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HERC1 deficiency causes osteopenia through transcriptional
program dysregulation during bone remodeling
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Bone remodeling is a continuous process between bone-forming osteoblasts and bone-resorbing osteoclasts, with any imbalance
resulting in metabolic bone disease, including osteopenia. The HERC1 gene encodes an E3 ubiquitin ligase that affects cellular
processes by regulating the ubiquitination of target proteins, such as C-RAF. Of interest, an association exists between biallelic
pathogenic sequence variants in the HERC1 gene and the neurodevelopmental disorder MDFPMR syndrome (macrocephaly,
dysmorphic facies, and psychomotor retardation). Most pathogenic variants cause loss of HERC1 function, and the affected
individuals present with features related to altered bone homeostasis. Herc1-knockout mice offer an excellent model in which to
study the role of HERC1 in bone remodeling and to understand its role in disease. In this study, we show that HERC1 regulates
osteoblastogenesis and osteoclastogenesis, proving that its depletion increases gene expression of osteoblastic makers during the
osteogenic differentiation of mesenchymal stem cells. During this process, HERC1 deficiency increases the levels of C-RAF and of
phosphorylated ERK and p38. The Herc1-knockout adult mice developed imbalanced bone homeostasis that presented as
osteopenia in both sexes of the adult mice. By contrast, only young female knockout mice had osteopenia and increased number of
osteoclasts, with the changes associated with reductions in testosterone and dihydrotestosterone levels. Finally, osteocytes isolated
from knockout mice showed a higher expression of osteocytic genes and an increase in the Rankl/Opg ratio, indicating a relevant
cell-autonomous role of HERC1 when regulating the transcriptional program of bone formation. Overall, these findings present
HERC1 as a modulator of bone homeostasis and highlight potential therapeutic targets for individuals affected by pathological
HERC1 variants.
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INTRODUCTION
Bone is a highly dynamic tissue that is subject to continuous
remodeling throughout an individual’s life. The bone remodeling
process maintains skeletal homeostasis in adults through a
process in which new tissue from mesenchymal-derived osteo-
blasts replaces damaged or old bone degraded by hematopoietic-
derived osteoclasts. Under physiological conditions, osteoblasts
equivalently replace and deposit the same amount of bone
reabsorbed by osteoclasts to maintain homeostasis, and imbal-
ances between resorption and bone formation can lead to
pathology [1–3].
Ubiquitin regulates key proteins related to bone homeostasis.

Protein ubiquitination (or ubiquitylation) is a three-step process
that involves activating ubiquitin by ATP-dependent activating
enzyme E1, transferring ubiquitin from E1 to the conjugating
enzyme E2, and transferring ubiquitin from E2 to the target
protein mediated by the ubiquitin ligase enzyme E3. This
ubiquitin ligase binds specifically to the target protein and
transfers ubiquitin to a lysine residue or to the N-terminal amino
acid residue. Through this process, ubiquitin tags proteins and
causes structural modifications such as monoubiquitination,

multiubiquitination, or polyubiquitination. These post-
translational modifications are important for protein function
and can affect the localization, activity, and degradation of
proteins [4, 5].
Several bone remodeling studies have shown that ubiquitin

ligases may play a key role in regulating bone metabolism [6, 7].
HERC proteins are ubiquitin ligases of the Homologous to E6AP
Carboxyl-Terminus (HECT) family and contain an additional
Regulator of Chromosome Condensation 1 (RCC1)-like domain
as a structural feature [8]. Of the six HERC genes described in
humans, two (HERC1 and HERC2) encode large HERC proteins with
molecular weights above 520 kDa. Of these, HERC1 somatic
mutations have been identified in cancers such as leukemia,
breast cancer, and non-melanoma skin cancer [9, 10] and germ-
line mutations have been reported in neuronal disorders [11, 12].
In this context, genetic studies have related HERC1 mutations with
autism spectrum disorders, considering it a predictor of autism risk
[13, 14]. The common features observed in individuals with
homozygous or compound heterozygous mutations in the HERC1
gene led to the identification of the autosomal recessive
neurodevelopmental disorder MDFPMR syndrome (macrocephaly,
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dysmorphic facies, and psychomotor retardation) (OMIM #
617011) [15–19]. Altered bone homeostasis could account for
several features observed in these individuals, such as macro-
cephaly, dysmorphic facies, prominent forehead, long fingers, and
vertebral column abnormalities [11]. Most of the HERC1 mutations
associated with MDFPMR syndrome are frameshift mutations that
cause truncated HERC1 proteins and a loss of function [15–18].
Despite the significant advances in our understanding of the

roles of ubiquitin ligases in mediating bone remodeling, no study
to date has investigated the role of HERC1. Among other factors,
the lack of suitable animal models for the analysis of HERC1
physiological function has limited these studies. In this analysis,
we used a Herc1-KO mouse model to address the role of HERC1 in
bone homeostasis.

MATERIALS AND METHODS
Cell cultures
Mesenchymal stem cells (MSCs) were isolated from bone marrow as
previously reported [20, 21]. Primary osteocytes were isolated as previously
described [22].

Osteoblast differentiation
When MSCs reached a confluence of 90%–100%, the culture medium
(DMEM with 20% FBS, 2 mM L-Glutamine, and 100 U/mL penicillin/
streptomycin) was replaced with a differentiation medium as previously
described [23]. It was composed of α-MEM (Biological Industries)
supplemented with 10% FBS, 2 mM L-Glutamine, 1 mM sodium pyruvate,
50 µM ascorbic acid, 10 mM β-glycerol phosphate, and 100 U/mL penicillin/
streptomycin. This medium was renewed every two days until 21 days of
differentiation.

Alizarin Red staining and alkaline phosphatase activity
Cells were fixed in 4% paraformaldehyde for 15minutes at room
temperature. Alizarin Red staining (ARS Staining Quantification Assay,
ScienCell #8678) and alkaline phosphatase activity measurement (Sigma-
Aldrich #SCR004) were performed according to the manufacturer’s
instructions.

Lentiviral particle production and target cell infection
Lentiviral vectors were produced in HEK 293 T cells. Cells were transfected
with pMD2.G, psPAX2 (VSV-G), and either empty pLKO.1-Puro or pLKO.1‐
shHERC1, using the calcium phosphate method. Media containing lentiviral
particles were collected, filtered (Millipore SLHV033RB), and stored in
aliquots at −80 °C. Target cells were seeded at a confluence of 50–60% in a
six-well plate before adding 300 μL of the medium containing the lentiviral
vectors to each well. Fresh medium, supplemented with 5 μg/mL
polybrene, was added to a total volume of 1 mL. Media with lentiviral
vectors were removed the next day, and 5 μg/mL puromycin was added
for selection after 24 h. A MISSION shRNA clone of mouse HERC1
(TRCN0000087441) was purchased from Sigma-Aldrich. Dr. David Root
gifted the plasmid vector pLKO.1–TRC control (Addgene plasmid #10879)
[24] and Dr. Didier Trono gifted the VSV-G envelope expressing plasmid
pMD2.G (Addgene plasmid #12259) and the lentivirus packaging plasmid
psPAX2 (Addgene plasmid #12260).

Immunoblotting
Lysates were prepared with an NP40 buffer, as previously described [25].
We used a Tris-Acetate PAGE system to analyze the samples [26], with a gel
documentation system (LAS-3000 Fujifilm). Antibodies used: anti-CHC
(Santa Cruz Biotechnology #sc12734), anti-C-RAF (BD Biosciences #610151),
anti-p-ERK1/2 (Sigma-Aldrich #M8159), anti-ERK1/2 (Cell Signaling #9102),
anti-p-p38 (Cell Signaling #9211), anti-p38 (Santa Cruz Biotechnology #sc-
535), anti-Vinculin (Santa Cruz Biotechnology #sc-25336), and anti-HERC1
(410) [27].

Animal model
The Wellcome Trust Sanger Institute generated the Herc1-KO mouse strain
(C57BL/6N-Herc1em3(IMPC)Wtsi/Wtsi) used in this study [28–31]. A Crispr/Cas9-
mediated deletion resulted in a 191 bp deletion that included exon 8 of

the Herc1 gene located in chromosome 9. Animals had ad libitum access to
food and water in an environment with a 12-h light/dark cycle set at
22–24 °C. The sample size was estimated from our previous publications.
All mice were age (8- or 32-week-old) and sex-matched and then
randomized for experiments. No animal was excluded from the analysis.
Mice were euthanized and samples were collected for histological, micro-
CT, gene expression, and hormonal analysis. Blinding was not done. All
animal protocols were approved by the Ethics Committee for Animal
Experimentation of the University of Barcelona and the Generalitat of
Catalunya (Spain).

Histological analysis
Femurs were fixed in 4% paraformaldehyde for 24 h at 4 °C, decalcified in
EDTA solution (14%, pH 7.4), and embedded in paraffin after 6 weeks.
Samples were cut into 7-μm sections and stained with hematoxylin/eosin
(H&E), tartrate resistant acid phosphatase (TRAP), or Masson’s trichrome.
Osteoclasts numbers were measured in isolated trabeculae from TRAP
images. For each trabecula, the number of osteoclasts on its surface was
divided by its perimeter. At least 10 trabeculae from each animal were
used. H&E images were also used to count osteoblasts on the surface of
trabeculae and to detect osteocytes inside the cortical bone, reported as
the number divided by the bone area analyzed).

Gene expression
For gene expression analysis in femurs, soft tissue was removed by a
scalpel. Then, the femur end was cut and the bone marrow was eliminated
by placing the femur in a perforated 0.6 mL centrifuge tube inserted into a
1.5 mL tube followed by centrifugation for 30 s at 5700 × g. This isolated
bone fraction was cut into small pieces and homogenized in TRIsure
reagent (Bioline, London, UK) with a Polytron PT 2100 at 26000 rpm for
45 s. RNA isolation was performed using the standard TRIsure protocol.
After RNA isolation, it was reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Quantitative PCR was
performed with an ABI Prism 7900 HT Fast Real-Time PCR System and a
Taqman 5’-nuclease probe method (Applied Biosystems) with a SensiFAST
Probe Hi-ROX Mix (Bioline). PCR data acquisition and analysis used the
Sequence Detector software (Applied Biosystems, SDS version 2.3). All
transcripts were normalized to Gapdh or TATA binding protein (Tbp)
expression.

Hormonal analysis
Serum samples from 8-week-old mice were analyzed with a testosterone
ELISA kit (ADI-900-065, Enzo Life Sciences), a 17β-Estradiol ELISA kit (ADI-
900-174, Enzo Life Sciences), and a dihydrotestosterone ELISA kit (#KA1886,
Abnova), according to the manufacturer’s instructions.

Micro-CT analysis
Animals were sacrificed and their femurs were dissected and fixed in 4%
paraformaldehyde for 24 h. According to recommendations from the
American Society of Bone and Mineral Research, we acquired high-
resolution images from the femur using a micro-computed tomography
(micro-CT) imaging system (Skyscan 1272, Bruker microCT, Kontich), as
previously described [22].

Statistical analysis
Data were analyzed using GraphPad Prism 8 software and expressed as
means ± standard error of the mean (SEM) for n independent experiments,
as indicated in the figure legends. Differences between groups were
analyzed using the Student’s t test or one-way analysis of variance with
Bonferroni’s multiple comparison test. Differences were considered
significant at *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS
HERC1 regulates osteoblastic differentiation
Confluent bone marrow derived MSCs differentiated into osteo-
blasts after approximately 3–4 weeks in culture with a specific
differentiation medium. We used this cell model of osteoblasto-
genesis [32] to assess whether HERC1 could regulate osteoblastic
differentiation. MSCs were infected with mock lentivirus (plKO) or
with lentivirus expressing shRNA against HERC1 (shH1) and their
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Fig. 1 HERC1 regulates the osteoblastic differentiation. Bone marrow derived MSCs were infected with lentiviral particles carrying either the
empty plKO vector as a negative control (plKO) or an shRNA against HERC1 (shH1) and were further treated with an osteoblastic differentiation
medium. A Representative images of differentiation process at 0, 14, and 21 days. Lysates were analyzed by immunoblotting, using specific
antibodies against the indicated proteins. B Alizarin Red staining. Representative images were acquired by optical microscopy at the times
indicated. Quantification is shown (n= 5). C Osteoblastic gene expression of MSCs undergoing differentiation at the times indicated. The mRNA
expression levels were measured by RT-qPCR and normalized to Tbp expression (n= 4). D Cells were fixed and stained for alkaline phosphatase
activity. Representative images are shown. Data are expressed as mean ± SEM. Significant differences: *p < 0.05; **p < 0.01; ***p < 0.001.

L. Pedrazza et al.

3

Cell Death and Disease           (2023) 14:17 



differentiation studied for 3 weeks (Fig. 1A). The downregulation
of HERC1 protein expression by shH1 was maintained over the
time studied (Fig. 1A, right). Under these conditions, HERC1
depletion increased protein levels of C-RAF and phosphorylated
ERK and p38 (Fig. 1A, right). Alizarin Red staining, used to evaluate
calcium deposits during osteoblastic differentiation, increased in
control cells (Fig. 1B) and increased to a greater degree in HERC1
knockdown cells (Fig. 1B), consistent with the differences in cell
morphology detected by light microscopy (Fig. 1A). We assessed
the expression of osteoblast-specific genes by RT-qPCR to confirm
the stimulation of osteoblastic differentiation by HERC1 depletion,
revealing a significant increase in mRNA levels of early markers,
such as transcription factor Runx2, in HERC1-depleted cells
compared to control cells at 14 days (Fig. 1C). Furthermore,
mRNA levels of later markers of osteoblastic differentiation, such
as Sp7 (osterix), Bglap (osteocalcin), Alpl (alkaline phosphatase),
and Col1a1 (collagen), were also significantly increased in HERC1-
depleted cells compared to control cells at 21 days (Fig. 1C).
Consistent with Alpl mRNA levels, alkaline phosphatase activity
was greater in HERC1-depleted cells at 21 days (Fig. 1D).

Altogether, these results confirmed the involvement of HERC1 in
regulating osteoblastic differentiation.

Female-associated osteopenia in young Herc1-KO mice
Studies with in vivo models are necessary to analyze the
physiological role of HERC1 in bone homeostasis. Thus, we used
a Herc1-KO mouse strain (C57BL/6N-Herc1em3(IMPC)Wtsi/Wtsi) gener-
ated by a Crispr/Cas9-mediated deletion that included exon 8 on
the Herc1 gene (Fig. 2A). Genotyping by PCR revealed a lower
band due to the 191-bp deletion in the KO alleles (Fig. 2A, B).
Immunoblotting confirmed the lack of HERC1 protein expression
in all analyzed tissues (Fig. 2C).
We then assessed bone composition by micro-CT scan imaging

of the distal femurs of 8-week-old mice. Cortical analysis of
knockout (KO) male mice demonstrated no significant modifica-
tion compared to male wild-type (WT) mice (Fig. 3A). Although not
significant, we observed a trend toward lower values in the
trabecular analysis of KO male mice (Fig. 3A). In females, both the
WT and KO mice had normal cortical results (Fig. 3B), but
surprisingly, significant alterations were present between WT and

Fig. 2 Herc1-knockout mouse. A A mouse C57BL/6N-Herc1em3(IMPC)Wtsi/Wtsi model was generated at the Wellcome Trust Sanger Institute. A
Crispr/Cas9 mediated deletion resulted in a 191-bp deletion that included exon 8 on the Herc1 gene. B Genotyping. Representative PCR
analysis with the Forward (F) and Reverse (R) primers shown. The Thermo Scientific (#SM0331) DNA Ladder mix was used as a molecular
weight marker. C Lysates from the indicated tissues were analyzed by immunoblotting using specific antibodies against the indicated
proteins. Clathrin heavy chain (CHC) was used as the control protein. Het heterozygote, KO knockout, WT wild-type.
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KO mice in the trabecular region (Fig. 3B). The distal femurs
presented less trabecular bone volume (bone volume over total
volume) due to the significantly lower trabecular number (Tb.N)
and thickness (Tb.Th) (Fig. 3B). These data show an unexpected
osteopenia in young KO female mice.

HERC1 deficiency causes an imbalance in bone remodeling
The osteopenia observed in 8-week-old female KO mice could
suggest an imbalance between bone-forming osteoblasts and
bone-resorbing osteoclasts. To check this possibility, we analyzed
the mRNA expression of osteoblast and osteocyte genes, starting
with osteoblastogenesis. The bones from WT and KO male mice
had comparable expression of osteoblastogenic genes (Fig. 4A).
However, female KO mice showed a tendency to have an
increased expression of osteoblastogenic genes (Fig. 4B). To focus

on osteoclastogenesis, we looked at the receptor activator of
nuclear factor κB ligand (RANKL) and osteoprotegerin (OPG), a
decoy receptor for RANKL. Although both are secreted by
osteoblasts and osteocytes, osteocytes are the most abundant
(>90%) bone cells. RANKL and OPG act as positive and negative
regulators of osteoclastogenesis, respectively. The regulation of
osteoclast differentiation, activation, and survival depends on the
RANKL/OPG ratio, which affects the balance between bone
formation and resorption [33–35]. Thus, we analyzed Rankl and
Opg mRNA levels from long bones of 8-week-old mice. Although
male KO mice did not show differences in Rankl and Opg mRNA
levels compared with male WT mice (Fig. 5A), female KO mice
showed increased Rankl mRNA expression compared with female
WT mice that caused an increase in the Rankl/Opg ratio (Fig. 5B).
These increases suggest an augmentation of osteoclastogenesis in

Fig. 3 Female-associated osteopenia in young Herc1-knockout mice. Bone composition by micro-CT analysis of 8-week-old mice. Cortical
and trabecular analysis of distal femurs from male (A) and female (B) mice. Representative images are shown. Data are expressed as
mean ± SEM (n= 8–12). Significant differences are relative to WT mice of the same sex. *p < 0.05; **p < 0.01. BV bone volume, B.Pm bone
perimeter, BV/TV bone volume over total volume, Cs.Th cortical thickness, Tb.N trabecular number, Tb.Th trabecular thickness, KO knockout,
WT wild-type.
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female KO mice. To clarify this point, we also analyzed the
expression of genes encoding osteoclast-specific proteins, such as
tartrate resistant acid phosphatase type 5 (Trap) and Cathepsin K
(Ctsk). While male KO and WT mice did not show differences in
Trap and Ctsk mRNA levels, female KO mice showed higher levels
of these mRNAs compared with female WT mice (Fig. 5A, B). We
then performed histomorphometric measurements of TRAP-
stained femoral sections to confirm that the increased osteoclas-
togenesis in female KO mice resulted from increases in the Rankl/
Opg ratio and the Trap and Ctsk mRNA levels. This revealed a
higher number of osteoclasts on the surface of trabeculae from
female KO mice (Fig. 5C–D), but without changes in the numbers
of osteoblasts and osteocytes (Supplementary Fig. 1).
Next, we investigated whether changes in sex hormone levels

could have led to the osteopenia in 8-week-old KO female mice.
Although this revealed no significant differences in serum
estradiol concentrations between KO and WT mice in either sex
(Fig. 5E), or in testosterone concentrations between male KO and
WT mice (Fig. 5F), we observed a significant reduction in the
testosterone concentration for female KO mice compared with
their WT controls (Fig. 5F). Analysis of the dihydrotestosterone
concentration revealed its reduction exclusively in female KO mice
(Supplementary Fig. 2). Taken together, these results show a
correlation between female-associated osteopenia, with lower
concentrations of testosterone and dihydrotestosterone, in young
Herc1-KO mice.

HERC1 deficiency causes osteopenia in adult mice
Although we observed osteopenia in female KO mice, we only
observed a trend to lower values in the trabecular analysis of male

KO mice (Fig. 3A). This led us to consider how osteopenia evolves
in adult female KO mice and whether male KO mice develop
osteopenia as adults. Thus, we completed a bone composition
study in 32-week-old mice. Cortical analysis at this age showed no
differences between KO and WT female mice (Fig. 6), but
conversely, trabecular analysis of distal femurs revealed a strong
decrease in the morphometric values of female KO mice
compared to WT controls (Fig. 6B). These data confirm the
osteopenia observed in young female mice and an increase in its
severity in adult females. Interestingly, cortical and trabecular
analysis in adult male mice showed strong decreases in the
morphometric values, indicating severe osteopenia in adult male
KO mice as well (Fig. 6A).

HERC1 regulates gene expression in osteocytes
Paracrine hormone regulation is an important factor controlling
bone homeostasis [36, 37]. Nevertheless, we cannot exclude a role
for HERC1 in hormone-independent bone homeostasis. To identify
cell-autonomous effects, we analyzed primary osteocytes from KO
animals. Osteocytes are the major source of RANKL for osteoclast
formation and bone remodeling [33–35]. We therefore hypothe-
sized that the observed increase in Rankl mRNA and Rankl/Opg
ratio (Fig. 5B) would be much more evident in RANKL-producing
principal cells independent of paracrine signaling. We observed a
significant difference in Rankl and OpgmRNA expression, resulting
in a large increase in the Rankl/Opg ratio in osteocytes from KO
mice compared with WT animals (Fig. 7). Osteocytes from KO mice
also showed increased expression of other osteocyte genes, such
as Runx2, Sp7, Fgf23 (fibroblast growth factor 23), and Npy
(neuropeptide-Y) (Fig. 7). These results agree with those from the
in vivo analysis of osteoclastogenic markers in KO mice (Fig. 5) and
the observations during the osteoblast differentiation of MSCs
(Fig. 1). In conclusion, these data show a relevant cell-autonomous
role of HERC1 in regulating the transcriptional program in
osteocytes.

DISCUSSION
This study provides the first evidence that HERC1 controls bone
homeostasis and that loss of its function causes osteopenia. Our
data show that HERC1 depletion in MSCs increases their
differentiation to osteoblasts and raises both C-RAF levels and
the phosphorylation of ERK and p38, enhancing the gene
expression of key transcription factors for osteoblast differentia-
tion. Analyzing the osteocytes isolated from Herc1-KO mice
confirmed the increases in Runx2 and Sp7 gene expression
following Herc1 deletion. Despite the increased gene expression
of osteoblastic differentiation activators, morphometric analysis
of bones from adult Herc1-KO mice showed osteopenia,
indicating an imbalance between bone formation and bone
resorption. Analysis of the expression of genes that regulate
osteoclast formation and activation revealed an increase in the
Rankl/Opg ratio, suggesting an increase in osteoclastic activity.
Subsequent histological analysis confirmed the increased
number of osteoclasts. These data indicate that HERC1 regulates
osteoblastogenesis and osteoclastogenesis for bone home-
ostasis, and that HERC1 deficiency activates these cellular
processes by increasing the RANKL/OPG ratio to increase the
number of osteoclasts and cause an imbalance in bone
remodeling (Fig. 8). This RANKL/OPG-dependent mechanism is
clearly observed in 8-week-old mice. In 32-week-old mice,
although they have more advanced osteopenia, no significant
differences in the RANKL/OPG ratio are observed between KO
and WT mice (not shown). These data suggest that in 32-week-
old adult mice, the cumulative effect of bone resorption is
observed throughout this period of life, although we cannot rule
out that additional mechanisms independent of RANKL are
acting at older ages.

Fig. 4 Expression levels of osteoblastic genes in Herc1 knockout
mice. A, B We analyzed mRNA isolated from the femurs of 8-week-
old WT or Herc1-KO mice by RT-qPCR, normalized to Gapdh
expression (n= 4–9) and expressed as mean ± SEM. KO knockout,
WT wild-type.
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Fig. 5 HERC1 induces osteoclastogenesis. A, B We analyzed mRNA isolated from the femurs of 8-week-old WT or Herc1 KO mice by RT-qPCR,
normalized to Gapdh, expression and show the Rankl/Opg mRNA ratio (n= 5–9). C Histological analysis of femurs obtained from mice.
C, D Representative images of longitudinal sections of femur from male and female KO mice stained with TRAP. Images were taken at ×4
magnification. Osteoclasts number per surface of trabecular bone in both sexes in WT and Herc1-KO mice (n= 3–5). Estradiol (E) and
testosterone (F) levels in the serum of WT and Herc1-KO mice were measured by ELISA (n= 10–15). Data are expressed as mean ± SEM.
Significant differences are relative to WT mice. *p < 0.05; **p < 0.01. KO knockout, WT wild-type.
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Mitogen-activated protein kinases (MAPKs), such as ERK and
p38, are key players in skeletal development and bone home-
ostasis [38–40]. In vitro and genetic studies have shown the
positive effect of ERK activation on osteoblast differentiation
[41–46], which phosphorylates RUNX2 and increases its transcrip-
tional activity [47]. In osteoblasts, ERK activation also increases
RANKL expression and regulates RANKL-induced osteoclastogen-
esis [45]. Comparable research has shown the need of p38
activation during osteoblast differentiation and osteoclastogenesis
[38, 40, 41, 48–50], with p38-mediated phosphorylation of
osteoblast transcription factors enhancing their transcriptional
activity and promoting osteogenic progression [38, 39]. In this
context, RANKL acts as an osteoclastogenic factor binding to its
receptor (RANK) on the plasma membrane of osteoclasts and

inducing ERK and p38 activation, thereby promoting osteoclast
differentiation, migration, and bone resorption [40].
MAPKs form signaling cascades where upstream kinases

phosphorylate and activate downstream kinases. RAF proteins
are MAPK kinase kinases that phosphorylate and activate MEK
proteins, which in turn, phosphorylate and activate ERK proteins.
These MAPKs constitute the RAF/MAPK/ERK signaling cascade
involved in regulating a wide variety of cellular processes,
including proliferation and differentiation [51]. C-RAF, an isoform
of RAF, has been specifically identified as a substrate for the
ubiquitin ligase HERC1 [25]. Ubiquitination of C-RAF targets this
kinase for proteasomal degradation, and HERC1 deficiency
stabilizes C-RAF, with the resulting increase in its protein levels
sufficient to activate ERK. Moreover, HERC1 deficiency activates

Fig. 6 HERC1 deficiency causes osteopenia in adult mice. Bone composition by micro-CT analysis of 32-week-old mice. Cortical and
trabecular analysis of distal femurs from male (A) and female (B) mice. Representative images are shown. Data (n= 6–12) are expressed as
mean ± SEM. Significant differences are relative to WT of the same sex. *p < 0.05; **p < 0.01; ***p < 0.001. BV bone volume, B.Pm bone
perimeter, BV/TV bone volume over total volume, Cs.Th cortical thickness, Tb.N trabecular number, Tb.Th trabecular thickness, KO knockout,
WT wild-type.
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p38 dependent on RAF activity [52]. Now, our data show that
HERC1 depletion during osteogenic differentiation causes an
increase in C-RAF levels, thereby activating ERK and p38 (Fig. 1).

More importantly, these observations suggest a molecular
mechanism for the role of HERC1 in regulating bone homeostasis.
The increased ERK and p38 activity caused by C-RAF stabilization
following HERC1 deficiency appears sufficient to activate the
osteoblastic transcriptional program (Fig. 1). This activation, in
turn, would increase mRNA levels of Rankl and decrease mRNA
levels of Opg in osteocytes (Fig. 7). The expression of these factors
would then increase the RANKL/OPG ratio, activating RANKL-
induced osteoclastogenesis to produce an imbalance in bone
homeostasis, and ultimately causing osteopenia. (Fig. 8). Since ERK
and p38 activation is also necessary for osteoclastogenesis [40],
we cannot discard an additional role of HERC1 on osteoclasts.
Comparative genetic studies, likely largely using conditional KOs,
will be necessary to understand the HERC1-specific function in
these cells.
Studies carried out with male and female animals allow sex-

based analysis of bone homeostasis. Our study confirms previous
observations showing a greater decrease in distal femoral
trabecular volume with age in female mice than in male mice
[53]. As a novelty, our study reports a greater sensitivity to
developing osteopenia in young Herc1-KO female mice than in WT
controls. Sex hormone analysis showed a significant decrease in
testosterone and dihydrotestosterone levels in these animals,
resulting in an inverse correlation between osteopenia and
androgens levels. Previous studies have shown that androgens
suppress RANKL-induced osteoclast formation [54]. Orchiectomy
and androgen receptor deletion causes bone loss [55]. Thus,
androgen deficiency leads to an increase in osteoclastic bone
resorption and a progressive decrease in bone mineral density.
Given the association between androgen deficiency and
decreased trabecular bone mass, androgens may exert a
protective effect on trabecular bone [55]. Future studies should
delve into this hypothesis and into the molecular mechanisms
associated with androgen decline in young female KO mice.
Osteocytes are the most abundant cells in bone and are the

major orchestrators of bone remodeling and mineral homeostasis
[56]. They are also the main source of FGF23, which binds to its
receptor KLOTHO-FGFR1c in its target organs. In the kidneys,
elevated FGF23 levels inhibit phosphate transporters, causing
phosphaturia and hypophosphatemia [57], as observed in patients
with chronic kidney disease [58]. In the parathyroid gland, FGF23
inhibits gene expression of parathyroid hormone, which the body
produces in response to low levels of serum calcium, acting on the
bone and kidney to increase serum calcium levels. Several studies
have demonstrated an association for higher serum FGF23 levels
with left ventricular hypertrophy, impaired vasoreactivity, and
increased arterial stiffness [59–61]. The increased expression of
Fgf23 mRNA in osteocytes derived from Herc1-KO mice suggests
an association between HERC1 loss-of-function and renal and
cardiovascular disease.
Our findings may have important physiological and clinical

implications. Physiologically, we identify HERC1 as a fine-tuning
regulator of bone homeostasis. In a preclinical model, we also
found that HERC1 loss-of-function caused osteopenia in adult-
hood. Therefore, HERC1 is a candidate to be evaluated to identify
the etiology of osteopenia. In addition, our data could have
implications for preventive medicine. Genetic analysis of HERC1 at
an early age would help identify individuals with HERC1 loss of
function and candidates for developing MDFPMR syndrome. In
these cases, it would be interesting to analyze whether the
expected bone alterations could be prevented or limited by the
use of RANKL inhibitors. Compounds that inhibit RANKL-induced
osteoclastogenesis, such as the RANKL-blocking monoclonal
antibody Denosumab [62], could be therapeutic candidates to
prevent or limit the expected bone alterations. Our data also point
to the potential for specific inhibitors against ERK, p38, and RAF as
therapeutic candidates.

Fig. 7 HERC1 regulates gene expression in osteocytes.
A Osteocytes were isolated from bones of WT or Herc1-KO mice.
Cells were lysed and mRNA analyzed by RT-qPCR. Osteocyte gene
expression was normalized to Tbp expression. B The Rankl/Opg
mRNA ratio. Data are expressed as mean ± SEM. Significant
differences are relative to WT mice. *p < 0.05; ***p < 0.001. KO
knockout, WT wild-type.

Fig. 8 Schematic model showing the role of HERC1 in bone
homeostasis. Osteoblasts and osteocytes secrete RANKL, which
then binds to its receptor (RANK) on the membranes of pre-
osteoclasts/osteoclasts to increase osteoclastic differentiation and
activation, resulting in bone resorption. Secreted OPG then binds to
RANKL, inhibiting RANK signaling and bone resorption. Morpho-
metric analysis of bones from adult Herc1-KO mice revealed
osteopenia, indicating an imbalance between bone formation and
bone resorption. This led to increases in the Rankl/Opg ratio and in
the number of osteoclasts. HSC hematopoietic stem cell, MSC
mesenchymal stem cells, OPG osteoprotegerin, RANKL RANK ligand,
RANK receptor activator of nuclear factor κB.
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In summary, this study identifies HERC1 as a regulator of bone
remodeling, associates HERC1 deficiency with osteopenia, and
suggests molecular targets for therapeutic strategies.

DATA AVAILABILITY
The experimental data sets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request. No applicable
resources were generated during the current study.

REFERENCES
1. Feng X, McDonald JM. Disorders of bone remodeling. Annu Rev Pathol Mech Dis.

2011;6:121–45.
2. Salhotra A, Shah HN, Levi B, Longaker MT. Mechanisms of bone development and

repair. Nat Rev Mol Cell Biol. 2020;21:696–711.
3. Rachner TD, Khosla S, Hofbauer LC. Osteoporosis: now and the future. Lancet

2011;377:1276–87.
4. Ciechanover A. The unravelling of the ubiquitin system. Nat Rev Mol Cell Biol.

2015;16:322–4.
5. Rotin D, Kumar S. Physiological functions of the HECT family of ubiquitin ligases.

Nat Rev Cell Biol. 2009;10:398–409.
6. Scheffner M, Kumar S. Mammalian HECT ubiquitin-protein ligases: Biological and

pathophysiological aspects. Biochim Biophys Acta - Mol Cell Res. 2014;1843:61–74.
7. Shen J, Fu B, Li Y, Wu Y, Sang H, Zhang H, et al. E3 ubiquitin ligase-mediated

regulation of osteoblast differentiation and bone formation. Front Cell Dev Biol.
2021;9:1–9.

8. Sánchez-Tena S, Cubillos-Rojas M, Schneider T, Rosa JL. Functional and patho-
logical relevance of HERC family proteins: a decade later. Cell Mol Life Sci. 2016.
https://doi.org/10.1007/s00018-016-2139-8.

9. Sala-Gaston J, Martinez-Martinez A, Pedrazza L, Lorenzo-Martín LF, Caloto R,
Bustelo XR, et al. HERC Ubiquitin Ligases in Cancer. Cancers (Basel). 2020;12:1–13.

10. Rossi FA, Roitberg EHC, Steinberg JHE, Joshi MU, Espinosa JM, Rossi M. Herc1
regulates breast cancer cells migration and invasion. Cancers (Basel).
2021;13:1–14.

11. Pérez-Villegas EM, Ruiz R, Bachiller S, Ventura F, Armengol JA, Rosa JL. The HERC
proteins and the nervous system. Semin Cell Dev Biol. 2021. https://doi.org/
10.1016/j.semcdb.2021.11.017.

12. Lalonde R, Strazielle C. The Herc1 gene in neurobiology. Gene. 2022. https://
doi.org/10.1016/j.gene.2021.146144.

13. Hashimoto R, Nakazawa T, Tsurusaki Y, Yasuda Y, Nagayasu K, Matsumura K, et al.
Whole-exome sequencing and neurite outgrowth analysis in autism spectrum
disorder. J Hum Genet. 2016;61:199–206.

14. Lin Y, Afshar S, Rajadhyaksha AM, Potash JB, Han S. A machine learning approach
to predicting autism risk genes: validation of known genes and discovery of new
candidates. Front Genet. 2020. https://doi.org/10.3389/fgene.2020.500064.

15. Ortega-Recalde O, Beltrán OI, Gálvez JM, Palma-Montero A, Restrepo CM, Mateus
HE, et al. Biallelic HERC1 mutations in a syndromic form of overgrowth and
intellectual disability. Clin Genet. 2015;88:e1–e3.

16. Nguyen LS, Schneider T, Rio M, Moutton S, Siquier-Pernet K, Verny F, et al. A
nonsense variant in HERC1 is associated with intellectual disability, mega-
lencephaly, thick corpus callosum and cerebellar atrophy. Eur J Hum Genet.
2016;24:455–8.

17. Aggarwal S, Bhowmik ADas, Ramprasad VL, Murugan S, Dalal A. A splice site
mutation in HERC1 leads to syndromic intellectual disability with macrocephaly
and facial dysmorphism: Further delineation of the phenotypic spectrum. Am J
Med Genet Part A. 2016;170:1868–73.

18. Utine GE, Taşkıran EZ, Koşukcu C, Karaosmanoğlu B, Güleray N, Doğan ÖA, et al.
HERC1 mutations in idiopathic intellectual disability. Eur J Med Genet.
2017;60:279–83.

19. Schwarz JM, Pedrazza L, Stenzel W, Rosa JL, Schuelke M, Straussberg R. A new
homozygous HERC1 gain-of-function variant in MDFPMR syndrome leads to
mTORC1 hyperactivation and reduced autophagy during cell catabolism. Mol
Genet Metab. 2020;131:126–34.

20. Maridas DE, Rendina-Ruedy E, Le PT, Rosen CJ. Isolation, culture, and differ-
entiation of bone marrow stromal cells and osteoclast progenitors from mice. J
Vis Exp. 2018. https://doi.org/10.3791/56750.

21. Caroti CM, Ahn H, Salazar HF, Joseph G, Sankar SB, Willett NJ et al. A novel
technique for accelerated culture of murine mesenchymal stem cells that allows
for sustained multipotency. Sci Rep. 2017. https://doi.org/10.1038/s41598-017-
13477-y.

22. Sánchez-de-Diego C, Artigas N, Pimenta-Lopes C, Valer JA, Torrejon B, Gama-
Pérez P, et al. Glucose restriction promotes osteocyte specification by activating a
PGC-1α-dependent transcriptional program. iScience. 2019;15:79–94.

23. Valer JA, Sánchez‐de‐Diego C, Gámez B, Mishina Y, Rosa JL, Ventura F. Inhibition
of phosphatidylinositol 3‐kinase α (PI 3Kα) prevents heterotopic ossification.
EMBO Mol Med. 2019. https://doi.org/10.15252/emmm.201910567.

24. Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, Hinkle G, et al. A lentiviral
RNAi library for human and mouse genes applied to an arrayed viral high-content
screen. Cell. 2006;124:1283–98.

25. Schneider T, Martinez-Martinez A, Cubillos-Rojas M, Bartrons R, Ventura F, Rosa JL.
The E3 ubiquitin ligase HERC1 controls the ERK signaling pathway targeting
C-RAF for degradation. Oncotarget. 2018;9:31531–48.

26. Cubillos-Rojas M, Amair-Pinedo F, Tato I, Bartrons R, Ventura F, Rosa JL. Simul-
taneous electrophoretic analysis of proteins of very high and low molecular mass
using Tris-acetate polyacrylamide gels. Electrophoresis. 2010;31:1318–21.

27. Rosa JL, Casaroli-Marano RP, Buckler AJ, Vilaro S, Barbacid M. p619, a giant protein
related to the chromosome condensation regulator RCC1, stimulates guanine
nucleotide exchange on ARF1 and Rab proteins. EMBO J. 1996;15:4262–73.

28. Bradley A, Anastassiadis K, Ayadi A, Battey JF, Bell C, Birling MC, et al. The
mammalian gene function resource: The International Knockout Mouse Con-
sortium. Mamm Genome. 2012;23:580–6.

29. White JK, Gerdin AK, Karp NA, Ryder E, Buljan M, Bussell JN, et al. XGenome-wide
generation and systematic phenotyping of knockout mice reveals new roles for
many genes. Cell. 2013;154:452.

30. Pettitt SJ, Liang Q, Rairdan XY, Moran JL, Prosser HM, Beier DR, et al. Agouti C57BL/
6N embryonic stem cells for mouse genetic resources. Nat Methods. 2009;6:493–5.

31. Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V, et al. A con-
ditional knockout resource for the genome-wide study of mouse gene function.
Nature. 2011;474:337–44.

32. Hanna H, Mir LM, Andre FM. In vitro osteoblastic differentiation of mesenchymal
stem cells generates cell layers with distinct properties. Stem Cell Res Ther. 2018.
https://doi.org/10.1186/s13287-018-0942-x.

33. Rolph D, Das H. Transcriptional regulation of osteoclastogenesis: the emerging
role of KLF2. Front Immunol. 2020. https://doi.org/10.3389/fimmu.2020.00937.

34. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-Hora M, Feng JQ, et al. Evi-
dence for osteocyte regulation of bone homeostasis through RANKL expression.
Nat Med. 2011;17:1231–4.

35. Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O’Brien CA. Matrix-
embedded cells control osteoclast formation. Nat Med. 2011;17:1235–41.

36. Khosla S, Monroe DG. Regulation of bone metabolism by sex steroids. Cold
Spring Harb Perspect Med. 2018;8:1–16.

37. Kovacs CS, Chaussain C, Osdoby P, Brandi ML, Clarke B, Thakker RV. The role of
biomineralization in disorders of skeletal development and tooth formation. Nat
Rev Endocrinol 2021;17:336–49.

38. Greenblatt MB, Shim JH, Zou W, Sitara D, Schweitzer M, Hu D, et al. The p38 MAPK
pathway is essential for skeletogenesis and bone homeostasis in mice. J Clin
Invest. 2010;120:2457–73.

39. Rodríguez-Carballo E, Gámez B, Ventura F. p38 MAPK signaling in osteoblast
differentiation. Front Cell Dev Biol. 2016. https://doi.org/10.3389/fcell.2016.00040.

40. Lee K, Seo I, Choi MH, Jeong D Roles of mitogen-activated protein kinases in
osteoclast biology. Int J Mol Sci. 2018. https://doi.org/10.3390/ijms19103004.

41. Jaiswal RK, Jaiswal N, Bruder SP, Mbalaviele G, Marshak DR, Pittenger MF. Adult
human mesenchymal stem cell differentiation to the osteogenic or adipogenic
lineage is regulated by mitogen-activated protein kinase. J Biol Chem.
2000;275:9645–52.

42. Xiao G, Gopalakrishnan R, Jiang D, Reith E, Benson MD, Franceschi RT. Bone
morphogenetic proteins, extracellular matrix, and mitogen-activated protein
kinase signaling pathways are required for osteoblast-specific gene expression
and differentiation in MC3T3-E1 cells. J Bone Min Res. 2002;17:101–10.

43. Xiao G, Jiang D, Gopalakrishnan R, Franceschi RT. Fibroblast growth factor 2
induction of the osteocalcin gene requires MAPK activity and phosphorylation of
the osteoblast transcription factor, Cbfa1/Runx2. J Biol Chem. 2002;277:36181–7.

44. Xiao G, Jiang D, Thomas P, Benson MD, Guan K, Karsenty G, et al. MAPK pathways
activate and phosphorylate the osteoblast-specific transcription factor, Cbfa1. J
Biol Chem. 2000;275:4453–9.

45. Matsushita T, Chan YY, Kawanami A, Balmes G, Landreth GE, Murakami S.
Extracellular signal-regulated kinase 1 (ERK1) and ERK2 play essential roles in
osteoblast differentiation and in supporting osteoclastogenesis. Mol Cell Biol.
2009;29:5843–57.

46. Greenblatt MB, Shim J-H, Bok S, Kim J-M. The extracellular signal-regulated kinase
mitogen-activated protein kinase pathway in osteoblasts. J Bone Metab.
2022;29:1–15.

47. Ge C, Xiao G, Jiang D, Yang Q, Hatch NE, Roca H, et al. Identification and func-
tional characterization of ERK/MAPK phosphorylation sites in the Runx2 tran-
scription factor. J Biol Chem. 2009;284:32533–43.

48. Suzuki A, Guicheux J, Palmer G, Miura Y, Oiso Y, Bonjour JPP, et al. Evidence for a
role of p38 MAP kinase in expression of alkaline phosphatase during osteoblastic
cell differentiation. Bone. 2002;30:91–98.

L. Pedrazza et al.

10

Cell Death and Disease           (2023) 14:17 

https://doi.org/10.1007/s00018-016-2139-8
https://doi.org/10.1016/j.semcdb.2021.11.017
https://doi.org/10.1016/j.semcdb.2021.11.017
https://doi.org/10.1016/j.gene.2021.146144
https://doi.org/10.1016/j.gene.2021.146144
https://doi.org/10.3389/fgene.2020.500064
https://doi.org/10.3791/56750
https://doi.org/10.1038/s41598-017-13477-y
https://doi.org/10.1038/s41598-017-13477-y
https://doi.org/10.15252/emmm.201910567
https://doi.org/10.1186/s13287-018-0942-x
https://doi.org/10.3389/fimmu.2020.00937
https://doi.org/10.3389/fcell.2016.00040
https://doi.org/10.3390/ijms19103004


49. Suzuki A, Palmer G, Bonjour JP, Caverzasio J. Regulation of alkaline phosphatase
activity by p38 MAP kinase in response to activation of Gi protein-coupled
receptors by epinephrine in osteoblast-like cells. Endocrinology. 1999;140:3177–82.

50. Thouverey C, Caverzasio J. Focus on the p38 MAPK signaling pathway in bone
development and maintenance. Bonekey Rep. 2015. https://doi.org/10.1038/
bonekey.2015.80.

51. Lavoie H, Therrien M. Regulation of RAF protein kinases in ERK signalling. Nat Rev
Mol Cell Biol. 2015;16:281–98.

52. Pedrazza L, Schneider T, Bartrons R, Ventura F, Rosa JL. The ubiquitin ligase
HERC1 regulates cell migration via RAF-dependent regulation of MKK3/
p38 signaling. Sci Rep. 2020. https://doi.org/10.1038/s41598-020-57756-7.

53. Glatt V, Canalis E, Stadmeyer L, Bouxsein ML. Age-related changes in trabecular
architecture differ in female and male C57BL/6J mice. J Bone Min Res.
2007;22:1197–207.

54. Huber DM, Bendixen AC, Pathrose P, Srivastava S, Dienger KM, Shevde NK, et al.
Androgens suppress osteoclast formation induced by RANKL and macrophage-
colony stimulating factor. Endocrinology. 2001;142:3800–8.

55. Manolagas SC, O’Brien CA, Almeida M. The role of estrogen and androgen
receptors in bone health and disease. Nat Rev Endocrinol. 2013;9:699–712.

56. Chen H, Senda T, Kubo KYA. The osteocyte plays multiple roles in bone remo-
deling and mineral homeostasis. Med Mol Morphol. 2015;48:61–68.

57. Arnold A, Dennison E, Kovacs CS, Mannstadt M, Rizzoli R, Brandi ML, et al. Hor-
monal regulation of biomineralization. Nat Rev Endocrinol 2021;17:261–75.

58. Imanishi Y, Inaba M, Nakatsuka K, Nagasue K, Okuno S, Yoshihara A et al. Kidney
International. Blackwell Publishing Inc.; 2004. p. 1943-6.

59. Mirza MAI, Larsson A, Lind L, Larsson TE. Circulating fibroblast growth factor-23 is
associated with vascular dysfunction in the community. Atherosclerosis.
2009;205:385–90.

60. Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T, et al. FGF23 induces left
ventricular hypertrophy. J Clin Invest. 2011;121:4393–408.

61. Ky B, Shults J, Keane MG, Sutton MSJ, Wolf M, Feldman HI, et al. FGF23 modifies
the relationship between vitamin D and cardiac remodeling. Circ Hear Fail.
2013;6:817–24.

62. Ming J, Cronin SJF, Penninger JM. Targeting the RANKL/RANK/OPG axis for cancer
therapy. Front Oncol 2020;10:1283.

ACKNOWLEDGEMENTS
We would like to thank Dr Benjamín Torrejón and Dr Esther Castaño from “Centres
Cientifics i Tecnològics de la Universitat de Barcelona” (CCiT-UB), and Ms. Esther
Adanero for technical assistance. We thank Binnaz Yalcin for her help in contacting
the Welcome Sanger Institute. We thank the Welcome Sanger Institute Mouse
Genetics Project (Sanger MGP) and its funders for providing the mutant mouse line
(C57BL/6N-Herc1em3(IMPC)Wtsi/Wtsi), and INFRAFRONTIER/EMMA (www.infrafrontier.eu).
Funding information may be found at www.sanger.ac.uk/mouseportal and associated
primary phenotypic information at www.mousephenotype.org CSD, CPL, JSG, and
AMM received FPU Fellowships (FPU15/03262, FPU17/04710, FPU17/02413 and
FPU18/06325, respectively) from the Spanish Ministry of Universities. This study was
funded by the following grants: JLR (Agencia Estatal de Investigación: PID2020-

120344RB-I00 / MCIN / AEI / 10.13039/501100011033); FV (PDC2021-121776-I00 and
PID2020-117278GB-I00 from MCIN/AEI/10.13039/501100011033 and FEDER “Una
manera de hacer Europa” “NextGenerationEU”/PRTR. And grant 202038-30 from “La
Marató de TV3”); MS and CTS (grant 098051 from Wellcome). As well, this article is
based upon work from COST Action ProteoCure CA20113, supported by COST
(European Cooperation in Science and Technology).

AUTHOR CONTRIBUTIONS
LP, AMM, CSD, JAV, CPL, JSG, FV, and JLR performed all the experiments and analyzed
the data. LP, AMM, and JLR wrote the manuscript. FV, MS, CTS, and JLR worked on the
original idea and helped edit the document and obtain funding and reagents. All
authors reviewed and approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05549-x.

Correspondence and requests for materials should be addressed to Jose Luis Rosa.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

L. Pedrazza et al.

11

Cell Death and Disease           (2023) 14:17 

https://doi.org/10.1038/bonekey.2015.80
https://doi.org/10.1038/bonekey.2015.80
https://doi.org/10.1038/s41598-020-57756-7
http://www.infrafrontier.eu
http://www.sanger.ac.uk/mouseportal
http://www.mousephenotype.org
https://doi.org/10.1038/s41419-023-05549-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HERC1 deficiency causes osteopenia through transcriptional program dysregulation during bone remodeling
	Introduction
	Materials and methods
	Cell cultures
	Osteoblast differentiation
	Alizarin Red staining and alkaline phosphatase activity
	Lentiviral particle production and target cell infection
	Immunoblotting
	Animal model
	Histological analysis
	Gene expression
	Hormonal analysis
	Micro-CT analysis
	Statistical analysis

	Results
	HERC1 regulates osteoblastic differentiation
	Female-associated osteopenia in young Herc1-KO mice
	HERC1 deficiency causes an imbalance in bone remodeling
	HERC1 deficiency causes osteopenia in adult mice
	HERC1 regulates gene expression in osteocytes

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




