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Abstract
The role of histone ubiquitination in directing cell lineage specification is only poorly understood. Our previous work indicated a
role of the histone 2B ubiquitin ligase RNF40 in controlling osteoblast differentiation in vitro. Here, we demonstrate that RNF40
has a stage-dependent function in controlling osteoblast differentiation in vivo. RNF40 expression is essential for early stages of
lineage specification, but is dispensable in mature osteoblasts. Paradoxically, while osteoblast-specific RNF40 deletion led to
impaired bone formation, it also resulted in increased bone mass due to impaired bone cell crosstalk. Loss of RNF40 resulted in
decreased osteoclast number and function through modulation of RANKL expression in OBs. Mechanistically, we demonstrate
that Tnfsf11 (encoding RANKL) is an important target gene of H2B monoubiquitination. These data reveal an important role of
RNF40-mediated H2B monoubiquitination in bone formation and remodeling and provide a basis for exploring this pathway for
the treatment of conditions such as osteoporosis or cancer-associated osteolysis.

Introduction

Bone is a highly dynamic tissue and undergoes continuous
remodeling to maintain normal skeletal function and

structure. In general, normal bone function and homeostasis
depend on communication of bone-forming osteoblasts
(OBs), matrix embedded osteocytes, and bone-resorbing
osteoclasts (OCs). In response to signaling hormones and
cytokines, OBs and osteocytes stimulate generation of OCs
from monocytes that proliferate and fuse to giant multi-
nuclear bone-resorbing cells leading ultimately to bone
resorption. On the other hand, activation of bone resorption
and the subsequent release of matrix products lead to the
recruitment and differentiation of OB progenitors. Impor-
tantly, the tight coupling of bone resorption to bone for-
mation in time and space is very critical for the maintenance
of skeletal structure [1].

The primary event in bone formation is differentiation of
mesenchymal progenitor cells into OBs [2]. The early
expression of runt-related transcription factor 2 (RUNX2)
with subsequent induction of Osterix directs mesenchymal
progenitor cell differentiation along the osteogenic path [3].

In our previous work, we demonstrated that the differ-
entiation of human mesenchymal stromal cells to the
osteoblastic lineage is dependent on the global levels of
histone 2B monoubiquitination at lysine 120 (H2Bub1) [4].
H2Bub1 is a conserved histone modification and is carried
out by an obligate heterodimeric complex of the E3 ubi-
quitin ligases RNF20 and RNF40 in mammals [5]. H2Bub1
has been primarily identified as an activating mark localized
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to the transcribed region (TR) of genes and associated with
transcriptional elongation [6, 7]. In fact, H2Bub1 has been
implicated in nucleosome reassembly [8] and its occupancy
is tightly coupled to the elongation rate of RNA polymerase
II (RNAPII) [9]. Moreover, the transcription modulatory
effect of H2Bub1 was demonstrated, in part, to be depen-
dent on histone crosstalk. Namely, H2Bub1 has been
reported to be required for histone 3 lysine 4 (H3K4) and
lysine 79 (H3K79) methylation, which are also associated
with gene activation [10–12]. Interestingly, recent data also
suggest a central role of H2Bub1 in controlling the reso-
lution of “bivalency” associated with H3K4 and lysine 27
trimethylation (H3K4me3/H3K27me3) by direct or indirect
mechanisms [13].

However, despite its general association with transcrip-
tion, loss of RNF20/40 elicits a selective effect on gene
expression [14, 15]. Surprisingly, genes harboring low
H2Bub1 and broader H3K4me3 levels appear to be more
sensitive to loss of RNF40 [15]. Moreover, a growing body
of evidence suggests a role of H2Bub1 in the regulation of
stimulus-induced gene expression programs such as those
regulated by cellular differentiation [4, 16–18], estrogen
[19, 20], epidermal growth factor [14], androgen [21], or
NFκB activation [22].

In the current study, we investigated the biological
relevance of RNF40-driven H2B monoubiquitination in the
OB lineage for bone integrity. By conditional deletion of
Rnf40 in the OB lineage in mice, we demonstrate now that
RNF40 is specifically required for earlier stages of OB
commitment, but not for later stages. Consistently, RNF40
is specifically required for differentiation-induced gene
expression and loss of H2Bub1 on these genes correlated
with decreased occupancy of RNAPII. Moreover, we dis-
covered a previously unknown function of RNF40 in reg-
ulating vitamin D-dependent gene expression. As a result,
RNF40-deficient cells lacked Tnfsf11 expression and failed
to activate OCs. This manifested in reduced bone resorption
in conditional OB-specific Rnf40 knockout mice and
increased bone mass. Taken together, these data define
critical roles of RNF40-mediated H2B monoubiquitination
in bone biology through its involvement in OB fate deter-
mination and vitamin D signaling.

Materials and methods

Animal studies

The animal studies were performed in accordance with the
Institutional Animal Care and Use Committee and the Insti-
tutional Guidelines for Humane Use of Animals in Research.
The Rnf40 floxed mice were generated as described [15].
The mouse lines Rosa-CreERT2, Bglap-Cre, Dmp1-Cre, and

Runx2-Cre were described by Ventura et al. [23], Lu et al.
[24], Zhang et al. [25], and Rauch et al. [26], respectively. All
the lines were generated in a C57BL/6N background.

For the skeletal preparations, mice were injected twice
with calcein (Sigma, Cat# C0875) solution 9 days and
2 days prior to sacrifice at 6 weeks of age after reaching the
size of an adult mouse. Both genders developed similar
phenotypes and subsequent analyses were then performed
on the bones of male mice. Mice were euthanized with
carbon dioxide. The skin and inner organs of the animals
were removed. One of the tibiae of the analyzed mice was
removed and snap-frozen for DNA and RNA isolations.
The rest of the skeleton with muscles were fixed for 3 days
in 4% PFA solution, after which the skeletons were washed
with tap water and transferred into 70% ethanol for long
term storage.

Cell culture, differentiation treatments, small
interfering RNA (siRNA) transfections, and stainings

Calvarial OBs were isolated from 1–3-day-old neonatal pups
as previously described [27] with subsequent sequential
digestion in α-MEM (Life Technologies) containing 2 mg/ml
dispase (Gibco) and 1mg/ml collagenase A (Sigma). The
cells were maintained in α-MEM supplemented with 10%
FBS and 1% P/S at 37 C in 5% CO2 incubators up to passage
6–7. For induction of Cre-recombinase mediated deletion of
the Rnf40 gene, the cells were treated for 7 days with 250 nM
of 4-hydroxy-tamoxifen (Sigma) or an equal volume of 100%
ethanol. Then, the cells were washed twice to remove the
TAM and were further maintained for 2 additional days in
medium lacking TAM. At this timepoint, cells of the undif-
ferentiated state (defined as day 0 in the study) were har-
vested. The rest of the cells were treated with 5mM β-
glycerophosphate, 0.2 mM ascorbate (for differentiation stu-
dies), or with 10 nM calcitriol (Biomol). The media were
replaced every second day.

OCs were isolated from 6–8-week-old mice by flushing
the marrow cells with αMEM containing 10% FBS. The cell
suspension was seeded in TC-treated culture dish to allow
adhering of monocytes/macrophages. The cells were
maintained in the presence of M-CSF (R&D systems) at
37 °C in 5% CO2 incubators.

For OB–OC coculture experiments, calvarial OBs from
mutant Rnf40Rosa-CreERT2 following 7 days of TAM treat-
ment (as previously described) were seeded at 4000 cells/
well into 96-well plates in α-MEM complete medium
containing 10 nM vitamin D (calcitriol). The next day,
200,000 OC progenitor cells from wild-type (WT) animals
were seeded into OB containing wells. On days 4 and 7 the
media was refreshed and vitamin D was added as indicated.
On day 10, cells were fixed and subjected to tartrate-
resistant acid phosphatase (TRAP) staining.
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MC3T3-E1 cells were maintained in complete α-MEM
with 10% FBS and 1X P/S medium at 37 °C in 5% CO2

incubators. For transient knockdown of genes, cells were
transfected with siRNA (Dharmacon, siGENOME non-
targeting siRNA (NT5) D-001210-05-50—UGGUUUA-
CAUGUCGACUAA; mouse RNF40 siRNA smartpool D-
059014-01, D-059014-02, D-059014-03, D-059014-04—
AACGAGACCGAAGAGAAA, ACUCUGAGCUCCAAG
AUAA, GAUCAAGGCCAACCAGAUU, GGAGGUCGU
UCGUGAGACA) using the Lipofectamine® RNAiMAX
reagent according to the manufacturer’s protocol. For the
experiment with knockdown of RNF40 following differ-
entiation, 250,000 cells (for six-well format) were trans-
fected with RNF40 siRNA smartpool for 24 h. At this point,
the undifferentiated samples were harvested, while differ-
entiation was induced with 5 mM β-glycerophosphate and
0.2 mM ascorbate for the rest. After 48 h, the differentiated
cells were harvested.

For the experiment with induction of differentiation with
subsequent knockdown of RNF40, the MC3T3-E1 cells
were seeded into six-well plates, and 24 h later, the
undifferentiated controls were harvested, and in the rest of
the wells, differentiation was induced. Knockdown was
performed 72 h post differentiation. Cells were trypsinized
and transferred into the wells with transfection mix con-
taining the corresponding siRNAs. Cells were then har-
vested 72 h post transfection (6 days after induction of
differentiation).

Alkaline phosphatase (ALP) staining of OBs and TRAP
staining of OCs was performed using the alkaline phos-
phatase leukocyte kit (Sigma) and acid phosphatase leuko-
cyte kit (Sigma), respectively, following the manufacturer’s
instructions. For ALP staining visualization, the whole
plates were scanned. For TRAP-staining visualization, the
stained plates were analyzed and counted under 40X mag-
nification using a Leica DMI6000B microscope.

For alizarin red staining the cells were fixed for 15 min
with 4.2% formaldehyde in PBS. Following fixation, the
cells were washed twice with DI water and stained with
alizarin red staining solution for 15 min. For visualization,
the plates were scanned.

Western blot, RNA isolation, qRT-PCR, and
genotyping

Protein and RNA isolations, reverse transcription, western
blot, and ChIP experiments were performed as previously
described [28]. Genotyping was done using the Mouse
Direct PCR Kit (Absource Diagnostics) following the
manufacturer’s instructions.

The list of antibodies and oligonucleotides used in the
study are provided in Supplementary Tables 3 and 4,
respectively.

mRNA- and ChIP-sequencing library preparation

After confirming RNA integrity via agarose gel electrophor-
esis, 500 ng–1 µg of total RNA was used for library pre-
paration using the NEXTflex Rapid Directional RNA-Seq
Kit (for RNA-Seq from differentiated calvarial OBs) and
TruSeq RNA Sample Prep Kit-v2 (for RNA-Seq from vitD-
treated calvarial OBs) according to the manufacturer’s
instructions.

ChIP-seq libraries were generated using the MicroPlex
Library Preparation Kit (Diagenode) following the manu-
facturer’s instructions.

Pooled libraries were used for cluster generation on cBot
followed by 51 bp single-end sequencing on HiSeq 4000
from Illumina performed at the NGS Integrative Genomics
(NIG) Core Unit of the University Medical Center (UMG)
in Göttingen, Germany.

All the RNA and ChIP-seq libraries were prepared in
duplicate (n= 2) or triplicate (n= 3).

µCT analysis of bones

Bones (femora and vertebrae) were scanned using a Sky-
scan 1176 in vivo microcomputer tomography or µCT
(Bruker, Kontich, Belgium as previously described [29].
The size parameters of the bones were identified as follows:
for torso—the length from the atlas to the sacrum; for femur
—the length from the fovea capitis to the patella; and for
vertebra—the length of L5 vertebral body.

Bone histomorphometry

The dual calcein-labeled bones embedded into plastic were
utilized for measurement of bone formation rate (BFR) and
mineral apposition rate (MAR) based on the width of the
two green lines, which is indicative of bone growth between
two injection time points (7 days). The analysis and eva-
luation were performed by Osteomeasure Software
(OsteoMetrics, Decatur, USA).

For OB and osteocyte number estimation, toluidine blue
staining was performed on DE Plastic and rehydrated slides
with subsequent incubation in 0.1% toluidine blue solution
made in 0.1M sodium acetate buffer for the duration of
3–10 min. The number of OBs (N.Obs) and osteocytes were
evaluated on Osteomeasure Software (OsteoMetrics, Dec-
atur, USA).

For OC number estimation, the paraffin-embedded bones
were subjected to deparaffinization and rehydration. The
rehydrated bones were incubated for 10 min in TRAP buffer
consisting of 0.328% (w/v) sodium acetate and 0.23% (w/v)
di-sodium tartrate with pH 5 adjusted with HCl. Subse-
quently, the slides were incubated for 2–4 h at 37 °C in
TRAP-staining solution consisting of 10% (w/v) naphthol-
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AS-bi-phosphate (Sigma) and 1% (v/v) dimethylformamide
mixed with subsequent addition of TRAP buffer, 60% (w/v)
Fast Red Violet LB Salt (Sigma), and 0.5% (v/v) Triton X
100. The number of OCs identified by red-pink color with
blue-violet nucleus and OC surface was identified using the
Osteomeasure Software (OsteoMetrics, Decatur, USA).

Statistical analyses

The relative gene expression was quantified based on a
standard curve made from serial (1:4) dilutions of control
samples. All qRT-PCR samples were normalized to an
internal reference gene and displayed relative to the control
sample. Statistical comparisons were performed using one-
way ANOVA followed by Bonferroni’s multiple compar-
ison test in GraphPad Prism (GraphPad Software, La Jolla
California USA, v 5.04). Individual p values are indicated
in the figure legends. Data are represented by the mean and
standard deviation.

For animal studies, generally six animals were selected
for each genotype analyzed. T-test was performed for sta-
tistical analysis to compare the effects of Rnf40 deletion
with WT condition.

Sequencing data analyses

For ChIP-seq data analyses, the fastq files were mapped to
the mouse reference genome assembly mm9 using Bowtie2
v 2.3.4.1 [30] with very sensitive end-to-end mode. The
obtained BAM files were filtered with MAPQ ≥ 2 and PCR
duplications were removed using SAMTOOLS 1.9 [31].
Then the filtered BAM files from each replicate were
merged within one condition using SAMTOOLS and the
merged BAM files were normalized to 1× depth of coverage
(reads per genomic content, RPGC) using Deeptools 3.0.1
[32] bamCoverage. The obtained bigwig files were visua-
lized on IGV [33] and used to make average profile plots
using Deeptools computeMatrix and plotProfile functions.

For RNA-seq analyses, fastq files were mapped to the
mouse reference genome assembly mm9 using TopHat2
2.1.0 [34] with very sensitive Bowtie2 settings. The dif-
ferentially expressed genes were obtained for each set of
comparisons using Cuffdiff 2.2.1 [35, 36] with default
settings. The threshold values to determine the
differentiation-induced genes (DIF_VEH versus
UND_VEH conditions) were as follows: FPKM DIF_-
VEH ≥ 5; log2 (fold_change) ≥ 0.7, and q_value ≤ 0.05).
Altogether 576 genes were found to be significantly upre-
gulated upon differentiation. These genes then were sorted
based on dependency on RNF40, i.e., genes that showed
tendency to be downregulated upon RNF40 KO (DIF_TAM
versus DIF_VEH) with thresholds log2 (fold_change) ≤
−0.5, and q_value ≤ 0.05 (n= 440 genes). The remaining

number of the genes (136) was assigned to the “rest” group.
These two groups of genes were used to produce the
average profiles for H3K4me3, H2Bub1, and RNAPII
occupancy.

All RNF40-regulated genes in differentiated OBs (i.e.,
genes up- and downregulated with Rnf40 deletion; DIF_-
TAM versus DIF_VEH) were identified based on the fol-
lowing thresholds: FPKM DIF_VEH ≥ 5; abs|log2
(fold_change)| ≥ 1, and q_value ≤ 0.05. These genes were
used to make the heatmap using the heatmap.2 from gplots
package on R 3.6.0 (http://www.R-project.org/). These
genes were also subjected to gene ontology analyses (GO
BP) using the Gene Ontology Resource software (release
201907-01) [37]. Top GO terms with lowest FDR (<0.05)
were selected for visualization.

The vitamin D-induced genes (i.e., genes upregulated
upon vitD treatment; VitD_vs_DMSO) were identified
based on the following thresholds: FPKMVitD ≥ 5; log2
(fold_change) ≥ 0.8, and q_value ≤ 0.05. These genes were
then sorted based on RNF40 dependency, which is dis-
played as a volcano plot produced with the EnhancedVol-
cano package [38] on R. Here, all the significantly up- and
downregulated genes with abs|log2 (fold_change)| ≥ 1 and
q_value ≤ 0.05 are shown in red; all the significantly up- and
downregulated genes with abs|log2 (fold_change)| ≤ 1 and
q_value ≤ 0.05 in blue and the rest of the genes are shown in
black color. Similarly, the subset of VitD-induced genes
downregulated upon RNF40 KO (VitD+TAM versus VitD)
with FPKM VitD ≥ 5; log2 (fold_change) ≤−1, q_value ≤
0.05 were fed into GO analyses software and the top GO
terms with FDR < 0.05 are shown.

Results

RNF40 is required for differentiation of calvarial pre-
OBs

Given its positive role in regulating osteoblastic differ-
entiation of human multipotent stem cells [4], we sought to
delineate the H2Bub1-driven epigenetic mechanisms gov-
erning OB fate determination and maintenance. We used
calvarial cells isolated from inducible Rnf40RosaCreERT2

mutant neonatal mice, which represent the preosteoblastic
stage of OB differentiation. Consistent with our previous
findings in human mesenchymal stromal cells, genetic loss
of Rnf40 expression and the subsequent loss of H2Bub1
(Supplementary Fig. 1a, b) dramatically decreased the
differentiation-induced expression of OB-marker genes
(Alpl, Bglap) including the master regulators Runx2 and Sp7
(Fig. 1a). These effects were not due to 4-hydroxytamoxifen
(Tam) treatment, since Tam treatment of Rnf40RosaCreERT2

WT cells did not appreciably affect marker gene expression
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(Supplementary Fig. 1c). Consistently, RNF40-deficient
OBs displayed less ALP activity and failed to form
mineralized matrix (Fig. 1b). Notably, based on
transcriptome-wide analysis of RNF40-deficient calvarial
OBs, RNF40 mainly exerted a differentiation-specific effect

reverting the expression of differentiation-induced genes
(Fig. 1c). In fact, genes downregulated upon RNF40 loss
(Supplementary Table 1) were mainly enriched in pathways
associated with bone development and growth (Table 1). In
contrast, genes that were upregulated in differentiating

Fig. 1 RNF40 is required for the differentiation of calvarial
osteoblasts. a Gene expression analysis from primary calvarial
osteoblasts from Rnf40Rosa-CreERT2 mouse, which were treated for
7 days with 250 nM 4-hydroxy-tamoxifen (TAM) or equivalent
volume of 100% ethanol (VEH) and subjected to differentiation for
another 7 days. Mean ± SD, n= 4, unless otherwise indicated in the
figure. One-way ANOVA followed by Bonferroni’s test was used for
statistical analysis where ***p < 0.001, **p < 0.01, *p < 0.05. b
Alkaline phosphatase (ALP) and alizarin red staining of primary
osteoblasts from Rnf40Rosa-CreERT2 mice following differentiation
for 7, 17, or 21 days. c The mRNA-Seq heatmap shows log2 fold
change values of genes in Rnf40-deleted (TAM) versus control (VEH)
treated cells in the differentiated state (top), control treated cells in
differentiated versus undifferentiated state (middle); or Rnf40-deleted
cells versus control in the undifferentiated state (bottom). Genes up-
and downregulated (abs. log2 fold change value ≥ 1, q value ≤ 0.05) in
Rnf40-deleted versus the control condition in differentiated state were

selected for the heatmap. d Differentiation-induced genes (log2 fold
change value ≥ 0.8, q value ≤ 0.05) were classified based on RNF40
regulation (log2 fold change ≤−0.5, q value ≤ 0.05) as “RNF40
dependent” in contrast to the “rest” of differentiation-induced genes. e
The boxplots depict the expression values of the genes from both
groups, as defined in d both in undifferentiated (black) and differ-
entiated state (orange). f Average occupancy depicted as RPGC (reads
per genomic content) of H3K4me3 ChIP-seq signal in MC3T3-E1
cells in undifferentiated (black) and differentiated state (orange) (top);
RNAPII (middle); and H2Bub1 (below) from Rnf40Rosa-CreERT
calvarial osteoblasts in differentiated control (orange) and Rnf40
knockout (petrol green) conditions across the differentiation-induced
“RNF40 dependent” and “rest” groups of genes. g Average occupancy
of H3K4me3 in MC3T3-E1 cells in undifferentiated and differentiated
state (top); RNAPII (middle); and H2Bub1 (below) from calvarial
osteoblasts in differentiated control and Rnf40 knockout conditions
across Runx2 (upper panel) and Sp7 (lower panel).
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RNF40-deficient OBs were enriched in diverse pathways
(Supplementary Table 2) including the “negative regulation
of ERK1 and ERK2 cascade and MAP kinase activity,”
which has been implicated in having positive roles
for osteoblastogenesis [39, 40]. Consistent with our pre-
vious findings [15], RNF40-dependent genes (i.e., all the
genes downregulated in RNF40-deficient OBs) generally
displayed lower H2Bub1 occupancy compared to the rest,
i.e., RNF40-independent genes (Supplementary Fig. 1d)
both in the differentiated as well as in the undifferentiated
state. As expected, the majority of differentiation-induced
genes (genes upregulated upon differentiation with a
log2 fold change ≥ 0.7 and q value ≤ 0.05, see Supplemen-
tary Table 1) was RNF40 dependent (≈76%, Fig. 1d).
Interestingly, within this group of genes RNF40-
dependent genes displayed higher expression levels upon
differentiation (Fig. 1e), correlating with higher H2Bub1,
H3K4me3, and RNAPII levels (Supplementary Fig. 1e,
Fig. 1f, compare orange lines in right and left panels). This
supports a central role of RNF40-mediated H2B mono-
ubiquitination in the regulation of these genes. Consistently,
downregulation of these genes in response to Rnf40
deletion resulted in a substantial decrease in H2Bub1 and
a slight decrease in RNAPII occupancy across the
gene body (Fig. 1f, compare green and orange lines in left
panels). In contrast, the remaining genes (“rest” group,
right panels) displayed increases in RNAPII occupancy,
suggesting that different mechanisms are involved in
the regulation of RNF40-independet genes. Consistently,
both master regulators Runx2 and Sp7 are important
RNF40-regulated genes that display decreased RNAPII
occupancy upon H2Bub1 loss following Rnf40
deletion (Fig. 1g). Taken together, these observations
suggest that differentiation-induced gene expression chan-
ges are under the control of RNF40-dependent H2B
monoubiquitination.

Conditional Rnf40Runx2Cre knockout mice display
decreased bone formation, but a high bone mass
phenotype

To determine the function of RNF40 in normal bone for-
mation and development, we used an in vivo conditional
knockout approach. We crossed Runx2-Cre-expressing
mice [26] with a mouse line carrying a floxed Rnf40 allele
[15] leading to the efficient excision of the Rnf40 allele
during early OB differentiation (Supplementary Fig. 2a).
RUNX2 is a transcription factor (TF) and a master regulator
of OB-lineage commitment [41, 42]. Conditional
Rnf40Runx2Cre mice displayed significantly lower bone for-
mation (BFR) and matrix apposition rates (MAR) (Fig. 2a,
b). Although the number of osteoblasts (N.Obs) was not
significantly affected in these mice, RNF40-deficient OBs
were impaired in their ability to form osteocytes, consistent
with these cells having defects in their differentiation
potential (Fig. 2c, d). Despite the lower bone formation
capacity, the conditional Rnf40Runx2Cre mice displayed a
dramatic osteopetrosis-like increase in bone mineral density
as revealed by microCT analysis (Fig. 2e, f, Supplementary
Fig. 2b–d), indicating a strong defect in bone turnover,
which also resulted in decreased bone growth (Supple-
mentary Fig. 2e).

Taken together, deletion of Rnf40 at early stages of OB
commitment in mice led to a reduction of bone formation,
but resulted in a high bone mass phenotype.

RNF40 exerts a stage-dependent function in OBs

To test whether Rnf40 deletion in later stages of OB dif-
ferentiation similarly affects bone formation, we crossed
Rnf40 floxed mice with a mouse line expressing Cre under
the control of the osteocalcin (Bglap-Cre) promoter [25].
Recombination of the floxed Rnf40 allele also efficiently

Table 1 Gene ontology analysis
(GO) for biological process (BP)
was performed on genes
downregulated in differentiated
osteoblasts upon Rnf40
knockout.

GO term REFLIST RNF40_DN
n= 1248

FDR

Endochondral bone morphogenesis (GO:0060350) 73 23 3.58E−07

Cartilage development involved in endochondral bone
morphogenesis (GO:0060351)

49 18 2.84E−06

Endochondral bone growth (GO:0003416) 40 16 6.71E−06

Bone growth (GO:0098868) 43 16 1.27E−05

Growth plate cartilage development (GO:0003417) 33 14 2.25E−05

Chondrocyte development (GO:0002063) 41 15 3.34E−05

Chondrocyte differentiation involved in endochondral bone
morphogenesis (GO:0003413)

29 13 3.46E−05

Collagen fibril organization (GO:0030199) 49 16 0.000045

Growth plate cartilage chondrocyte differentiation
(GO:0003418)

22 11 0.00012

Glutathione metabolic process (GO:0006749) 49 15 0.000179

RNF40 exerts stage-dependent functions in differentiating osteoblasts and is essential for bone cell. . . 705



occurred in bones of the Rnf40BglapCre mice (Supplementary
Fig. 3a). Interestingly, unlike Rnf40Runx2Cre mice,
Rnf40BglapCre mice developed normally without any visual
differences in skeletal size (Supplementary Fig. 3b) despite
efficient deletion of the floxed Rnf40 allele in the bones
(Supplementary Fig. 3a). Interestingly, in contrast to our
observations in Rnf40Runx2Cre mice, analysis of calcein-
labeled bone sections revealed no bone formation defects in
Rnf40BglapCre mice (Fig. 3a, b). Consistently, neither OB nor
osteocyte numbers were affected in Rnf40BglapCre mice
(Fig. 3c, d). However, the microCT analysis of bones from

these mice did reveal an increase in both cortical and tra-
becular bone mass (Fig. 3e, f, Supplementary Fig. 3d–f).
Interestingly, deletion of Rnf40 mainly in late-stage OBs
and osteocytes using the Dmp1-Cre mouse line [24] did not
result in any changes in gross phenotype or bone mass
(Supplementary Fig. 3g, h). These observations suggested
that RNF40 may have stage-dependent functions during OB
differentiation. Given the fact that Runx2 expression is a
defining feature of early stage OBs (pre-OBs), while Bglap
is expressed in OBs and Dmp1 in late-stage OBs and
osteocytes, RNF40 appears to be essential for the

Fig. 2 Conditional Rnf40Runx2Cre knockout mice display chan-
ges in bone formation and bone mass. a Representative fluorescent
micrographs of femur cortical bone of 6-week-old male mice from wild-
type (wt/wt), heterozygous (wt/fl), and knockout (fl/fl) Rnf40Runx2-Cre

mice showing double calcein labeling. b Bone formation rate per bone
surface area (BFR/BS) and mineral apposition rate (MAR) were
quantified in conditional 6-week-old Rnf40Runx2-Cre male mice used in
the study. Student’s t test was used for statistics where ***p < 0.001,
**p < 0.01, *p < 0.05. c Plastic-embedded femoral sections from wild-
type (wt/wt), heterozygous (wt/fl), and knockout (fl/fl) Rnf40Runx2-Cre 6-
week-old male mice were subjected to toluidine blue stainings on tra-
becular bone. Red arrows: osteoblasts. Yellow arrows: osteocytes. Bar:

20 µm. d The number of osteoblasts per bone perimeter (N.Ob/B.Pm)
and number of osteocytes per bone area (N.Ot/B.Ar) were evaluated via
“osteomeasure.” Student’s t test was used for statistics where ***p <
0.001, **p < 0.01, *p < 0.05 e Representative µCT reconstruction pic-
tures of the femur of conditional Rnf40Runx2-Cre male mice at 6 weeks of
age. The bones were analyzed using a SkyScan 1176 microCT. f Bone
histomorphometric parameters in conditional Rnf40Runx2-Cre mice
showing trabecular bone volume/tissue volume (BV/TV), trabecular
thickness (Tb.Th.), trabecular separation (Tb. Sp.), and trabecular
number (Tb.N.) of femora of male mice used in the study were deter-
mined according to guidelines by the ASBMR Histomorphometry
Nomenclature Committee.
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Fig. 3 RNF40 is dispensable in late-stage OBs. a Representative
fluorescent micrographs of femur cortical bone of 6-week-old from wild-
type (wt/wt), heterozygous (wt/fl), and knockout (fl/fl) Rnf40Bglap-Cre

male mice showing double calcein labeling. b Bone formation rate per
bone surface area (BFR/BS) and mineral apposition rate (MAR) were
quantified in conditional Rnf40Bglap-Cre male mice used in the study.
c The plastic-embedded femoral sections from wild-type (wt/wt), het-
erozygous (wt/fl), and knockout (fl/fl) Rnf40Bglap-Cre 6-week-old male
mice were subjected to toluidine blue stainings on trabecular bone. Red
arrows: osteoblasts. Yellow arrows: osteocytes. Bar: 20 µm. d The
number of osteoblasts per bone perimeter (N.Ob/B.Pm) and number of
osteocytes per bone area (N.Ot/B.Ar) were evaluated via “osteomea-
sure.” Student’s t test was used for statistics where ***p < 0.001, **p <
0.01, *p < 0.05. e Representative µCT reconstruction pictures of the
femur of conditional Rnf40Bglap-Cre male mice at 6 weeks of age. The

bones were analyzed using a SkyScan 1176 microCT. f Bone histo-
morphometric parameters in conditional Rnf40Bglap-Cre mice showing
trabecular bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th.), trabecular separation (Tb. Sp.), and trabecular number (Tb.N.)
of femora of male mice used in the study were determined according to
guidelines of the ASBMR Histomorphometry Nomenclature Committee.
g, h The relative expression of osteoblast marker genes from MC3T3-E1
osteoblasts was evaluated via qRT-PCR analysis and normalized to the
expression levels of the Gapdh housekeeping gene in the control
undifferentiated state. In g, cells were transfected with siRNAs and after
24 h differentiation was induced. In h, Rnf40 was depleted 4 days after
differentiation was initiated and the cells were cultured another 3 days in
differentiation media. Mean ± SD, n= 3, unless otherwise indicated in
the figure. One-way ANOVA followed by Bonferroni’s test was per-
formed for statistical analysis where ***p < 0.001, **p < 0.01, *p < 0.05.
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maturation of Runx2-expressing OBs and play a negligible
role in late-stage OBs and osteocytes. To test this hypoth-
esis, we performed an siRNA-mediated knockdown of
RNF40 in MC3T3-E1 cells either prior to the induction of
differentiation or several days post differentiation (Fig. 3g,
h). Consistent with our in vivo findings, the loss of RNF40
expression (Supplementary Fig. 3i) blocked the induction of
marker genes such as Alpl and Bglap when RNF40 was
depleted prior to differentiation, but were relatively unaf-
fected by RNF40 depletion in cells that had already been
differentiated for 4 days (Fig. 3g, h). Thus, RNF40 appears
to be essential for the establishment, but not the main-
tenance of the OB gene expression program. Interestingly,
these effects were specific to RNF40, since RNF20 not only
blocked differentiation-induced gene expression changes,
but also downregulated gene expression at later stages of
OB differentiation (Supplementary Fig. 3j, k). Given the
equal contribution of RNF20 and RNF40 to H2B mono-
ubiquitination, these findings suggest that RNF20 may have
additional H2Bub1-independent functions following lineage
specification.

RNF40 controls bone mass via crosstalk between
OBs and OCs

Since an increase in bone mass in Rnf40Runx2Cre and
Rnf40BglapCre mice could not be explained by the observed
reduction in OB function, we next examined bone resorp-
tion parameters in these mice. Interestingly, the number of
OCs (N.Oc) as well as the OC surface were decreased in
Rnf40Runx2Cre and Rnf40BglapCre mice (Fig. 4a–d, Supple-
mentary Fig. 4a, b). Notably, a similar phenotype with
increased bone mass and decreased bone resorption was
previously reported in OB-specific Vdr knockout mice and
has been attributed to reduced Tnfsf11 expression [43].
RANKL (encoded by Tnfsf11) is an important determinant
of OC activation and differentiation [44]. We therefore
assessed Tnfsf11 expression directly in the RNA extracts
derived from the tibae of 6-week-old Rnf40Runx2Cre mice.
Indeed, Tnfsf11 was found to be downregulated in the bones
of conditional Rnf40 knockout mice (Fig. 4e). The active
form of vitamin D (vitD), 1,25-dihydroxyvitamin D3 [1,25
(OH)2D] is an important inducer of RANKL expression and
controls crosstalk between OB and OC [45]. We therefore
tested whether vitD-induced OB and OC communication
may be affected upon the RNF40 loss. Indeed, vitamin D-
stimulated RNF40-deficient OBs displayed a strong
attenuation of OC formation in coculture experiments
(Fig. 4f, g). Vitamin D acts as a ligand for vitamin D
receptor (VDR), a nuclear hormone receptor that forms
heterodimers with retinoic X receptor to activate gene
expression upon ligand binding. This complex binds to
Vitamin D response elements in the genome to regulate

target gene expression [46]. To understand the role of
RNF40 in VDR signaling we performed transcriptome-wide
analysis in calvarial Rnf40RosaCreERT2 OBs with subsequent
induction of Rnf40 deletion by treatment with 4-
hydroxytamoxifen (Tam) followed by vitD treatment.

Interestingly, most vitD-induced genes (Supplementary
Table 1), including Tnfsf11, were downregulated following
Rnf40 deletion (Supplementary Fig. 4c, d, Fig. 4h). These
genes were mainly enriched in pathways associated with
extracellular matrix (Table 2). This effect was not caused by
Tam treatment itself, since no changes in Tnfsf11 expression
were observed in WT Rnf40RosaCreERT2 cells (Supplementary
Fig. 4e). Taken together, these data support the notion that
RNF40 regulates transcription induced by stimuli such as
vitD treatment. This leads to the disruption of RANKL-
RANK signaling between the OBs and OCs and thereby to
deregulated bone remodeling.

RNF40-dependent genes employ enhancer-
independent mechanisms of regulation

The Tnfsf11 gene encoding RANKL is a direct VDR target
gene and already 24 h after vitD stimulation VDR binding
can be observed at several promoter-proximal and distal
regulatory sites (Fig. 5a) [47] that may act as enhancers in
promoting Tnfsf11 expression. Active enhancers bound by
activating TFs such as VDR can be distinguished by histone
H3 lysine 27 acetylation (H3K27ac) [48]. Indeed, vitamin D
stimulation leads to a VDR-dependent increase in H3K27ac
occupancy both at the TSS as well as at putative enhancers
on the Tnfsf11 gene (Supplementary Fig. 5a) in primary
calvarial OBs. Since the observed changes in Tnfsf11
expression mediated by RNF40 loss could be potentially
attributed to changes in VDR-dependent enhancer activa-
tion, we similarly evaluated H3K27ac occupancy at the
indicated sites on the Tnfsf11 gene upon deletion of Rnf40
in calvarial Rnf40RosaCreERT2 OBs. Interestingly, while
changes in H3K27ac occupancy near the TSS correlated
with changes in gene expression, H3K27ac occupancy was
not decreased at putative VDR-driven distal enhancer
regions (Fig. 5b), suggesting that RNF40 loss induced
changes in Tnfsf11 expression are most likely not the result
of deregulated enhancer activity. Consistent with a role in
Tnfsf11 gene expression, H2Bub1 occupancy on the TR of
the Tnfsf11 gene was increased following vitD treatment
and decreased as a result of Rnf40 deletion (Fig. 5c). Nei-
ther vitamin D stimulation nor loss of VDR affected total
H2Bub1 protein levels (Supplementary Fig. 5b).

Given the crosstalk between H2Bub1 and other histone
modifications [10–12] including H3K4me3, we also
examined the global H3K4me3 and H3K27ac protein levels
in calvarial Rnf40RosaCreERT2 OBs. While no effect was
observed on total H3K27ac, H3K4me3 levels dropped
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slightly following Rnf40 deletion (Fig. 5d). Notably, vitD
treatment did not appreciably affect H2Bub1 occupancy
genome-wide (Fig. 5e), but did specifically stimulate an
increase of H2Bub1 occupancy on the subset of vitD-

induced genes (Fig. 5f). This was also correlated with an
increase and broadening of H3K4me3 around the TSS of
these genes (Fig. 5g, h). Consistently, H3K4me3 levels
dropped on these genes in response to RNF40 loss (Fig. 5g,

Fig. 4 RNF40 is a negative regulator of bone mass. The plastic-
embedded femoral sections from a Rnf40Runx2-Cre and c Rnf40Bglap-Cre

were subjected to TRAP staining. Bar: 50 µm. b–d The number of
osteoclasts was defined using “osteomeasure” software and depicted as
number of osteoclasts per bone perimeter (N.Oc/B.PM) for each
respective genotype. e The relative expression of Rankl (Tnfsf11) was
evaluated in the tibae of Rnf40Runx2-Cre wild-type (wt/wt), heterozygous
(wt/fl), and knockout (fl/fl) mice via qRT-PCR analysis and normal-
ized to the expression level of the Gapdh housekeeping gene. Mean ±
SD, n= 3. One-way ANOVA followed by Bonferroni’s test was
performed for statistical analysis where ***p < 0.001, **p < 0.01, *p <
0.05. f, g Primary calvarial osteoblasts from Rnf40 mouse with an
initial 7 day TAM or VEH treatment were cocultured with primary
bone marrow-derived macrophages from wild-type mice for 9 days
with the addition of 10 nM vitamin D treatment. TRAP staining was

used to visualize the osteoclasts (f). Quantification of TRAP-positive
multinucleated osteoclasts from the coculture experiment defined in g.
h Primary calvarial osteoblasts from Rnf40Rosa-CreERT2 subjected to
7 days of 4-hydroxytamoxifen (TAM) or vehicle (VEH) treatment
were subsequently treated with vitamin D (+vitD) or an equivalent
volume of DMSO (−vitD) for an additional 7 days. RNA was har-
vested and subjected to sequencing. The volcano plot shows vitamin
D-induced genes (n= 278, q value ≤ 0.05, log2 fold change (L2FC) ≥
0.8) and their regulation by Rnf40 knockout. Red color indicates
significantly up- or downregulated genes in the Rnf40 knockout with
abs|L2FC| ≥ 1 and q value ≤ 0.05; the blue dots—significantly (q
value ≤ 0.05) regulated genes with less than abs|L2FC| < 1; the green
dots—insignificantly regulated genes with abs|L2FC| ≥ 1 and q value >
0.05; and the black dots—unregulated genes with q value > 0.05 and
abs|L2FC| < 1.
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h). Taken together, these data suggest that the RNF40-
dependent H2Bub1-H3K4me3 trans-histone pathway is
crucial for stimulus-driven transcriptional regulation and
contributes to bone remodeling by promoting Tnfsf11
expression.

Discussion

We previously identified a central role of RNF40 in OB
differentiation of human mesenchymal stromal cells. By
utilizing three independent OB-specific Cre-expressing
mouse lines (Runx2-Cre, Bglap-Cre, and Dmp1-Cre), we
now demonstrate a previously unknown stage-specific role
of RNF40 in bone formation and remodeling.

Although the N.Obs was not altered in Rnf40Runx2Cre

mice, Rnf40-deficient OBs displayed reduced mineral
matrix production and reduced differentiation into osteo-
cytes. Based on in vitro observations from Rnf40-deficient
calvarial OBs, these cells demonstrate reduced ALP and
osteocalcin expression, two factors characteristic for mature
OBs and important for matrix maturation and mineraliza-
tion. This suggests that Rnf40-deficient osteoprogenitor
cells lack the ability to transition to the next stages of dif-
ferentiation. However, the absence of changes in OB and
osteocyte numbers and bone formation defects in
Rnf40BglapCre and Rnf40Dmp1Cre mice demonstrate the dis-
pensability of RNF40-driven H2B monoubiquitination for
the maintenance and differentiation of mature OBs. Inter-
estingly, this might be different for RNF20, since its
depletion in vitro also affected later stages of OB differ-
entiation. Thus, RNF20 may have H2Bub1- and RNF40-
independent roles in maintaining OB-specific gene expres-
sion. However, additional genetic studies will be necessary
to address this possibility.

Recent data indicate both tumor-suppressor as well as
tumor-promoting functions of H2Bub1 [14, 20, 22, 49–51].
However, in this study, the N.Obs was not altered in con-
ditional Rnf40 KO mice excluding the possible regulation of
differentiation by RNF40-mediated H2B monoubiquitina-
tion through changes in proliferation and cell cycle. Con-
sistent with this finding, we also recently reported a critical
role for RNF40 in controlling Schwann cell differentiation

by interaction with the lineage-defining TF EGR2 [18].
Together, these observations confirm that H2Bub1-
mediated transcriptional regulation is context dependent.

In addition to its role in differentiation, we also identified
a previously unreported role of RNF40 in regulating Tnfsf11
expression by the VDR. As a result, both the Rnf40Runx2Cre

and Rnf40BglapCre mice demonstrated reduced bone resorp-
tion parameters. Notably, the regulation of Tnfsf11 by
RNF40-mediated H2B monoubiquitination appears to be
restricted to OBs and not the osteocytes, since Rnf40Dmp1Cre

mice did not display any defects in bone mass. Consistently,
it was previously shown that osteocyte-specific ablation of
Vdr using the same Dmp1-Cre mouse model also had no
effect on bone remodeling suggesting VDR-mediated acti-
vation of Tnfsf11 expression is dispensable in osteocytes
[52]. Our findings also indicate that RNF40-mediated H2B
monoubiquitination is required for the OB-specific VDR
signaling.

The role of H2Bub1 in transcriptional regulation has
been attributed largely to its function in assisting the
RNAPII-mediated transcriptional elongation on selected
subsets of genes [6–8]. Consistently, the loss of H2Bub1 on
differentiation- or vitD-induced genes following Rnf40
deletion correlates well with a decrease and narrowing of
H3K4me3. As we previously reported, the spreading of
H3K4me3 into the gene body is closely coupled to rate of
transcriptional elongation of the genes, and is highly
dependent on RNF40 and H2Bub1 [15]. Moreover, our data
also indicate that RNF40-regulated genes are, in general,
lowly marked by H2Bub1 compared to other active genes.
This finding is consistent with our previous data demon-
strating that lowly H2Bub1-marked genes are more sensi-
tive to changes in the amount of histone modifications
facilitated by tissue-specific TFs [15].

This supports the notion that H2Bub1 specifically reg-
ulates inducible rather than constitutive transcription. In line
with previous reports, our results similarly indicate that
RNF40-target genes rely mainly on H3K4me3-dependent
transcriptional regulation. The role of H2Bub1 in regulating
stimulus-induced gene expression can be explained by in
the model shown in Fig. 5i. According to our model, in an
unstimulated condition (without differentiation factors or
vitD treatment), RNF40-target genes such as Tnfsf11 are not

Table 2 Gene ontology analysis (GO) for cellular component (CC) was performed on the subset of genes induced by vitD stimulation and
downregulated upon Rnf40 knockout.

GO Term REFLIST VitD_UP_RNF40_DN (139) FDR

Extracellular matrix (GO:0031012) 475 18 3.38E−06

Collagen-containing extracellular matrix (GO:0062023) 359 14 8.72E−05

Extracellular region (GO:0005576) 2788 36 1.13E−02

Extracellular region part (GO:0044421) 2235 30 2.66E−02
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Fig. 5 RNF40-dependent genes rely on H3K4me3 and employ
enhancer-independent mechanisms of regulation. a Normalized
average occupancy (in reads per genome coverage, RPGC) of VDR
across the Tnfsf11 gene in MC3T3-E1 cells following 24 h of vitamin
D treatment. b H3K27ac (at TSS and potential enhancer sites) and c
H2Bub1 (across transcribed region) occupancy was evaluated for the
Tnfsf11 gene via ChIP-qPCR in primary calvarial osteoblasts from
Rnf40Rosa-CreERT2 subjected to 7 days of 4-hydroxytamoxifen (TAM) or
vehicle (VEH) treatment followed by 7 days of vitD or DMSO
treatment. The ChIP efficiency is displayed as enrichment over input in
percent. Mean ± SD, n= 3, unless otherwise indicated in the figure.
One-way ANOVA followed by Bonferroni’s test were performed for
statistical analysis where ***p < 0.001, **p < 0.01, *p < 0.05. d
Western blot analysis of H3K4me3 and H3K27ac in whole-cell protein
lysates from Rnf40Rosa-CreERT2 primary osteoblasts. H3 was used as a
loading control. Average occupancy of H2Bub1 (e) on all genes or

H2Bub1 and H3K4me3 (f, g) on all the vitamin D-induced genes in
primary calvarial osteoblasts from Rnf40Rosa-CreERT2 mouse. h The
normalized average occupancy (in reads per genome coverage, RPGC)
of H2Bub1 and H3K4me3 across the Tnfsf11 gene. i The model
explains the mechanism of RNF40-driven H2B monoubiquitination in
the regulation of target gene expression. In the absence of the stimulus
the gene is not expressed (upper panel). Upon stimulation (e.g., by
vitamin D), the activated transcription factor (TF) drives expression of
target genes (e.g., Tnfsf11) by recruiting the RNF20/40 complex,
leading to monoubiquitination of histone H2B. This, in turn enables
trimethylation of histone 3 at lysine 4 (H3K4me3) near the tran-
scriptional start site and facilitating transcriptional elongation of the
gene by RNA Polymerase II (RNAPII) (middle panel). In the absence
of RNF40, loss of H3K4me3 at the promoter leads to a reduced
RNAPII occupancy across the gene and hence decreased mRNA
production (lower panel).
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expressed or display very low expression levels. Upon sti-
mulation, sequence-specific TFs are recruited to tissue-
specific enhancers. These TFs enable recruitment of
RNF20/40 to the target gene, thereby increasing H2Bub1
across the gene body. This newly deposited H2Bub1 in turn
facilitates the trimethylation of H3K4 near the TSS and
enables its spreading into the gene body by lysine methyl-
transferases of the Trithorax family [5, 53]. This is asso-
ciated with a higher transcriptional elongation rate of the
gene and an increase in mRNA production. Consistently, in
the absence of RNF40, the lack of H2Bub1 and the sub-
sequent reduction and narrowing of H3K4me3 occupancy
decreases the transcriptional elongation of the gene without
affecting the epigenetic marking of enhancer regions.

In summary, in this report, we show a role of RNF40-
driven H2B monoubiquitination [5] in OBs important for bone
integrity. We provide evidence that H2Bub1 is required at
early stages of OB function and also controls bone cell
crosstalk by regulating VDR-induced Tnfsf11 expression.
Based on this, inhibition of H2Bub1 signaling could serve as a
potential strategy for therapy of pathological conditions asso-
ciated with bone loss. However, inhibitors directly targeting
the RNF20 and RNF40 protein complex do not yet exist.
Given the crosstalk between H2B monoubiquitination and
H3K4 and H3K79 methylation [10–12], the use of inhibitors
of the specific methyltransferases catalyzing these reactions or
inhibition of upstream pathways such as CDK9 [4, 54] could
potentially elicit similar effects as RNF40 loss. However,
additional studies will be essential to test this approach.
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