRNA on osteogen-
esis was further confirmed by the downregulation of key early stage
osteogenic marker genes. Specifically, levels of Sp7 transcription factor
(SP7), alkaline phosphatase (ALPL), biomineralization associated,
collagen type I alpha 1 chain (COL1A1) and collagen type I alpha 2
chain (COL1A2) genes, were reduced by 72%, 38%, 62%, and 71%,
respectively. The expression of late-stage markers including bone
gamma-carboxyglutamate protein (BGLAP), and sclerostin (SOST)
were also downregulated by 81% and 24%, respectively (Figure 3A).
Alizarin Red (ARS) staining and quantification of the stained miner-
alized matrix corroborated these findings, showing a 5-fold decrease
in bone matrix deposition by si4-treated cells compared with controls
after 5 days of osteogenic induction (Figure 3B).

Given the recent identification of DDR2- and CTSK- expressing
CMSC subpopulations in the suture niche and their involvement in
premature suture fusion,14 we evaluated the expression of these
marker genes in our cellular model. This enabled assessing a higher
DDR2 versus CSTK transcript levels in CS patient 1-derived
CMSCs (Figure 4A). Moreover, as shown in Figure 4B, we observed
a reduction (15%) in DDR2 mRNA levels in si4-treated cells
compared with untreated cells (with Lipofectamine). Nevertheless,
CTSK transcript levels were not significantly modulated compared
4 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
with untreated controls (Figure 4B). Overall, these data indicated
that the knockdown of mutant FGFR2 allele in mutation-positive cells
by AS siRNAmay partially sustain CTSK expression marker. This de-
fines a crucial stem cell lineage within the suture niche that is essential
for proper suture ossification.15 Additionally, this knockdown seemed
to counteract DDR2 expression, potentially mitigating the patholog-
ical expansion of the DDR2+ subpopulation.

The functionalized HFt-HIS-PASE NPs efficiently bind selected

optimized siRNA

To develop a siRNA delivery system, we designed functionalized
nanovectors based on the human HFt as a promising therapeutic
strategy to target CS patient cells. To this purpose, we have synthe-
sized a modified version of the recombinant HFt, named HFt-HIS-
PASE. HFt-HIS-PASE contains a tag of five histidine residues to
facilitate endosomal escape (see material and methods for details).42

HFt-HIS-PASE is shown in Figure 5A.

HFt-HIS-PASE was produced as soluble recombinant protein in
E. coli. Typical yields were 50 mg of final pure protein per liter of
bacteria culture. The purity of all the preparations was confirmed
by SDS-PAGE and size-exclusion chromatography (SEC), showing
the single protein band as well as the elution profile of the
HFt-HIS-PASE sample (Figures 5C and 5D).

Then, we optimized si4 design using locked nucleic acid (LNA) and
amino group (NH2) modifications on siRNA sequence to improve
their stability and binding to the NP surface (see description below;
Figures 5A and S6). To conjugate the siRNA molecules to the
HFt-HIS-PASE nanovector, we decided to use a short linker (SPDP;
N-succinimidyl 3-(2-pyridyldithio)-propionate), that can be cleaved
in the reducing intracellular environment for payload release.

The characterization of complex HFt-HIS-PASE/si4 by agarose gel
electrophoresis demonstrated the successful binding of siRNAs on
the external surface of the protein (Figures 5B and 5C). The HFt-
HIS-PASE/si4 complex migrated differently as appeared significantly
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delayed compared with the naked si4 band when visualized by
RNA-specific staining (Figure 5B). Additionally, the si4 molecule
and HFt-HIS-PASE protein co-migrated as visualized by protein-spe-
cific staining (Figure 5C), confirming the formation of a siRNA-pro-
tein complex. To evaluate the amounts of si4 bound to the ferritin
NPs, the intensities of the relative agarose bands corresponding
with RNA or protein molecules were quantified using ImageJ
software (https://imagej.net/ij/). Naked siRNA (NH2-si4) or HFt-
HIS-PASE molecules at a known concentration were used as
reference standard. Overall, the procedure yielded a final siR-
NA:HFt-HIS-PASE molecular ratio of 2:1, that was approximately
10-fold higher in comparison with the canonical encapsulation
approach. Purity and hydrodynamic volume of the complex
HFt-HIS-PASE/si4 were determined by SEC (Figure 5D). HFt-HIS-
PASE/si4 sample was found to have an elution volume and size
very similar to the naked HFt-HIS-PASE protein (Figure 5D). In
addition, no free siRNA was observed in the HFt-HIS-PASE/si4 sam-
ple, confirming that the siRNA molecules in solution co-eluted with
the ferritin protein as a complex.

To further confirm that the modified siRNA molecules were bonded
and protected from external damage, HFt-HIS-PASE/si4 sample was
incubated with the enzymes RNAse or Denarase at 37�C for 1 h. No
evidence of nucleic acid degradation was observed for HFt-HIS-
PASE/si4 (data not shown). The absence of siRNA degradation was
also assessed after three months for samples stored at 2�C–8�C. In
addition, these samples stored for three months retained their
silencing ability for the target gene (see below).

CMSCs express higher levels of transferrin receptor TFRC and

matrix metalloproteinases MMP-2 and -9 during their

osteogenesis

The potential application of ferritin-based NPs as siRNA delivery sys-
tems has been investigated in in vitro culture of CMSCs to evaluate
the capability of the HFt-HIS-PASE carrier to achieve cell-specific tar-
geting. To this purpose, we first analyzed the expression of transferrin
receptor (TFRC) gene encoding for TFR1, which mediates the entrance
of ferritin within cells (Figure 6A). Our results revealed that the expres-
sion of TFRC in CMSCs showed an increased expression trend during
their osteogenic differentiation (Figure 6A). In fact, although TFRC
transcript levels remained stable after 5 days of osteogenic induction,
its expression was upregulated by 0.6-fold at day 10 of osteogenesis
and by 3-fold at day 15 compared with undifferentiated control cells
(day 0).Moreover, we have analyzed the expression of thematrixmetal-
loproteinases (MMPs)-2 and -9, as the HFt-HIS-PASE constructs
Figure 3. Effects of siRNAs on osteogenic differentiation of CMSCs

(A) The graphs show the transcript levels of t-FGFR2 and of the osteogenic markers such

1 nM of siRNA 4 (named si4) under osteogenic induction conditions for 5 days (see te

ofectamine were used as controls (w/Lipofectamine). Data were normalized to b-actin

Results are displayed asmean (n = 5 in t-FGFR2, RUNX2, SP7, and ALPL; n = 4 inBGLA

was determined by Student’s t test; ****p ˂ 0.0001; ***p = 0.0005; **p = 0.0043; *p = 0.03

treated with 1 nM of si4 during osteogenic induction (5 days) and in control cells (with Lip

5 days of osteogenic differentiation. Graph bars represent the optical density mean val
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include theMPmotif formatrixmetalloproteinase (MMP) cleavage, in-
serted between each HFt subunit and the outer PASE polypeptide
sequence acting as a shield.41DespiteMMP2mRNAlevels decreased af-
ter 5 days of osteogenic induction of CMSCs, a significant increase in
MMP2 expression was observed from day 10 to day 15 (Figure 6B).
In contrast, MMP9 transcript levels remained stable during the initial
5 days of osteogenic differentiation of cells, while its expression was
strongly upregulated throughout the subsequent 10-days of osteogenic
induction (days 10 and 15) (Figure 6B).

HFt-HIS-PASE NPs are internalized by CMSCs and escape

endosomal/lysosomal entrapment

To assess the uptake ofHFt-HIS-PASE constructs in our cellularmodel,
we analyzed and measured the internalization and intracellular traf-
ficking of fluorescently labeled HFt-HIS-PASE (named HFt B) in
CMSC cultures for 6 days, using the wild-type ferritin-based construct
(named HFt A) as a control. As shown in Figure 7, both HFt constructs
were efficiently internalized in CMSCs (Figure S5), with HFt B exhibit-
ing a 2-fold increase in cellular uptake amount compared with HFt A
after 15 min of incubation (Figure 7B). We observed a progressive in-
crease in the internalization of HFt A throughout the initial 3 days of
incubation (Figures 7A and 7B). Conversely, HFt B internalization ki-
netics was much faster: it took as little as 15 min for HFt B to reach
the same levels that HFt A reached after 24 h (Figures 7A and 7B). After
3 days of incubation, both constructs exhibited comparable kinetics,
indicating the attainment of a plateau phase in cellular uptake
(Figures 7A and 7B). In addition, by analyzing the intracellular traf-
ficking we noticed that both constructs were widely distributed within
the CMSCs cytoplasm (Figure S5). In this regard, HFt A showed partial
co-localization within lysosomal compartments after 24 h of incubation
(Figure 7C), whereas HFt B fluorescence was not detectable in lyso-
somes (Figure 7C). Additionally, neither HFt A nor HFt B NPs were
found to be distributed in the nucleus (data not shown). Overall, our
data revealed that the engineeredHFt B construct could be a more suit-
able siRNA delivery strategy, being able to enter CMSCs more rapidly
than HFt A, without becoming entrapped in endo-lysosomal compart-
ments once inside cell cytoplasm.

HFt-HIS-PASE exerts high proficiency to deliver and release

therapeutic siRNA in Crouzon patient cells

The sequence of siRNA previously selected for patient 1 (si4) has been
optimized by design to include LNA bases to improve its stability and
functionality. In addition, a chemical modification with an amino
group was introduced at the 30 end of siRNA guide strand to allow
the conjugation of si4 (NH2-si4) on the cysteine residues present
as RUNX2, SP7, ALPL, COL1A1, COL1A2, BGLAP, and SOST in cells treated with

xt for details). Cells grown with osteogenic medium supplemented with solely Lip-

and are expressed as relative expression calculated according to 2�DDCt method.

P; n = 3 inCOL1A1,COL1A2, and SOST) with SD (error bars). Statistical significance

40. (B) ARS staining (left images, 10�) and its quantification (right) performed in cells

ofectamine). The graph shows ARS quantification in treated and untreated cells after

ues (n = 3) with SD. Results were analyzed by Student’s t test; **p = 0.0041.

https://imagej.net/ij/


Figure 4. Cell-type-specific marker genes DDR2

and CTSK expression

Bar graphs presenting differential expression of CMSC

marker genes including CTSK and DDR2 in CMSCs

untreated (A) and treated with AS siRNA previously

selected for patient 1 (named si4) (B). Data were

normalized to b-actin and are expressed as relative

expression calculated according to 2�DDCt method.

Results are shown as mean (n = 4) with SD (error bars).

Statistical significance was determined with Student’s t

test. *p = 0.0286. ns, not significant.
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on the HFt-HIS-PASE surface. The ability of this naked modified
siRNA (NH2-si4) to stably silence the FGFR2 mutant allele was
confirmed in in vitro culture of patient 1 derived cells (Figure S6).

The final HFt-HIS-PASE/si4 complex was tested in patient 1-derived
cells to assess the intracellular delivery and gene knockdown effi-
ciency (Figure 8). Gene expression analysis demonstrated that the
treatment with HFt-HIS-PASE/si4 was able to specifically knock-
down the mutant FGFR2 allele in patient 1 CMSCs compared with
cells cultured with naked NPs. Specifically, upon release from the
NPs into the cell cytoplasm, NH2-si4 selectively downregulated
mutant FGFR2 mRNA levels by 65%, while the expression of the
wild-type allele remained unchanged (Figure 8). By comparing the
silencing effects of si4, we observed that the modified NH2-si4 deliv-
ered by NPs had a higher AS inhibitory proficiency compared with
the unmodified si4 delivered by a commercial transfection reagent
(Lipofectamine) (see results above) (Figure 1).

These findings highlighted the capability of HFt-HIS-PASE NPs to
efficiently deliver and release therapeutic siRNAs within cell cyto-
plasm, enhancing their biological effects (Figure 8).

Expected consequence and translational relevance for human

pathology and therapy

The proposed HFt/siRNA combined system offers a promising
adjunctive approach for addressing key surgical challenges in the
Figure 5. Development of HFt-HIS-PASE/siRNA

complex

(A) Schematic representation of HFt-HIS-PASE and

selected siRNA (named si4) conjugation onto NP

surface. Single domains and molecules are described in

the legend at the bottom of the figure. To allow the

internal surface of the protein to be visualized (lighter

colors), only 18 monomers out of the 24 are shown. In

addition, for clarity purposes, only 4 out of the 24

histidine tags are shown. The picture has been

generated with Pymol and GNU Image Manipulation

Programs. (B–D) Agarose gel electrophoresis band

migration profiles. Gel was double stained with Nuclei

acid SYBR Gold staining for siRNAs visualization (B),

and with Coomassie staining for ferritin protein

visualization (C). Lane 1: HFt-HIS-PASE. Lane 2: HFt-

HIS-PASE/si4 complex. Lane 3: si4 standard 2 mM.

Lane 4: si4 standard 1 mM. Lane 5: si4 standard

0.5 mM. (D) size-exclusion chromatography (SEC)

analysis. SEC profiles of HFt-HIS-PASE (in black), HFt-

HIS-PASE/si4 complex (in red) and si4 alone (in blue).
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Figure 6. Expression analysis of TFRC and MMP2 and MMP9

The histograms show the expression of TFRC (A) and of matrix metalloproteinases

MMP-2 and -9 (B) during different time points of osteogenic differentiation of

CMSCs (0-5-10-15 days). Results were normalized to b-actin and are expressed as

fold change calculated according to 2�DDCt method. Data are presented asmean of

n = 7 (A) and n = 4 (B) with SD (error bars). Statistical analyses were performed using

Student’s t test. ***p = 0.0002 (A). ns, not significant. **p = 0.003 (B-MMP2). **p =

0.0079 (B-MMP9).
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care of CS patients. By enabling a patient-personalized, topically
administered gene knockdown treatment with biocompatible,
cell-targeted NPs, this strategy could potentially reduce surgical inva-
siveness, reoperation rates, and improve long-term outcomes.

To target CS’s early cranial fusion and CMSCs, we propose applying
HFt/siRNA complexes directly to affected sutures through percuta-
neous intra-suture injections in pre-operative and/or intra-operative
settings. CS-related craniofacial abnormalities develop progressively
in perinatal stages; suture ossification may complete up to 2 years af-
ter birth, with some patients showing patent sutures at birth.51,52 In
such cases, pre-operative treatment could help to delay synostosis, al-
lowing for a more gradual surgical timeline and potentially avoiding
early decompressive surgery in infants. Additionally, in cases of syn-
ostosis present at birth, intra-operative administration could prevent
post-surgical resynostosis after initial craniectomy, reducing the need
for repeated invasive surgeries and their associated risks, including
infection, bleeding, venous air emboli, and brain damage.

We are further exploring repeated local intrasutural injections to
sustain siRNA’s effect, aiming for ongoing FGFR2 allele silencing
and delayed suture ossification throughout critical skull development
stages.

This novel strategy, extending beyond current experimental CS
therapies, seeks to improve patient outcomes in neurodevelopment,
esthetics, quality of life, and social functioning. Once validated
in vivo, this HFt-mediated siRNA approach could swiftly transition
to clinical practice, as both ferritin and siRNA are already
approved as generally safe for medical use. HFt is in clinical trials
as a drug delivery platform (ClinicalTrials.gov: NCT05903339,
NCT04645147, NCT04784767, NCT05683834).

Furthermore, recognizing that FGFR2 GoF mutations likely drive
broader phenotypic effects beyond cranial synostosis, we anticipate
the potential for systemic treatment applications in the long term.
Prenatal silencing of the mutated allele could offer a therapeutic
window during crucial morphogenesis stages, benefiting the entire
developing organism.

DISCUSSION
Currently, the mainstay of CS treatment remains surgery, with
repeated transcranial procedures needed to correct the complex
craniofacial deformities, involving neurosurgeons, plastic surgeons,
and craniofacial surgeons. First, the neurosurgeons intervene for de-
compressive craniectomy, to correct the craniosynostosis, which is
rapidly progressive, hence reducing the intracranial pressure and
releasing the constraint on brain development.19 Then additional
maxillofacial invasive procedures are needed to correct the midfacial
deformity with resulting visceral compression and associated prob-
lems.19 Even though the adoption of complex multi-step transcranial
procedures leads to better outcomes, they inevitably increase compli-
cations.53 Each of these surgical procedures is inherently highly
invasive and burdened with severe morbidity and residual lethality.

http://ClinicalTrials.gov


Figure 7. Analysis of cellular uptake and trafficking

of HFt A and HFt B

(A) Representative images of CMSCs treated with 0.3mg/

mL of fluorescently labeled wild-type ferritin-based NPs

(named HFt A) and functionalized HFt-HIS-PASE for

endosomal escape (named HFt B) for 6 days by

Incucyte-Live cell analysis system (10�). (B) The graph

shows the quantification of green fluorescent signals

detected in CMSCs treated with 0.3 mg/mL of

fluorescently labeled HFt A and HFt B during different

time points (15 min, 6 h, 12 h, 1 day, 3 d, and 6 d).

Each condition was conducted in duplicate (n = 2) and

9 images/well have been analyzed. Data are shown

as mean of green fluorescent objects detected inside

cells for each condition. (C) Representative confocal

microscopy images showing the biodistribution of

fluorescently labeled HFt A and HFt B NPs in CMSCs

after 3 and 24 h of incubation (100�). Lysosomes were

stained in red using Lysotracker Deep Red.
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Reoperation is seldom required, due to the high risk for relapse of syn-
ostosis (resynostosis) in syndromic cases, thus further increasing
morbidities and worsening the prognosis.

In this study, we demonstrated the feasibility of a patient-customized
targeted gene knockdown therapy as a noninvasive approach for CS.
This therapeutic strategy was aimed to selectively silence the mutant
FGFR2 allele in CS patient cells through the design of personalized AS
siRNAs, thereby restoring the proper FGFR2 signaling, preserving the
pool of CMSCs subpopulation and attenuating their accelerated
osteogenic commitment. Another innovative aspect of this work
was the formulation of a functionalized HFt-based nanotechnology
to serve as a carrier for the selected siRNA molecules, specifically
targeting Crouzon patient CMSCs.

RNA interfering approaches offer advantages over direct FGFR
targeting, which has been previously tested for pharmacological treat-
ment of FGFR-related diseases. Tested approaches include inhibitors
of FGFR tyrosine kinase (PD173074, PLX052, and ARQ 087) and of
FGFR downstream effectors (PD98059, U0126, and SB203580), re-
combinant antagonist proteins as Noggin, inhibitors of heparan
sulfate and antagonist of FGF ligands.29,54–60 Functional attenuation
of FGFR signaling has also been assessed through dominant-negative
FGFR1 construct, domain-negative FGFR2, and soluble variants of
FGFR2 receptor (sFGFG2IIIcS252W; C342Y, L424A, and R426A
Fgfr2cCLR/+).21,55,57,61–67 Nevertheless, their translation in the clinical
practice remains limited due to the nonspecific and generalized inhi-
bition that could unpredictably affect the homeostasis of off-target
Molecular
cells and tissues (including limb bones, vascula-
ture, and cell growth), also considering the wide
pleiotropy of FGFR signaling.28 Moreover,
blocking antibodies against surface receptors
may exert unexpected agonist effects that may
worsen the disease progression.68 Therefore,
AS RNAi by avoiding or reducing the expression of the mutated re-
ceptor, would also overcome this limitation. Indeed, siRNA and/or
shRNA molecules are able to target pathogenic alleles differing
from the wild-type by a few nucleotides providing a promising ther-
apeutic strategy for dominant inherited diseases caused by heterozy-
gous mutations.10,69 In this regard, Shukla and collaborators,29

demonstrated the potential application of shRNA targeting the
dominant mutant form of Fgfr2 (Fgfr2S252W) in preventing Apert-
like phenotype in mice. However, a significant drawback is the consti-
tutive transgenic expression of RNAi, which is not feasible for clinical
use. Later, Luo et al.30 showed that mutant Fgfr2P253R allele silencing
by siRNAs was able to reprogram cells isolated from Apert mice
(Fgfr2+/P253R). The Authors also revealed that the treatment with
adeno-associated virus 9 carrying shRNA against mutant Fgfr2
attenuated the premature closure of coronal suture and the decreased
parietal bone volume in Apert syndrome mice. Recently, Myo and
colleagues,31 confirmed the effectiveness of exosome-mediated deliv-
ery of siRNA targeting Fgfr2S252W in attenuating FGFR2 signaling
cascade overactivation and thus the osteogenic differentiation of pri-
mary calvarial osteoblast-like cells isolated from calvarial sutures of
Apert syndrome mice (Fgfr2S252W/+). Validation of these strategies
in human patient cells is still lacking, which could potentially extend
the RNAi-based technology to a wider spectrum of FGFR2-related
syndromic craniosynostoses, such as CS.

In this study, each enrolled CS patient carried an heterozygous GoF
missense mutation in the FGFR2 gene (c.983A>G, p.Tyr328Cys;
c.1025G>A, p.Cys342Tyr; c.1024T>C, p.Cys342Arg), that has been
Therapy: Nucleic Acids Vol. 36 March 2025 9
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Figure 8. HFt-HIS-PASE/si4 investigation

The graph showsmutant (c.983A>G) andwild-typeFGFR2

expression levels in CMSCs derived from CS patient 1

treated with 5 nM of chemically modified siRNA 4

(NH2-si4) delivered by HFt-HIS-PASE nanocarrier for

48 h. Cells treated with naked HFt-HIS-PASE were used

as controls. Results were normalized to b-actin and are

expressed as relative expression calculated according to

2�DDCt method. Data are presented as mean (n = 3) with

SD. Data were analyzed using GraphPad Prism,

employing Student’s t test for statistical analysis. **p =

0.0096.
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previously described in literature.57,70–72 The mutation carried by CS
patient 1 resulted in the replacement of amino acid tyrosine with
cysteine at codon 328 (p.Tyr328Cys) in the IgIII domain of the
FGFR2 protein, which is involved in the binding of FGF ligands.
Indeed, the mutational spot was found highly conserved almost all
tested species. On this regard, three-dimensional modeling studies
have shown that the introduction of a new cysteine residue in the
mutated FGFR2 protein resulted in an abnormal intermolecular
cross-linking and dramatic changes in the protein structure causing
severe CS phenotype.16,73

Instead, c.1025G>A and c.1024T>C variants identified in CS patient 2
and patient 3 confer a GoF to the mutated FGFR2 protein by the sub-
stitution of Cys342 in the IgIII domain of FGFR2, which is normally
intramolecular linked to Cys278. These changes leave the Cys278 un-
paired, allowing it to form intermolecular disulfide bonds. As a result,
FGFR2 receptor undergoes ligand-independent dimerization, leading
to the overactivation of FGFR2 signaling cascade thus accelerating the
osteogenic differentiation of CMSCs.6,73–75

To develop siRNA molecules able to reestablish the GoF of FGFR2
signaling pathway, we designed patient-tailored AS siRNAs targeting
the mutated FGFR2 allele for each CS patient. Each siRNA sequence
has been designed to perfectly match the target mutant FGFR2
sequence while differed in one mismatched single nucleotide with
the wild-type one. Given that mismatches in the region from the 30

end to the seed sequence of siRNA provided excellent single-nucleo-
tide discrimination, we introduced the mismatch against the wild-
type allele at position from 16 to 8 away from the 50 end of siRNA.47

Furthermore, we developed 27-mer siRNAs, which exhibit up to
a 100-fold increase in efficiency compared with conventional
21-mer.76–78 siRNA proficiency was also achieved by placing the
two-base 30 overhang on the antisense strand and DNA residues on
the blunt end of sense strand thus guiding Dicer to cleave 21–23 nu-
cleotides upstream of the two-base overhang. The above-described
design provided a more predictable and limited dicing patterns and
improved the rate and efficiency of siRNA duplex entry into the
RNA-inducing silencing complex.76,77

Among the siRNA sequences designed for each mutation, we selected
a specific siRNA molecule (si4 for patient 1; si15 for patient 3) or a
10 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
pool of these (si8, si10, and si11 for patient 2) that exhibited the stron-
gest AS knocking-down effect on the expression of mutant FGFR2
allele, without significantly influencing levels of wild-type FGFR2
transcripts. Our results revealed that a selective gene downregulation
between the perfectly matched and the single nucleotide mismatched
target was achieved by placing the mismatch in the central region of
the siRNA guide strand, in accordance with literature.47,69 In
addition, our results confirmed that the introduction of the mismatch
after the 10th nucleotide of the siRNA guide strand, disrupting the
cleavage site, preserved the annealing of wild-type allele without
affecting its expression. This increased single-nucleotide discrimina-
tion proficiency.47,69,79,80

Further validation of our customized AS siRNA-based strategy
highlighted that si4, specifically targeting the c.983A>G mutation in
FGFR2 gene, was able to mitigate FGFR2 signaling cascade overacti-
vation as showed by the reduced levels of FGFR2 protein, of its
phosphorylation and thus activation and of p-ERK1/2. This is a key
downstream effector of FGFR2 signaling, involved in pre-osteoblast
proliferation, differentiation, and calvarial suture development.57,81,82

It has been widely described that, once activated, ERK1/2 promotes
proliferation of early osteoblast precursor cells. In more mature cells,
ERK1/2 enhances osteogenic differentiation contributing to the
acetylation and stabilization of RUNX2, a master bone transcription
factor, which drives the expression of osteogenic genes including
COL1A1, secreted phosphoprotein 1, integrin binding sialoprotein,
and BGLAP.82–84 In this regard, the downstream FGFR2/MAPK
signaling target, RUNX2, was downregulated in si4-treated cells, con-
firming the therapeutic potential of our gene knockdown approach on
the entire overactive cascade.

In addition, in response to osteogenic induction, the treatment
of cells with si4 decreased the expression levels of early markers
of osteoblast differentiation as RUNX2, SP7, ALPL, COL1A1,
COL1A2, and of late-stage genes including SOST and BGLAP. The
efficiency of AS si4 in decelerating osteogenic differentiation has
also been assessed by the reduced mineralized matrix deposited by
si4-treated cells. These results validated the effectiveness of targeted
knockdown of the mutant FGFR2 to slow down the accelerated oste-
ogenic differentiation of CS patient cells, which occurs in the cranial
suture niche.
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Further characterization of the effects of selected siRNAs on our
cellular model revealed a reduction of DDR2 expression in treated
cells, suggesting that the mutant FGFR2 allele silencing might restore
the physiologic reservoir of CTSK+ progenitors avoiding DDR2+-
mediated premature suture fusion.

In this regard, Bok and collaborators14 recently displayed that CTSK+

cranial suture-derived cells from a syndromic craniosynostosis
patient caused craniosynostosis after xenogenic transplantation in
mice. Although both the DDR2+ and the CTSK+ stem cell lineages
contribute to the physiological calvarial suture mineralization, the
authors observed a depletion of CTSK+ cells followed by the expan-
sion of DDR2+ cells in affected sutures undergoing premature
ossification.14 DDR2+ cells appeared to support endochondral ossifi-
cation, while CTSK+ promoted direct intramembranous ossification,
possibly explaining the inappropriate suture ossification observed in
craniosynostosis.14 This also indicates an interaction between these
two stem cell populations, which offers a novel biological interface
in skull mineralization regulation as well in suture homeostasis main-
tenance.14,85 Interestingly, several genes defining calvarial progenitor
populations, as well as those involved in embryonic suturogenesis, are
shared by DDR2+ and CTSK+ cell transcriptomes.14 However,
compared with CTSK+, solely DDR2+ cells overexpress specific cra-
niosynostosis-related genes, including FGFR2.14 This finding high-
lights the direct involvement of DDR2+ CMSC subpopulation in
the development of FGFR2-related craniosynostosis.14,86

The potential application of recombinant human ferritin-basedNPs for
siRNA delivery has been evaluated to circumvent the limitations
related to the in vitro and in vivo use of naked siRNAs. These obstacles
include the rapid enzymatic degradation of circulating siRNAs by
RNases and the negative electrostatic charge of siRNA molecules that
prevents their binding to the cell membrane and their translocation
into the cytoplasm.87–89 In this context, even though various siRNAde-
livery systems have been explored, including viral (e.g., adeno-associ-
ated virus) and non-viral systems (e.g., exosomes), these constructs still
face limitations related to their toxicity and bioavailability, respectively.
To this aim, HFt-based NPs were chosen in this study as a biomolecule
carrier thanks to their high biosafety and biocompatibility, with ferritin
being a natural self-constituent presents under physiological conditions
both inside cells and in the bloodstream.35 In addition, HFt-based NPs
can be easily chemically or genetically modified in their surface and/or
in the hollow cavity to introduce different functionalities.35

Another important advantage of the HFt-based system is the ability to
bind to and enter cells that express TFR1 on their surface.90 To this
purpose, we demonstrated a stable expression of the TFRC gene en-
coding the TFR, in CMSCs. Interestingly, increased levels of this re-
ceptor have been observed during osteogenesis of cells, underlining
that the internalization of HFt-based carrier could be favored within
the prematurely ossifying sutures of Crouzon patients.

In this work, we developed a functionalized nanovector, named HFt-
HIS-PASE, to be used as selected siRNA delivery system.41 This has
been formulated from a previously described HFt-MP-PASE carrier,
in which the N-terminus of each HFt subunit was genetically fused
to a sequence (namedMP), responsive to proteolytic cleavage by met-
alloproteinases (MMPs) -2 and -9 followed by an outer protective
polypeptide sequence (named PASE as made of a repeated proline,
alanine, serine, and glutamate residues).41 This shield was aimed
at reducing the nonspecific interaction between ferritin and its
receptor, allowing only in an MMP-enriched microenvironment an
efficient uptake, while enhancing NP stability.41,91 Given that
CMSCs and osteoprogenitors usually release MMPs for matrix re-
modeling during osteogenesis, we hypothesized that the aforemen-
tioned construct could be advantageous for our delivery strategy.92

In fact, our results confirmed that MMP-2 and -9 were significantly
up-regulated during osteogenic induction of CMSCs, suggesting
that this stimuli-responsive strategy can facilitate NP internalization
in target cells committed toward osteogenic lineage, as occurs within
CS skull sutures.

In this study, HFt-MP-PASE has been further engineered through a
tag of five histidine residues (HFt-HIS-PASE) to achieve endosomal
escape, breaking-down the organelle barriers for siRNA cytoplasmic
delivery. Indeed, it is known from the literature that histidine-
rich nanotransporters allowed the escape of nucleic acids from
endosomes.42,93,94

The validation of HFt-HIS-PASE NPs as delivery nanocarrier in our
cellular model corroborated the high and prompt uptake of these con-
structs by CMSCs. Specifically, NPs spread across the cell’s cytoplasm,
where successfully escaped lysosomes compartments. These results
demonstrated that the natural cellular internalization of ferritin could
provide a useful biological pathway to facilitate siRNA delivery within
CMSC cytoplasm through receptor-mediated endocytosis, while
overcoming endo-lysosomal barriers.

Once we determined that HFt-based system did not influence the
functional or biological proprieties of CMSCs and was able to enter
cells, we evaluated the conjugation yields of selected therapeutic
siRNA onto HFt-HIS-PASE construct. In this regard, few studies
demonstrated that HFt-based NPs represent a promising platform
for differently charged molecules delivery, as siRNAs, protecting
them from enzymatic degradation and, therefore, enhancing their sta-
bility and cell-specific targeting.38,95 Li and collaborators95 showed
that the net surface charge of apoferritin changed from negative to
positive by decreasing pH of less than 5 during the pH-dependent
disassembly-reassembly method used for cargo encapsulation into
HFt cavity. However, our preliminary unpublished results pointed
to an unsatisfactory encapsulation yield (>0.2 siRNAmolecule encap-
sulated per one ferritin molecule) when the nucleic acid to be encap-
sulated was longer than 20 base pairs. Indeed, the average size of
siRNA molecules is roughly at the upper limit of the size of the apo-
ferritin cavity that, having a diameter of 8 nm, can usually host at least
one single siRNA molecule. In addition, siRNAs used in our experi-
ments were longer than traditional 21-mer siRNAs internalized in
ferritin NPs by other groups.38,95 To this purpose, selected si4
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molecules have been conjugated onto HFt-HIS-PASE surface instead
of encapsulating them.

To have satisfactory stability of the complex and allow the complex-
ation of siRNA to the NP surface, we developed LNA-96 and NH2-
modified siRNA molecules. Specifically, LNA is highly compatible
with the siRNA machinery, while improving siRNA bio-stability,
inhibitory and discriminatory effects; whereas the reactive amino
group NH2 was exploited for complexation with the thiol group on
HFt-HIS-PASE through the use of SPDP (N-succinimidyl 3-(2-
pyridyldithio) propionate). This is a labile short linker that ensures
the dissociation of the siRNA payload in the reducing intracellular
environment and is characterized by a minimal steric interference
in the binding between siRNA and its target. This yielded a final siR-
NA:HFt-HIS-PASE molecular ratio of 2:1, that was about 10-fold
higher in comparison to the encapsulation approach.

The validation of the therapeutic effects of HFt-HIS-PASE/siRNA
complex have shown a high efficiency of HFt-HIS-PASE NPs in
siRNA delivering and releasing to target cells. In addition, the AS-
silencing effect of modified si4 were preserved once these molecules
were released from NPs inside cell cytoplasm. In fact, NH2-si4 mole-
cules maintained their stability and showed an increased silencing
and discriminatory efficiency due to the chemical optimizations of
the sequence design. Overall, these data highlight that HFt-HIS-
PASE-based NPs represent an innovative strategy to target suture
niche CMSCs through a stimuli-responsive strategy. Their efficiency
as delivery systems of selected therapeutic siRNA molecules within
cell cytoplasm enables the modulation of overactive FGFR2 signaling
thereby correcting the aberrant osteogenic commitment of FGFR2-
mutated cells.

In summary, this study provides the first in vitro proof of evidence for
the development of an alternative noninvasive therapeutic approach
for CS based on patient-tailored therapeutic siRNA delivered by high-
ly biocompatible ferritin-based nanocarriers in targeted patients’
cells.

Being inherently versatile, the proposed strategy might be further
extended for the treatment of other rare FGFR2-related syndromes
and genetic conditions caused by GoF heterozygous mutations in
different genes.

MATERIAL AND METHODS
Patient enrollment and sample collection

The patient sample used in this study comprises three males with CS,
aged 4 months to 6 years (see Tables S1 and S2), selected among a
large craniosynostosis database in our institutional repository
including both syndromic and non-syndromic cases. The clinical
diagnosis was confirmed through Sanger sequencing analysis of the
FGFR2 gene (data not shown).

Patients were enrolled upon obtaining written informed consent from
their parents. The entire study protocol was designed according to the
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European Good Clinical Practice guidelines and with the current revi-
sion of the Declaration of Helsinki and represents one of the projects
belonging of a multicenter study on craniosynostosis approved by the
Ethical Committee of the Università Cattolica del Sacro Cuore, School
of Medicine (protocol IDs 19056/14 and 4876/22).

Calvarial suture tissue fragments were collected as surgical waste dur-
ing the decompressive craniectomy intervention at the Pediatric
Neurosurgery Unit of the Fondazione Policlinico Universitario A.
Gemelli-IRCCS in Rome, Italy.

Cell isolation and culture

The tissue specimens were used for primary cell isolation, as previ-
ously described elsewhere.97 Briefly, calvarial fragments were
extensively washed in PBS (Dulbecco’s PBS without calcium without
magnesium, Aurogene, Rome, Italy) supplemented with 1% antibi-
otics (penicillin 100 IU/mL, streptomycin 100 mg/mL; Euroclone,
Milan, Italy), cleaned out of any soft tissue residues and then placed
into 100 mm-diameter plates. A standard growth medium (GM),
represented by DMEM with high-glucose (4.5 g/L) (Aurogene),
supplemented with 1% L-glutamine (Euroclone), 1% antibiotics,
and 10% fetal bovine serum (FBS; Aurogene), was added and plates
were then placed into a humidified incubator at 37�C and 5% CO2.
Once isolated in primary culture, cells were sub-cultivated in GM at
37�C in a 5% CO2 atmosphere and used at passages 2–7 for subse-
quent analyses.

Osteogenic differentiation assay

For osteogenic differentiation assay, CMSCs were cultured with GM
until confluence prior to the induction of osteogenesis. The GM was
then replaced with an osteoinductive medium (OM) composed as
follow: DMEM with low glucose (1 g/L) (Aurogene) supplemented
with 1% L-glutamine, 1% antibiotics (penicillin 100 IU/mL, strepto-
mycin 100 mg/mL), 10% FBS (GIBCO, ThermoFisher Scientific,
Waltham, MA, USA), dexamethasone (0.1 mM), ascorbic acid
(10 mM), and b-glycerophosphate (50 mM) (Sigma-Aldrich, Saint
Louis, MO, USA) as previously described.97,98 The OM was changed
every 2 days during the time course experiment. Osteogenic differen-
tiation was assessed by ARS staining (Sigma-Aldrich) and its quanti-
fication and through real-time PCR expression analysis of osteogenic
markers at specified time points (see descriptions below).

ARS staining

Osteogenic differentiation was assessed using ARS staining that reacts
with calcium ions, to detect in vitro bone mineralized matrix. The cell
cultures were then morphologically examined using invertoscope
(Zeiss Primovert Microscope, Oberkochen, Germany), to verify the
acquisition of differentiated phenotype and the matrix mineralization
at specific time points (5 days of osteogenic induction for siRNA vali-
dation, as detailed below). To quantify mineralized deposits, ARS dye
was extracted from the stained monolayer by dissolving each sample
in 10% acetic acid according to standardized protocol.99 ARS adsorp-
tion spectrum at 405 nm was quantified using an automatic micro-
plate photometer (ELx800; Biotek, Bad Friedrichshall, Germany).
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Allele-specific siRNA design

The heterozygous FGFR2mutation found in each CS patient enrolled
(see Figure 1) was used to drive the design of different siRNA
sequences using ad hoc bioinformatic tools (Integrated DNA Tech-
nologies, IDT, Coralville, IA, USA). Each siRNA sequence has been
designed and synthetized as asymmetric 27-mer RNA duplex with
two-base 30 overhang on the antisense strand, whereas the sense
strand of 25 nucleotides in length presented a 30 blunt end modified
with two DNA bases.77 Specifically, the guide strand of each siRNA
fully matched the corresponding mutated FGFR2 mRNA sequence,
thus containing a single base difference (mismatch) with wild-type
FGFR2 mRNA (see Figure 1). A set of 4-to-7 siRNAs was designed
for each allelic variant, introducing the mismatch at different posi-
tions from 50 end of each siRNA guide-strand (see Figure 1), based
on previous works.47,80

In vitro siRNA treatment

The AS silencing effect of the designed siRNAs was then evaluated
in the corresponding patients’ CMSCs. Specifically, siRNAs were
first tested for 48 h in CMSC culture grown in standard prolifer-
ative condition (GM) to identify the most effective molecules for
each allelic FGFR2 variant-positive case. To this aim, cells were
seeded at a density of 5 � 104 cells per well and grown to approx-
imately 50%–60% confluency, then transiently transfected with
siRNA using Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. All siRNAs were tested either individually or in an
equally proportioned mixed pool using scalar concentrations.
Briefly, siRNA molecule(s) was diluted in culture medium
(DMEM high glucose) to reach the final treatment concentration
(from 0.1–10 nM), whereas 7.5 mL of Lipofectamine RNAiMAX
were added in 100 mL of culture medium. To allow the formation
of stable siRNA/transfectant complexes, Lipofectamine solution
was incubated with the diluted siRNA(s) for 5 min at room tem-
perature. Then, cells in GM were incubated with the resultant so-
lution for 48 h. CMSCs treated with solely Lipofectamine were
used as controls.

The long-lasting effects of siRNA were evaluated at different time
points (48, 72, and 96 h) in CMSC cultures, following the protocol
outlined in the transfection reagent data sheet, as described above.
Subsequently, given the pre-determined and finite number of pop-
ulation doublings due to primary cells senescence, cells from a single
use case (patient 1) were chosen for further validation of our siRNA
design strategy. To this purpose, to evaluate the effect of the
previously selected siRNA for patient 1 (named si4) on cell differen-
tiation, CMSCs derived from patient 1 were treated with OM
supplemented with 1 nM of si4 for 5 days. The OM was changed
every 2 days, with siRNA added each time. Cells cultured in OM
supplemented with Lipofectamine (without siRNA) served as posi-
tive controls for differentiation. The silencing efficiency of siRNA
molecules was assessed by real-time PCR expression analysis of
mutant and wild-type FGFR2 mRNA as well as of osteogenic
markers (see descriptions below).
Design of the HFt-HIS-PASE nanovector

The HFt-HIS-PASE gene is a variant of the HFt-MP-PASE gene pre-
viously reported.41 The design of HFt-HIS-PASE protein includes, C-
to N-terminus: (1) a first domain comprising the amino acid sequence
of the native human ferritin HFt modified through the inclusion of
five histidine residues, inserted in the external loop (referred as CD
loop) of the ferritin surface; and (2) a second N-terminal domain
comprising the amino acid sequence of the matrix MMP cleavage
site (PLGLAG) followed by aPASE sequence (ASPAAPAPASPAEP
APSAPA).

Production of HFt and HFt-HIS-PASE nanovector

The expression vector pET-27b containing the HFt gene was
purchased by GENEART AG (Thermo Fisher Scientific, Waltham,
MA, USA). Recombinant HFt (named HFt A) was expressed and
purified from E. coli, as previously described.100 The expression
vectors pET-27b containing the HFt-HIS-PASE gene was assembled
by GENEART AG (Thermo Fisher Scientific). Gene synthesis was
performed taking into consideration the codon optimization for
high level expression in E. coli BL21 (DE3) (New England BioLabs,
Ipswich, MA, USA) cells harboring the recombinant gene were
used for the expression of HFt-HIS-PASE protein (named HFt B).
E. coli cells were grown first at 23�C o.n. and then at 37�C the next
day to reach an optical density of 1.0 at 600 nm. Cells were grown
in 1 L of terrific broth medium (Grisp, Porto, Portugal), containing
kanamycin at a final concentration of 0.03 mg/mL (Serva, Heidelberg,
Germany). After induction with IPTG (Isopropil-b-D-tiogalattopira-
noside) 1 mM (PanReac, Monza, Italy), E. coli cells were incubated at
30�C for 2 h. Cells were harvested by centrifugation at 5,000 rpm for
20 min at 4�C. The recovered pellet was suspended in PBS, NaCl
150 mM and 20 mM imidazole at pH 7.4, and mixed with protease
inhibitor tablets (Thermo Scientific, Rockford, IL, USA) and Phenyl-
methylsulfonyl fluoride 1 mM (PMSF; Thermo Scientific). Then, the
DNAse enzyme (Sigma-Aldrich) was added at a final concentration of
0.1 mg/mL and cells were disrupted by sonication. Cell lysate was
incubated at 37�C for 40 min and was centrifuged at 14,000 rpm
for 50 min at 4�C. The supernatant was recovered and loaded in a
His-Trap column (Cytiva, Uppsala, Sweden), for metal affinity
chromatography, previously equilibrated with the same buffer. HFt-
HIS-PASE samples were eluted with an elution buffer containing
imidazole 100 mM, to separate it from E. coli proteins and DNA con-
taminants. The samples were dialyzed overnight against PBS pH 7.5,
concentrated by means of 100 kDa Amicon Ultra-15 centrifugal filter
devices (Millipore, Billerica, MA, USA). Finally, the HFt-HIS-PASE
samples were sterile filtered and stored at 4�C (short term) or
�20�C (long term).

HFt-based carriers characterization

The purity of all the HFt-based preparations was assessed by SDS-
PAGE, running the samples on 15% gels and staining the proteins
with Coomassie brilliant blue. Protein concentrations were deter-
mined spectrophotometrically at 280 nm using a molar extinction co-
efficient (on a 24-mer basis) of 4.56 � 105 M�1 cm�1 (ProtParam
software, http//www.expasy.org).
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SEC experiments were performed using a Superose 6 gel-filtration
column equilibrated with PBS at pH 7.4. All samples were prepared
at 1 mg/mL in filtered H2Odd. All the traces for SEC experiments
were analyzed with QtiPlot (IONDEV SRL, Bucharest, Romania).

Fluorescent labeling of HFt-based NPs

To obtain fluorescently labeled NPs, HFt A and HFt B protein
solutions (1 mg/mL) were incubated with 1 mM of Fluorescein-5-
Maleimide (lex 491 nm, lem 518 nm; Thermo Scientific) in PBS,
pH 7.0 for 2 h and room temperature under stirring in the dark. Sub-
sequently, the sample was filtered, dialyzed and exchanged with
H2Odd and PBS by using 100 kDa Amicon Ultra-15 centrifugal filter
devices to remove excess reagents. The samples were sterile filtered
and stored at 4�C in the dark. The number of dye molecules linked
per protein was determined by absorbance spectroscopy, in accor-
dance with the manufacturer’s instructions, applying the Lambert-
Beer law.

AS siRNA design optimization

To produce HFt-HIS-PASE/siRNA complexes, we optimized siRNA
designed for their conjugation onto NPs surface. To this aim, siRNA
sequence (si4), that we have previously selected as themost efficient in
patient 1 cells (see description above), has been chemically modified
by introducing LNA bases and a reactive amino group at 30 end of
siRNA strand (NH2-si4).

Modified NH2-si4 molecule has been tested in patient 1-derived
CMSCs to confirm their AS targeting effect. Briefly, cells were treated
with scalar concentrations of NH2-si4 molecule (0.1 nM, 1 nM,
10 nM) for 48 h, using Lipofectamine as transfection reagent. Real-
time PCR was carried out to evaluate the expression of mutant and
wild-type FGFR2 alleles (see details below).

Formulation and characterization of HFt-HIS-PASE/siRNA

complexes

The efficiency of the developed HFt-based constructs as a siRNA de-
livery system has been assessed by producing and testing HFt-HIS-
PASE/siRNA complexes. To this aim, chemically modified si4 mole-
cules were conjugated to HFt NPs by exploiting the complexation of
the reactive amino group at 30 end of siRNA strand (NH2-si4; as
previously described) with the thiol groups present on HFt-HIS-
PASE surface through the use of the SPDP (N-succinimidyl 3-(2-
pyridyldithio) propionate) cleavable crosslinker (Thermo Scientific,
Rockford, IL, USA). We used a 30:1 SPDP-to-NH2-si4 ratio in the so-
lution that was incubated for 30 min at 20�C. To remove reaction by-
products and excess nonreacted SPDP reagent, a desalting column PD
MiniTrap G-25 (Cytiva), equilibrated with PBS, was used. Then about
four excesses of this reactive solution was mixed with the HFt-HIS-
PASE protein. The reaction mixture was incubated overnight at
20�C to allow protein-siRNA complex formation. The resulting solu-
tion was ultra-filtered at pH 7.4 and exchanged with PBS by using
100 kDa Amicon Ultra-15 centrifugal filter devices to remove un-
bound molecules. The HFt-HIS-PASE/si4 complex was characterized
through 1.8% agarose gel electrophoresis to demonstrate the success-
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ful binding of NH2-si4 to the protein external surface. The gel was run
at 90V for 60 min and subsequently imaged using ChemiDoc (Bio-
Rad, Hercules, CA, USA). The amount of si4 bound to the ferritin
NPs was evaluated with the software ImageJ (https://imagej.net/ij/),
enabling the calculation of the area and value statistics of pixels, in
user-defined selections objects based on intensity. Standards of
siRNA (as NH2-si4) were used as reference. The gel was stained
with Nucleic acid SYBR Gold staining for DNA/RNA visualization.
The same analysis was used to evaluate the concentration of the pro-
tein using standards of HFt-HIS-PASE as reference after gel staining
with Coomassie dye. Purity and hydrodynamic volume of the com-
plex HFt-HIS-PASE/si4 were determined by SEC. SEC experiments
were performed as already described above. Stability of HFt-HIS-
PASE/si4 complex was evaluated after storage at 2�C–8�C (3 months)
and in the presence of RNAse A/T1 Mix (Thermo Scientific) or
Denarase (c-LEcta GmbH, Leipzig, Germany) at 12.5 � 103 U/mL.
Denarase is able to cleave DNA and RNA impurities.

Analysis of TFRC and MMP2 and MMP9

HFt-HIS-PASE complex derived from a previously reported HFt
construct named HFt-MP-PASE, as detailed above. This consists of
an MMP linker responsive to proteolytic cleavage by specific prote-
ases (MMP-2 and -9) inserted between each HFt subunit and the
outer masking PASE polypeptide. The PASE mask was aimed at
increasing the stability of modified protein variants. The presence
of PASE is also capable of masking the protein surface and thus of ex-
tending its plasma half-life and target specificity.

To evaluate the potential application of functionalized HFt-HIS-PASE
constructs in our cellular model, we have investigated the expression
levels of TFRC and of matrix metalloproteinases-2 and -9 to optimize
the site on NPs. To this aim, CMSCs were cultured with GM to conflu-
ence prior to the induction of osteogenesis as previously described.
Cells were then induced toward the osteogenic differentiation by OM
(as specified in previous sections) in a time-course experiment. The
expression of and ofMMP2 andMMP9 was evaluated during different
time points (0-5-10-15 days of osteogenic induction), using real-time
PCR (see RNA isolation and gene expression analysis below).

Fluorescence microscopy

Cellular uptake of HFt NPs were preliminary analyzed by fluorescence
microscopy (Zeiss AXIO Imager, Jena, Germany). Briefly, CMSCswere
seeded at a density of 2 � 104 cells/well in glass coverslips (Sigma-
Aldrich) and cultured with standard GM for 24 h. Subsequently, cells
were treated with 0.5 mg/mL of fluorescently-labeled HFt constructs
for different time points (5-10-30-60 min). After incubation cells
were extensively washed with PBS to remove culture medium residues
and then fixedwith 4%paraformaldehyde (PFA) solution. After 15min
of incubation, PFA was removed and then, 6-diamidino-2-
phenylindole (ʎex 358 nm; ʎem 461 nm) solution, a blue fluorescent
dsDNA stain, was added to stain nuclei of fixed cells. After 5-10-30
and 60min of treatment with HFt, cells were observed through fluores-
cence microscopy. NP’s uptake was calculated by measuring the fluo-
rescence intensity per cell nuclei through ImageJ software.

https://imagej.net/ij/
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Cellular uptake and trafficking of HFt-NPs

To analyze the ability of the wild-type HFt and HFt-HIS-PASE (HFt A
and HFt B, respectively) nanovectors to recognize CMSCs we per-
formed the following experiment. CMSCs were seeded at a density of
2 � 104 cells/well in a 24-well plate (Corning, Corning, New York,
USA) and cultured with standard GM for 24 h. Subsequently, cells
were treated with 0.1 mg/mL (data not shown) and 0.3 mg/mL (see
Figure 7) of fluorescently labeled HFt A and HFt B constructs and
placed into Incucyte Live-Cell Analysis system incubator (Sartorius,
Gottinga, Germany) for 6 days. Fluorescent signals were detected using
phase contrast and green (300-ms exposure) channels in the Incucyte
platform. Specifically, for each condition, nine image sets from distinct
regions per well were taken every 15min for the first 2 h and then every
4 h for 6 days using a 10� objective. The efficiency of HFt entry was
evaluated by measuring the average number of green objects resulting
from nine images per well at different time points. Each condition has
been repeated in duplicate (n = 2). Images of untreated cells were
selected as negative control for background correction. Graphics
were generated with IncuCyte Basic Software graph/export functions.

Tracking of lysosomes

To investigate the difference between HFt (HFt A) and HFt-HIS-
PASE (HFt B) nanovectors in escaping the endo-/lysosomal compart-
ments, we performed the following experiment. Briefly, cells were
seeded at a density of 15 � 103 in an eight-well chamber slide (Ibidi,
Munich, Germany) and cultured in standard GM for 24 h. Then, cells
were incubated with prewarmed (37�C) Lysotracker Deep Red (Invi-
trogen)-containing medium, according to manufacturer’s instruc-
tions. After 2 h, themediumwas replaced with freshmedium and cells
were treated with 0.3 mg/mL of fluorescently-labeled HFt A and HFt
B. After 3 h and 24 h of incubation, images of live cell were acquired
with confocal laser scanning microscopy (Nikon A1 MP+, Nikon).
The experiments were repeated in triplicate (n = 3).

In vitro testing of HFt-HIS-PASE/si4 constructs

The construct consisting of modified NH2-si4 molecule selected for
CS patient 1 conjugated onto HFt surface (HFt-HIS-PASE/si4) has
been tested in patient 1 cells to evaluate siRNA delivery and release
efficiency. To this aim, CMSCs derived from CS patient 1 were plated
at a density of 5� 104 cells/well in a 12-well plate and cultured in GM
until they reached 50%–60% confluence. Then, CMSCs were treated
with 5 nM of NH2-si4 delivered by HFt-HIS-PASE NPs (HFt-HIS-
PASE/si4) for 48 h. Cells treated with naked HFt-HIS-PASE were
used as controls. Each experimental condition was performed in trip-
licate (n = 3). The effects of the described treatment were investigated
through real-time PCR expression analysis of mutant and wild-type
FGFR2 mRNA (see method below).

RNA isolation and gene expression analysis

Real-time PCR (qPCR) was used to quantitatively analyze the expres-
sion of b-actin (ACTB), mutant and wild-type FGFR2, t-FGFR2,
TFRC, MMP2, and MMP9 as well as to quantify levels of osteogenic
markers including RUNX2, SP7, ALPL, COL1A1, COL1A2, BGLAP,
and SOST after osteogenic induction assay (Table S3).
To this purpose, total RNA was isolated from cell pellet using Reliap-
rep RNAMiniprep Systems (Promega, San Luis Obispo, CA, USA) in
accordance with the procedures described by the manufacturer.
Isolated RNA was quantified using a UV spectrophotometer
(NanoDrop One/OneC Microvolume UV-Vis, Thermo Scientific).
Then, up to 500 ng/mL of total RNA of each sample were reverse tran-
scribed into cDNA using GoScript Reverse Kit (Promega) following
the manufacturer’s protocol. qPCR of above-mentioned genes was
performed using GoTaq(R) qPCR Master Mix (Promega) and
TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). Spe-
cifically, sequence-specific fluorescent oligonucleotide Taqman
probes and primers (Thermo Fisher Scientific) were designed to eval-
uate the expression levels of wild-type and mutant FGFR2 transcripts
in CS patient cells treated with siRNAs and with HFT-HIS-PASE/
siRNA complexes (Table S3). TaqMan probes were formulated with
a dye label (FAM or VIC) on the 50 end, a minor groove binder
and nonfluorescent quencher on the 30 end. The relative expression
of genes was obtained normalizing data to b-actin and results were
calculated using 2�DDCt method.

Western blotting

Molecular effects of siRNA developed for CS patient 1 were deter-
mined at protein level, evaluating changes in FGFR2 expression
and in MAPK signaling transduction. Following 48 h of incubation
with siRNAs and solely Lipofectamine (controls), cells were mechan-
ically harvested on ice and homogenized to proceed with protein
extraction. Whole cell extracts were isolated using RIPA Lysis Buffer
(20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM Na2-EDTA, 1 mM
EGTA, 2.5 mM Na-pyrophosphate, 1% Triton X-100, 10% glycerol)
(Bio-Rad) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich) and with 2% beta-mercaptoethanol. The concentra-
tion of the isolated proteins was determined using BCA Protein Assay
Reagent (Invitrogen). Proteins were fractionated by a gradient (4%–

10%) SDS-PAGE and transferred to a nitrocellulose membrane using
a Trans-Blot Turbo Transfer System apparatus according to the man-
ufacturer’s protocols (Bio-Rad). After incubation with 5% nonfat milk
in TBST (10 mM Tris pH 8.0, 150 mM NaCl, 0.2% Tween 20) for
60 min, the membrane was washed three times with TBST and incu-
bated with primary antibodies against t-FGFR2 (1:1,000; Cell
Signaling Technology, Danvers, MA, USA, #23328), p-FGFR2
(1:1,000; Thermo Fisher Scientific, #PA5-64796), ERK1/2 (1:1,000;
Cell Signaling Technology, #9102), p-ERK1/2 (1:1,000; Cell Signaling
Technology, #9101), RUNX2 (1:1,000; Cell Signaling Technology;
#12556) and GAPDH (1:1,000; Thermo Fisher Scientific) at 4�C for
12 h (O/N), followed by secondary peroxidase-conjugated antibodies
(1:2,000). The chemiluminescent blots were imaged with the
ChemiDoc MP imager (Bio-Rad). Densitometric analysis was carried
out using the Band Analysis tools of ImageLab software version 6.0
(Bio-Rad) and relative bands intensity were normalized to GAPDH.

Statistical analysis

Data were analyzed using GraphPad Prism software version 10 (San
Diego, CA, USA). The graphs were reported as means with standard
deviation (SD) of the mean. Unpaired Student’s t test was performed
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for determining statistical differences between groups and probability
values p < 0.05 were considered significant.
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