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Summary

Adipocytes control bone mass but the mechanism is unclear. To explore the effect of post-natal 

adipocyte elimination on bone cells, we mated mice expressing an inducible primate diphtheria 

toxin receptor (DTR) to those bearing adiponectin (ADQ)-Cre. DTR activation eliminates 

peripheral and marrow adipocytes in these DTRADQ mice. Within 4 days of DTR activation, the 

systemic bone mass of DTRADQ mice began to increase due to stimulated osteogenesis, with a 

1000% expansion by 10–14 days post-DTR treatment. This adipocyte ablation-mediated 

enhancement of skeletal mass reflected bone morphogenetic protein (BMP) receptor activation 

following elimination of its inhibitors, associated with simultaneous EGF receptor signaling. 
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DTRADQ-induced osteosclerosis is not due to ablation of peripheral adipocytes but likely reflects 

elimination of marrow ADQ-expressing cells. Thus, anabolic drugs targeting BMP receptor 

inhibitors with short term EGF receptor activation may be a means of profoundly increasing 

skeletal mass to prevent or reverse pathological bone loss.

Graphical Abstract

Introduction

The influence of adipose tissue on the skeleton is apparent as obesity generally predisposes 

to increased bone mass. While this has been assumed to reflect the biomechanical influence 

of weight, there is now evidence of a metabolic relationship between fat tissue and the 

skeleton in which bone cells influence adipocyte function and adipocyte-derived cytokines 

(so-called ‘adipokines’), as well as the release of lipid stores, regulate osteoblasts and 

osteoclasts (Ducy et al., 2000; Elefteriou et al., 2004; Ferron et al., 2010; Kajimura et al., 

2013; Rendina-Ruedy and Rosen, 2020). Thus, understanding the mechanisms by which the 

products of adipocytes control bone cells may lead to new anti-osteoporosis therapeutic 

strategies. In fact, we previously demonstrated that germline deletion of white and brown 

adipose tissue (WAT and BAT, respectively), by expressing diphtheria toxin (DT) exclusively 

in fat, substantially enhances bone mass (Zou et al., 2019). The increased skeletal mass of 

these “fat free” mice suggests that targeting the products of adipose tissue may be exploited 

therapeutically to prevent or restore bone loss. The medicinal significance of the fat free 

mouse is limited, however, by its germline induction of fat depletion, which occurs during 
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embryogenesis. To obviate this limitation and produce a model more therapeutically 

relevant, we generated mice in which fat ablation is induced in adults. To this end, we mated 

mice expressing the primate diphtheria toxin receptor (DTR), under control of a Stop-flox 

cassette to those expressing adiponectin (ADQ)-Cre. As such, DT administration completely 

eliminates the WAT and BAT in these DTRADQ mice and ablates marrow adipocytes.

In keeping with our hypothesis that modified abundance of adipocyte-derived products, 

altered upon cell death, positively impacts the skeleton, we found in this study that the mass 

of the medullary bone of DTRADQ mice increased 10-fold within 10 days of DT, 

significantly enhancing its mechanical properties. In fact, the increase in systemic bone 

mass, induced by DTR-induced adipocyte ablation, is the most rapid and robust observed in 

any model reported to date and prevents ovariectomy-induced and age related osteoporosis.

Our findings show that bone marrow adipose tissue regulates skeletal mass and that this 

regulation can be beneficially disinhibited to promote the growth of stronger bones. Gaining 

a deeper understanding of the molecular mechanism for this phenomenon will perhaps allow 

for its pharmacological replication and achievement of a durable and potent pro-anabolic 

therapy for pathological bone loss.

Results

Ablation of fat in adult mice leads to osteosclerosis

Given the increase in bone mass attending germline deletion of fat, we hypothesized that 

post-natal adipose tissue ablation would do the same. To test this hypothesis we mated mice 

bearing primate DTR, downstream of a floxed stop codon (DTR-STOPfl/fl), to those 

expressing adiponectin-Cre (ADQ-Cre) (DTRADQ mice) (Lee et al., 2013). Administration 

of DT is non-toxic in naive mice and exclusively targets cells over-expressing transgenic 

primate DTR. Thus, DT given to 2 month old DTRADQ mice (DT/ DTRADQ mice) virtually 

eliminates WAT BAT leading to an absence of detectable serum adiponectin (Fig S1A,B, 

Table S1) and increased serum Lactate Dehydrogenase (LDH) level, which likely represents 

the virtually complete ablation of peripheral fat depots (Fig S1C). After 10 days of DT 

administration we performed radiographic and microCT (μCT) analyses and found that bone 

occupied essentially the entire endocortical space from the metaphysis through the diaphysis 

(Fig 1A–C, S1D). An abundance of new bone matrix was histologically apparent within 3–4 

days of DT administration, at which time marrow adipocytes were no longer evident nor was 

there evidence of marrow necrosis (Fig 1D, S1E). We next confirmed ablation of marrow 

adipocytes by osmium tetroxide staining followed by μCT imaging (Scheller et al., 2014) 

(Fig 1E).

The abundant bone matrix apparent after 4 days of DT treatment was likely not yet 

mineralized as it was not evident by μCT examination until day 7 (Fig 1B). At 10 days, we 

confirmed by histology, x-ray and uCT that virtually the entire endocortical space was 

occupied by trabecular bone (Fig 1D). Cortical bone was also markedly increased due to 

endocortical ossification. Due to their merging, compact and newly formed trabecular bone 

could not be accurately distinguished by μCT. This profound osteosclerosis was also present 

in vertebrae (Fig 1F). DT/DTRADQ prevented ovariectomy induced osteoporosis (Fig 1G, 
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S1F) and markedly increased bone mass of 1 year-old mice but less so than that of those in 2 

month-old mice (Fig 1H, S1G).

We next confirmed by μCT analysis of the femoral diaphysis, that the augmented endosteal 

bone in DT/DTRADQ mice, was evident as increased bone area, reduced medullary area and 

normal total area (Fig. 2A–C). We performed femoral bending tests which revealed bones of 

DTRADQ mice, following 10 days of DT administration, had increased stiffness, yield force, 

maximum force, ranging 40–70% higher than control, indicating enhanced mechanical 

function (Fig. 2D–F). Notably, the post-yield displacement, a measure related to bone 

quality, was unaffected (Fig. 2G). Thus, the medullary osteosclerosis of the DT/DTRADQ 

mice resulted in markedly enhanced whole-bone mechanical properties, confirming the new 

bone is structurally integrated and provides mechanical benefit.

DT/DTRADQ osteosclerosis is due to enhanced osteoblast recruitment and differentiation

We next assayed serum P1NP levels, a marker of osteogenesis and found that it was 

increased 7 days after DT administration (Fig 3A). Marrow alkaline phosphatase mRNA, a 

marker of osteoblast activity was also enhanced (Fig 3B). DT/DTRADQ induction of 

profound osteogenesis occurred rapidly and was attenuated within 2 weeks. This pattern of 

P1NP normalization was similar to that occurring in patients with osteoporosis treated with 

the anti-sclerostin monoclonal antibody, romosozumab, in which the bone formation 

normalizes after 3–6 months of therapy (McClung et al., 2018).

To further determine the contribution of increased bone formation to adipocyte ablation-

stimulated osteosclerosis, we mated DTRADQ to 2.3Col–GFP reporter mice to genetically 

mark mature osteoblasts (Roeder et al., 2016). Four days after DT-induced adipocyte 

ablation, many GFP+ cells appeared in DTRADQ mice (Fig 3C). Suggesting adipocyte 

ablation also promoted immature (i.e. mitotic) progenitors, CFU-OBs generated from 

crushed periosteum-stripped femur progressively increased with time of DT administration 

(Fig 3D). Immunostaining DT/DTRADQ/2.3Col–GFP bone for the proliferation marker, 

PCNA, revealed only a minimal number of GFP+ cells were replicating (Fig 3E). There was, 

however, an abundance of GFP−negative, PCNA+ (i.e. dividing) cells juxtaposed to GFP+ 

mature osteoblasts. These data suggest that in addition to accelerating differentiation of post-

mitotic osteoblast progenitors, DT/DTRADQ adipocyte ablation increased immature pre-

osteoblast abundance. To verify this is so we mated DTRADQ 2.3Col-GFP mice to those 

expressing thymidine kinase (TK) under control of the 3.6Col1a1 promoter (TK-3.6Col1a1 

mice), which is specifically transduced by mitotic pre-osteoblastic cells (Jilka et al., 2009). 

Immunostaining revealed an abundance of TK-positive cells juxtaposed to those expressing 

2.3Col-GFP (Fig 3F). Confirming the necessity of early pre-osteoblasts, DT/DTRADQ-

induced osteosclerosis was eliminated in TK-3.6Col1a1 mice by ganciclovir which targeted 

only replicating pre-osteoblastic cells in these mice (Fig 3G–I, S2). In sum, these data 

indicate DT/DTRADQ-mediated fat ablation promoted an abundance of mitotic pre-

osteoblastic cells and their rapid differentiation into mature osteoblasts.

After 10–14 days of DT administration, at which time peak bone mass was achieved, it 

declined but stabilized at approximately 300–400% above control for at least 3 months (Fig 

4A, S3A). The loss of bone was associated with marked osteoclastogenesis (Fig 4B, S3B) 
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and resorptive activity (Fig 4C). While receptor activator of NF-ĸB ligand (RANKL) 

expression did not change with DT treatment (Fig S3C), osteoprotegerin (Opg) diminished, 

indicating enhanced osteoclast formation and bone resorption were due to decreased 

abundance of the RANKL decoy receptor (Fig 4D). The fall in peak bone mass likely 

reflecting accelerated resorption raised the possibility the process can be prevented by 

arresting osteoclastogenesis. Thus, we administered OPG-Fc or carrier to DTRADQ mice for 

20 days beginning at day 10 of DT injection. While maximally achieved bone mass declined 

approximately 50% after one month of DT administration in PBS injected mice, it actually 

increased 1/3 in those receiving OPG-Fc (Fig 4E, F, S3D). To determine if recovery of 

adipose tissue may contribute to the reduction of peak bone mass, we measured body fat 

pads (BAT, iWAT and eWAT) and marrow adipocytes of DTRADQ mice after 2 months of 

daily DT injection. While BAT and WAT weight remained statistically less than PBS-

injected control, there was a tendency to increase after 2 months. Marrow adipocytes, 

however, remained essentially absent (Fig S3E, Table S1). Thus, the ultimate decline in peak 

bone mass in DT/DTRADQ mice reflected stimulated osteoclastogenesis, which can be 

therapeutically prevented. Surprisingly, despite the decline in peak trabecular bone mass at 

10–14 days, cortical thickness was significantly greater and associated with profoundly 

enhanced bone strength, after 2 months of DT injection (Fig 4G, H). This observation is 

consistent with a return to normal remodeling initiated by osteoclasts, thus enhancing bone 

quality.

DT/DTRADQ osteogenesis is not mediated by loss of peripheral adipose tissue

In keeping with their lipodystrophic state, DT/DTRADQ mice developed the metabolic 

syndrome as manifested by hyperglycemia and hepatic steatosis, raising the possibility that 

the products of insulin-resistant diabetes, which may enhance bone mass, contributed to the 

osteosclerotic phenotype. Proving that attendant type 2 diabetes did not mediate adipocyte 

ablation-enhanced bone formation, WT WAT, transplanted into DT/DTRADQ mice, 

normalized their serum glucose and eliminated hepatic steatosis but did not affect their 

osteosclerosis (Fig 5A,B, S3F). Failure of transplanted WAT to prevent DT/DTRADQ-

mediated osteosclerosis also suggested the osteogenic process was not induced by absence 

of the products of peripheral fat depots and called into question the significance of the 

trended increase in BAT and WAT after 2 months. This conclusion was supported by failure 

of DT-activated DTRADQ adipose tissue, transplanted into WT mice to alter bone mass (Fig 

5C). To further explore this issue, we parabiosed WT and DTRADQ mice. Consistent with a 

common vasculature, administration of DT to control mice promoted DTRADQ 

osteosclerosis. Indicating that the osteogenic inducing product(s) did not circulate and thus 

was likely not derived from peripheral fat, DT injected into the parabiosed DTRADQ mouse, 

induced osteosclerosis but did not impact bone mass of its WT partner (Fig 5D). Thus, 

DT/DTRADQ osteogenesis did not appear to be mediated by peripheral adipose tissue.

BMPR signaling mediates adipocyte ablation-induced osteosclerosis

To gain insight into the signaling events by which DT/DTRADQ-mediated adipocyte ablation 

promotes osteogenesis we performed RNAseq of marrow prior to and after 1–3 days of DT 

injection. This exercise confirmed ablation of marrow adipocytes, as adiponectin expression 

was markedly reduced while enhanced expression of Col1a1 and Col1a2 genes was in 
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keeping with stimulated osteogenesis (Fig 6A, S4A). RNAseq CompBio analysis also 

indicated that DT/DTRADQ-induced osteogenesis was likely mediated by BMPR signaling 

enhanced by downregulating BMP inhibitors (Fig 6B, Table S2). For example, there was 

suppressed genetic expression of the specific BMPR inhibitors, chordin-like1 (CHRDL1) 

and gremlin1 (GREM1). Importantly, GREM1 deficiency contributes to the massive 

osteogenesis of the BMP-induced disease fibrodysplasia ossificans progressive (FOP) (Ahn 

et al., 2003), and its overexpression promotes bone loss and fracture (Gazzerro et al., 2005). 

Alternatively, there was increased expression of the BMPR activator, WISP1/CCN4 (Ono et 

al., 2011). These RNAseq changes in adiponectin, GREM1, CHRDL1 and Wisp1 expression 

were confirmed by qPCR (Fig 6C). qPCR of marrow also documented no increase in TNFα, 

IL-1β or IL-6 (Fig 6D), which taken with the absence of histological necrosis, indicated the 

robust osteogenesis did not reflect inflammation. Further indicating that GREM1 and 

CHRDL1 deficiency in marrow of DT/DTRADQ mice was due to marrow adipocyte ablation, 

both BMPR inhibitors were robustly expressed by MSCs induced to express adiponectin in 
vitro, but not their naive precursors (Fig 6E). Phosphorylation of Smads 1, 5, and 8, the 

canonical targets of BMPR-1 activation, were progressively increased in DTRADQ marrow 

within the first 3 days of DT administration (Fig 6F). Immunostaining of phosphorylated 

Smad1, 5 and 8 confirmed their abundance in DT/DTRADQ marrow and the proximity of the 

cells to the bone surface and mature (2.3Col-GFP+) osteoblasts (Fig 6G). Smad1,5,8 

immunostaining was not evident within 2.3Col-GFP+ cells, indicating BMPR activation 

affected earlier osteoblast precursors, likely promoting their differentiation. Establishing 

BMPR signaling was essential, 10 days administration of LDN-193189 (3 mg kg−1 i.p. q 12 

hrs.), a selective BMPR inhibitor with the potential to treat FOP (Williams and Bullock, 

2018), prevented DT/DTRADQ adipocyte ablation-induced osteosclerosis (Fig 6H,I, S4B).

We next explored if post-natal depletion of fat by means other than DT/DTRADQ enhanced 

bone mass. To this end, we mated mice expressing DT, under control of a STOP-flox 

cassette, to those bearing tamoxifen (TAM)-inducible ADQ-CreER (DTADQER). DTADQER 

mice were administered TAM to stimulate DT expression in adipocytes (TAM/DTADQER). 

As evidenced by a virtual absence of serum adiponectin and significant decrease of fat pad 

weight, peripheral fat was targeted in TAM/DTADQER animals (Fig S5A, S5B, Table S1). In 

contrast to DT/DTRADQ mice, TAM/DTAADQER fat-depleted mice exhibited no alteration of 

bone mass (Fig S5C, S5D). Also unlike DT/DTRADQ mice, in which marrow adipocyte 

ablation was complete, these cells in TAM/DTAADQER mice were not deleted as effectively 

although there was a non-statistically significant trend towards diminution (Fig S5E). 

Importantly, marrow adiponectin gene expression was unaltered as was that of GREM1 and 

CHRDL1 (Fig S5F). Thus, the osteogenic failure of depletion of peripheral fat, while 

preserving marrow adipocytes, was consistent with ablation of the latter being responsible 

for activating BMPR signaling.

In contrast to arrest of BMPR, administration of the tankyrase1/2 inhibitor, XAV-939, by a 

strategy established to arrest osteogenesis in other circumstances, had no effect on that 

induced by DT/DTRADQ (Fig S6), suggesting Wnt, the most common osteogenic pathway, 

may not be involved (Xu et al., 2017). In sum, these data indicate BMPR was an essential 

component of adipocyte ablation-induced osteogenesis.
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EGF receptor signaling partners with BMPR signaling to promote adipocyte ablation-
induced osteogenesis

The fact that DTR and its cleaved (i.e. mature) product, function as growth factors (Ding and 

Morrison, 2013; Higashiyama et al., 1995; Miyoshi et al., 1997; Nakamura et al., 1995; 

Takemura et al., 1997) raised the prospect that upon, release from adipocytes undergoing 

ablation, it activated EGFR which contributed to the osteogenesis of DT/DTRADQ mice. 

Supporting the hypothesis that the growth factor properties of adipocyte ablation-mobilized 

DTR activated EGFR signaling we found the pharmacological EGFR inhibitor, gefitinib, 

markedly arrests DT/DTRADQ-induced osteogenesis (Fig 7B,C, S7A). Indicating that DTR 

(i.e., HB-EGF) requires adipocyte ablation, and thus suppressed expression of BMPR 

inhibitors GREM1 and CHRDL1, to promote osteogenesis, DT-induced death of B cells 

expressing DTR, mediated by CD19-Cre, did not impact the skeleton nor did it diminish 

GREM1 and CHRDL1 or increase Wisp1 marrow expresssion (Fig 7D–F, S7B).

Discussion

Osteoporosis is endemic in western and Asian societies and its predisposition to fracture is a 

major mortality risk to older individuals. The appreciation, in recent years, of metabolic 

cross talk between bone and adipose tissue has prompted exploration of the responsible 

mechanisms with the aim of therapeutically exploiting this information.

Regardless of cause, osteoporosis represents enhanced osteoclast activity relative to that of 

osteoblasts. Thus, therapeutic strategies involve either anti-resorptive or pro-osteogenic (i.e., 

anabolic) drugs, often administered sequentially. Likely due to suppressed remodeling, the 

quality of bone induced by anti-resorptive agents is often compromised and may predispose 

to atypical fractures (McClung, 2013). Because this does not occur in the context of 

pharmacological bone anabolism, agents which stimulate osteoblasts are in demand. In fact, 

the development of romozosumab, an FDA approved humanized anti-sclerostin antibody, is 

a paradigm for our efforts as it reflects delineating the mechanism of the pathologically 

accelerated bone formation of sclerosteosis, in which a fracture has never been reported 

(Appelman-Dijkstra and Papapoulos, 2016; van Lierop et al., 2017), and extending it 

therapeutically. Thus, exploiting the means by which this uniquely rapid and profound 

systemic bone formation occurs may have therapeutic relevance.

To gain insight into the molecular mechanisms driving the profound osteogenesis of our 

adult model, we performed RNAseq analysis of DTRADQ marrow within the first 3 days of 

DT administration. Suppression of GREM1 (Gazzerro et al., 2007; Hu et al., 2017) and 

CHRDL1 (Troilo et al., 2015; Wang et al., 2018) as well as enhanced expression of Wisp-1, 

indicates that activation of their targeted BMPR signaling pathway is likely involved in the 

profound osteogenesis. Our findings that both GREM1 and CHRDL1 are products of 

adiponectin-expressing cells raises the possibility that absence of fat in DT/DTRADQ mice 

prevents induction of these BMPR inhibitors resulting in arrest of negative feedback (Pereira 

et al., 2000). The participation of BMPR activation, in DT/DTRADQ -induced osteogenesis, 

is fortified by phosphorylation of Smads 1,5 and 8 which represent canonical markers of the 

pathway’s activation. Unexpectedly, Smad1,5,8 staining is not visible in cells expressing 

2.3Col–GFP, suggesting BMPR activity is more robust in immature cells which are 
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stimulated to undergo differentiation into mature osteoblasts. Most importantly, 

LDN-193189, a selective BMPR1 inhibitor used to treat FOP, virtually arrests DTRADQ-

mediated osteogenesis. Thus, BMPR signaling is activated in DT/DTRADQ mice and its 

pharmacological inhibition prevents the osteosclerotic phenotype.

Wnt signaling is the most commonly activated osteogenic pathway. Unexpectedly, despite 

the broad effect of Wnts on bone formation and the induced expression of its product, 

Wisp-1, a tankyrase1/2 inhibitor, which targets Wnt activation, does not impact DT/DTR 

osteogenesis. This observation underscores the abundance of data establishing the context 

dependency of BMPR/Wnt interaction, which in some circumstances is inhibitory and in 

others, stimulatory (Lin and Hankenson, 2011; Marcellini et al., 2012; Voorneveld et al., 

2015).

While therapeutic attention of BMPR signaling has largely focused on its systemic 

inhibition in circumstances such as FOP or focal stimulation in fracture repair and bone 

grafting (Lowery and Rosen, 2018), our studies fortify the possibility that BMPR activation, 

in specific context, may increase systemic bone mass in osteoporosis. The consequences of 

BMPR activation are complex as the magnitude of osteogenesis varies with selective 

inductive ligands, particularly post-natally (Lowery and Rosen, 2018). Much of the 

confusion regarding systemic anabolic effects of BMPR activation, in adults, is likely due to 

the fact that the majority of related studies involve loss-of-function rather than gain-of-

function models. Interestingly, those mutants which induce profound BMPR-mediated 

osteogenesis, yield an abundance of extraskeletal endochondral bone formation, which in the 

case of FOP, is crippling. In contrast, the profound osteogenesis of DT/DTRADQ mice, 

which substantially enhances skeletal strength, appears to be entirely membranous with no 

μCT evidence of extraskeletal deposition, an observation of potential clinical relevance. 

Additionally, DT/DTRADQ marrow exhibits no morphological evidence of necrosis nor are 

inflammatory cytokines increased. Taken with the fact that it suppresses rather than 

enhances bone formation, inflammation does not contribute to the induced osteogenesis 

(Hardy and Cooper, 2009).

Our data indicate that both EGFR and BMPR may participate in DT/DTRADQ-induced 

osteogenesis. Collaboration between these two signaling pathways is effective in bone repair 

but no information exists regarding their combined systemic impact (Lee et al., 2015). In 

fact, EGFR activation targets the skeleton as it induces proliferation of osteogenic 

precursors, as occurs in DT/DTRADQ mice (Schneider et al., 2009) and may be essential to 

the bone anabolic effect of PTH (Zhu et al., 2012). Additionally, EGFR deletion in 

osteoblasts promotes osteoporosis (Linder et al., 2018). On the other hand, EGFR blunts 

osteoblast differentiation, indicating that the marked increase in number of these bone 

forming cells in DT/DTRADQ mice may reflect dominant BMPR stimulation by depletion of 

its inhibitors (Laflamme et al., 2010). The stimulatory role of EGFR is supported by 

induction, in DT/DTR marrow, of Egr2, a principal product of the activated pathway which 

enhances bone formation (Chandra et al., 2013; Shukla et al., 2017). Most convincing of the 

importance of EGFR activation in DT/DTRADQ-induced bone formation, gefitinib, an FDA 

approved anti-EGFR drug, arrests the osteogenic event. EGFR activation is necessary for 
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DT/DTRADQ-induced osteogenesis, but its role may be to deplete GREM1 and CHRDL1 by 

ablating adipocytes, thereby profoundly activating BMPR signaling.

An essential issue of our observations is the adipocyte source of DT/DTRADQ-induced 

osteogenesis. Whereas the osteosclerosis of our germline fat free osteosclerotic mice is 

reversible by transplantation of WT peripheral WAT, this strategy does not impact the 

enhanced skeletal mass induced by DTRADQ activation (Zou et al., 2019). Additionally, 

parabiosis of WT and DTRADQ mice yields no evidence of a systemic factor influencing 

bone mass, which would be expected if the responsible tissue was peripheral fat. These 

observations suggest ablation of marrow adipocytes is the likely mediator of DTRADQ 

osteogenesis. This conclusion is consistent with selective targeting of WAT by TAM/

DTADQER (Sassmann et al., 2010), which ablates peripheral but not all marrow fat, and does 

not induce osteogenesis. While abundance of marrow adipocytes is associated with changes 

in bone mass in conditions such as estrogen deficiency and aging, there is currently little 

evidence of a causal relationship which the current data provide (Rendina-Ruedy and Rosen, 

2020). The failure of stimulated TAM/DTADQER to reduce marrow GREM1 and CHRDL1, 

as well as our documentation that these BMPR inhibitors are expressed, in vitro, by 

adipocytes generated from marrow-derived precursors, is consistent with marrow fat 

regulating bone mass via BMPR signaling. While it is unlikely that adipocyte ablation will 

be utilized to enhance bone mass in patients, similar to development of romozosumab, 

which was based upon the pathogenesis of sclerosteosis, there is a reasonable possibility that 

insights into the mechanisms of this most robust form of systemic osteogenesis, will lead to 

bone anabolic drugs (Appelman-Dijkstra and Papapoulos, 2016). Our present hypothesis 

holds that such agent(s) will entail relatively short-term EGFR activation combined with 

suppression of adipose tissue-expressed BMPR inhibitors, particularly CHRDL1 and 

GREM1. Thus, combined suppression of GREM1 and CHRDL1 may provide a foundation 

for osteogenic drug development.

The 1000% escalation of bone mass, occurring within 10–14 days of DTR activation, is 

followed by a rapid decline although it is maintained at approximately 400% above control. 

The attendant increase in osteoclast number, a reflection of decreased OPG expression, 

suggests that anti-resorptive therapy may arrest this decline and such proved to be true. More 

significantly, despite the decline in trabecular bone mass shortly after it peaks, cortical 

thickness substantially increases. While to be proven, these structural changes may reflect 

return of normal remodeling and incorporation of induced trabeculae into the cortical 

endosteum. This hypothesis is consistent with histologically evident melding of trabecular 

and cortical bone early in DTR activation. The substantial increase in biomechanical 

strength after 2 months, despite trabecular bone loss, suggests short pharmacological BMPR/

EGFR activation may be uniquely potent in reversing osteoporosis.

The EGF family of growth factors, including HB-EGF, are potent inducers of wound 

healing. In fact, recombinant EGF (Heberprot-P) is used to treat diabetic foot ulcers 

(Yamakawa and Hayashida, 2019). EGFR activation is, however, associated with neoplasia 

raising a theoretical limitation to stimulating EGFR/BMPR signaling to treat skeletal 

disorders. On the other hand, all FDA-approved bone anabolic agents faced this limitation. 

For example, teriparatide, induces osteosarcoma in rats. While this complication has not 
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been noted in patients, administration of the drug is limited to 2 years and avoided by those 

with a predisposition to cancer. Rats administered abaloparatide similarly develop 

osteosarcoma (Jolette et al., 2017). Perhaps more relevant to our observations is 

romozosumab, which activates the Wnt pathway via LRP5/6, implicated in the pathogenesis 

and compromised prognosis of a variety of human cancers including triple negative breast 

and colon cancer (Ma et al., 2017; Roslan et al., 2019; Schatoff et al., 2017). Additionally, 

Wnt activation in cancer cells promotes bone metastasis (Esposito et al., 2019). Because of 

the pathway’s established hyperactivation, a variety of Wnt inhibitors are in anticancer 

clinical trials (Krishnamurthy and Kurzrock, 2018; Takebe et al., 2015). Perhaps because its 

targeting of bone cells overrides Wnt-induced neoplastic properties, unexpectedly, 

romozosumab may actually retard skeletal metastasis (Hesse et al., 2019). Thus, like 

teriparatide, abaloparatide, and romozosumab, whose duration of administration is FDA 

limited and whose increased bone mass is maintained by anti-resorptive drugs (Black et al., 

2005; Cosman et al., 2017; Horne et al., 2018), the same may hold for an EGFR/BMPR-

based therapy that is ultimately derived from the mechanistic insights of this study. Even so, 

the profound rapidity and apparent stability of EGFR/BMPR-induced osteogenesis suggests 

that a short duration of administration of such derivative drugs to patients, followed by anti-

resorptive therapy, may be an efficacious strategy for treating osteoporosis.

Limitations of Study

While the present study confirms that elimination of adiponectin-expressing cells can 

promote uniquely profound osteogenesis, many issues, such as the mechanistic relationship 

between BMPR and EGFR stimulation, remain to be addressed. Most importantly, however, 

while activated DTRADQ-induced osteosclerosis is BMPR mediated, presumably due to 

GREM1 and CHRDL1 depletion, direct proof of their role in the process is lacking as are 

data documenting the effects of blocking the inhibitors, in marrow, in the absence of EGFR 

stimulation. This deficiency reflects, in part, absence of an in vitro model in which the 

mechanism by which activated DTRADQ-mediated enhanced bone mass can be further 

explored. In keeping with these limitations, the cellular source of GREM1 and CHRDL1 is 

unresolved, especially as marrow cells, other than adipocytes, are targeted by ADQ-Cre 

(Mukohira et al., 2019). Resolution of this deficiency is important as therapeutic adaptation 

of our observations is likely to depend on arrest of these inhibitors.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Steven L. Teitelbaum 

(teitelbs@wustl.edu).

Materials Availability—Mouse lines generated in this study (DTRADQ, DTRCD19, 

DTRADQ/Col1–2.3 GFP/Col1–3.6 TK, iDTA/Adipoq Cre/ERT2) are available from the lead 

contact upon request.
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Data and Code Availability—The raw data for the RNA sequencing data reported in this 

paper have been deposited to the NCBI’s Gene Expression Omnibus (GEO) repository, the 

accession number is GEO: GSE154800.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Models and Subject Details—The following mice: iDTR (Lox-Stop-

Lox-ROSA-DTR, Cat. 007900), Col1a1*2.3GFP reporter (cat. 013134), CD19 Cre (Cat. 

006785), Adipoq Cre (Cat. 010803), Adipoq Cre/ERT2 (cat. 025124) and Rosa-DTA (Lox-

Stop-Lox-ROSA-DTA, Cat 010527) were purchase from JAX; TK-3.6Col1a1 mice (Jilka et 

al., 2009) were kindly provided by Robert Jilka and Charles O’Brien (University of 

Arkansas). All animals were housed in the animal care unit of Washington University 

School of Medicine, where they were maintained at 22° C in a 12-hour light-dark cycle 

according to guidelines of the Association for Assessment and Accreditation of Laboratory 

Animal Care.

All mice used for experiment were health and had free access to water and food. All mice 

were from in house matings. Although no gender differences exist in phenotype, male mice 

were exclusively used except in OVX and parabiosis experiments wherein female mice are 

required. Animal work was performed according to the policies of Animal Studies 

Committee (ASC) at Washington University School of Medicine in St. Louis. Mice were 

analyzed under approved protocols and were provided appropriate care while undergoing 

research which complies with the standards in the Guide for the Use and Care of Laboratory 

Animals and the Animal Welfare Act.

DTRADQ mice were generated by mating homozygous iDTR mice to those expressing 

adipoq-Cre. DTRCD19 mice were generated by mating homozygous iDTR mice to CD19-

Cre. Quadruple heterozygous mutant (DTRADQ/Col1–2.3 GFP/Col1–3.6 TK) mice were 

bred by cross-mating iDTR/adipoq Cre/Col1–2.3 GFP+ male with transgenic Col1–3.6 TK 

females in view of previous evidence for tk transgene-induced sterility in males (Al-Shawi et 

al., 1988).To induce Cre positive cell deletion, Diphtheria toxin (Biological List laboratories) 

(100ng/mouse/day) was daily i.p. injected into mice. Cre negative littermate got same 

amount of DT as control.

Tamoxifen inducible fat deletion mice were generated by mating homozygous Lox-stop-

Lox-ROSA-DTA mice to Adipoq Cre/ERT2 and Tamoxifen (20mg/ml in coin oil, 100 μl/

mouse/day) were i.p. injected into mouse for 5 consecutive days. CreER negative littermate 

got same amount of Tamoxifen as control.

Ganciclovir was given at 8 μg/g i.p. twice daily in saline; Gefitinib was given at 100mg/Kg 

i.p. daily; LDN193189 was given at 3mg/Kg i.p. twice daily and XAV-939 was given at 

10mg/Kg i.p. daily. Chemicals were injected into mice 1 day prior DT injection. OPG-Fc 

was given at 100 μg/mouse i.v. twice weekly.

Cell culture—Cells were grown at 37°C in a 5% CO2 humid atmosphere. ST2 cells 

(ATCC, CVCL-2205) were cultured in DMEM with 10% FBS, 100 u/ml penicillin and 

100μg/ml streptomycin.
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Method Details

RNA Extraction and quantitative qPCR—Total RNA from fresh bone marrow or bone 

was extracted using Trizol following RNA purification with RNeasy RNA purification kit 

and RNase free DNase digestion (Qiagen). Complementary DNA (cDNA) was synthesized 

from 1 μg of total RNA using the iScript cDNA synthesis kit (Bio-Rad). Quantitative qPCR 

was performed using the PowerUp SYBR Green Master Mix kit (Applied Biosystems) 

according to the kit instruction and gene specific primers. All genes amplicon length is less 

than 150 nucleotides. PCR reactions for each sample were performed with 7500 fast Real-

Time PCR System (Applied Biosystems, Foster City, CA, USA) using the comparative 

threshold cycle (Ct) method for relative quantification. The glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh) gene was used as an endogenous control.

Flow cytometry—Single cell suspensions of immune cells were prepared from spleens 

and bone marrow (femur) as previously described (Li et al., 2019; Rohatgi et al., 2018). 

Cells were treated with Fc Block and then stained with rat anti-mouse CD45-APC (1:200, 

clone 30-F11; BioLegend), rat anti-mouse CD19-APC/Fire750 (1:300, clone 6D5; 

BioLegend), and rat anti-mouse B220-PE (1:300, clone RA3–6B2; BioLegend) as 

previously described (Li et al., 2019; Rohatgi et al., 2018). Events were acquired on a BD 

X20 flow cytometer, using CountBright Absolute Counting Beads (ThermoFisher) according 

to the manufacturer’s protocol, except that 25 μL was used per sample. B cells were defined 

as CD45+ CD19+ B220+ cells.

Serum assay—Blood was collected retro-orbitally under anesthesia. Serum was obtained 

using serum separator tubes (Becton Dickinson) and kept at −80C. P1NP ELISA kit and 

CTX-1 RatLaps kit were purchased from ids (Immunodiagnosticsystems). LDH assay kit 

was purchased from BioVision Incorporated.

GTT—Glucose tolerance tests (GTT) were performed in clean cages subjected to starvation 

with free access to water for 6 hours. Mice were weighed and a small amount of blood was 

obtained from tail vein for baseline (time 0) glucose measurement. Mice were then injected 

intraperitoneally with 50% sterile dextrose (1 mg/g body weight). Tail blood glucose was 

determined at 15, 30, 60, 90 and 120 min after challenge using a Bayer Contour glucometer.

Microcomputed tomography (μCT)—Trabecular bone was scanned using μCT40 

scanner (Scanco Medical AG, Bassersdorf, Switzerland; 70 kVp, 114 μA, 300 ms integration 

time, 16 μm voxel size). A lower threshold of 180 was used for evaluation of all scans. 

Whole femur through metaphasis and diaphysis were analyzed for trabecular, starting with 

the first slice in which condyles and primary spongiosa were no longer visible. 50 slices 

were analyzed for midshaft cortical bone.

Radiographs—Radiographs were taken using Faxitron UltraFocusDXA (Faxitron) 

according to the manufacturer’s instructions.

Marrow Fat osmium staining and μCT—marrow fat osmium was stained with osmium 

tetroxide according to previously described (Scheller et al., 2015). Briefly, bones were fixed 
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in 10% neutral-buffered formalin for 24 hours and decalcified in 14% EDTA, pH 7.4, for 3 

weeks. Then bones were stained in 1% osmium tetroxide (Electron Microscopy Services, 

Hatfield, PA; cat.no. 19170) at Sorensen’s phosphate buffer for 48 hours. After washing with 

Sorensen’s phosphate buffer, the stained bones were embedded in 1.5% agarose and placed 

in a 20-mm diameter tube and scanned using μCT40 scanner (Scanco Medical AG, 

Bassersdorf, Switzerland; 70 kVp, 114 μA, 300 ms integration time, 10 μm voxel size). 

Density measurements were calibrated to the manufacturer’s hydroxyapatite phantom. 

Analysis was performed using the manufacturer’s evaluation software and a threshold of 360 

for MAT.

Histology and histomorphometry—Femur and Tibia were fixed in 10% neutral 

buffered formalin, followed by decalcification in 14% EDTA for 10 days, paraffin 

embedding, and TRAP staining. Histomorphometric parameters were measured using 

BioQuant OsteoII (BioQuant Image Analysis Corporation, Nashville, TN) in a blinded 

fashion.

Fat Transplantation—Mature fat depots were transplanted as described (Gavrilova et al., 

2000) with slight modification. 2 month old DTRADQ or WT mice were anesthetized with 

isoflurane. Donor fat pads from 6–8 week old WT or DTRADQ mice were placed into sterile 

PBS and cut into 100–150mg pieces. The grafts were implanted subcutaneously through 

small incisions in the shaved skin of the back, with 1 piece per incisions. 6 pieces of fat graft 

were implanted into each FF mouse. After surgery the mice were housed individually for a 

week and then 5 mice per cage. Mice were sacrificed 2 months after transplantation.

Parabiosis—Female mice were housed together for 3 weeks before surgery which was 

performed by the mouse Cardiovascular Phenotyping Core at Washington University as 

previously described (Kamran et al., 2013). 2 months after surgery, paired mice were 

injected IP with DT daily for 10 days.

Ovariectomy—Female mice were 8-week old at time of OVX. Sham operated mice were 

anesthetized and similarly incised but ovaries were not removed. 20 days after surgery, mice 

were IP injected with or without Diphtheria Toxin daily for 10 days. Measurements were 

made 30 days after sham operation or OVX.

Biomechanics—Femora were scanned by μCT at the midshaft (Scanco μCT40; 70 kVp, 

114 mA, 300 ms integration time, 10 um voxel size, 100 slices) to determine cross-sectional 

geometric properties. They were then mechanically tested to failure in three-point pending 

(Instron 8841; support span: 7 mm; displacement rate: 0.1 mm/sec). Failure occurred 

directly beneath the loading point, at the 50% length of the femur. Force-displacement data 

were collected and analyzed to determine whole-bone (structural) mechanical properties 

(stiffness, ultimate force, post-yield displacement, work-to-fracture).

RNA Sequencing and Analysis—Samples were prepared according to library kit 

manufacturer’s protocol, indexed, pooled, and sequenced on an Illumina HiSeq. Basecalls 

and demultiplexing were performed with Illumina’s bcl2fastq software and a custom python 

demultiplexing program with a maximum of one mismatch in the indexing read. RNA-seq 
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reads were then aligned to the Ensembl release 76 top-level assembly with STAR version 

2.0.4b (Dobin et al., 2013). Gene counts were derived from the number of uniquely aligned 

unambiguous reads by Subread:featureCount version 1.4.5 (Liao et al., 2014). Sequencing 

performance was assessed for the total number of aligned reads, total number of uniquely 

aligned reads, and features detected. The ribosomal fraction, known junction saturation, and 

read distribution over known gene models were quantified with RSeQC version 2.3 (Wang et 

al., 2012).

All gene counts were then imported into the R/Bioconductor package EdgeR (Robinson et 

al., 2010) and TMM normalization size factors were calculated to adjust for samples for 

differences in library size. Ribosomal genes and genes not expressed in at least three 

samples greater than one count-per-million were excluded from further analysis. The TMM 

size factors and the matrix of counts were then imported into the R/Bioconductor package 

Limma (Ritchie et al., 2015). Weighted likelihoods based on the observed mean-variance 

relationship of every gene and sample were then calculated for all samples with the 

voomWithQualityWeights (Liu et al., 2015). The performance of all genes was assessed with 

plots of the residual standard deviation of every gene to their average log-count with a 

robustly fitted trend line of the residuals. Differential expression analysis was then 

performed to analyze for differences between conditions and the results were filtered for 

only those genes with Benjamini-Hochberg false-discovery rate adjusted p-values less than 

or equal to 0.05.

Significant genes with log 2 fold-changes greater than an absolute value of 2 and FDR <= 

0.05 were separated into up and down regulated gene lists and subjected to CompBio 

analysis, which is accomplished with an automated Biological Knowledge Generation 

Engine (BKGE) that extracts all abstracts from PubMed that reference entities of interest (or 

their synonyms), using contextual language processing and a biological language dictionary 

that is not restricted to fixed pathway and ontology knowledge bases. Conditional 

probability analysis is utilized to compute the statistical enrichment of biological concepts 

(processes/pathways) over those that occur by random sampling. Related concepts built from 

the list of differentially expressed entities are further clustered into higher-level themes (e.g., 

biological pathways/processes, cell types and structures, etc.).

Within CompBio, scoring of gene, concept, and overall theme enrichment is accomplished 

using a multi-component function referred to as the Normalized Enrichment Score (NES) 

(Cowardin et al., 2019). The first component utilizes an empirical p-value derived from 

several thousand random entity lists of comparable size to the users input entity list to define 

the rarity of a given entity-concept event. The second component, effectively representing 

the fold enrichment, is based on the ratio of the concept enrichment score to the mean of that 

concept’s enrichment score across the set of randomized entity data. As such, the NES 

reflects both the rarity of the concept event associated with an entity list, as well as its 

degree of overall enrichment. Based on these empirical criteria, observed entity-concept 

scores above 10.0, 100.0, and 1,000.0 are labeled as moderate, marked, or high in level of 

enrichment above random. Themes scoring above 500.0, 1000.0, and 5000.0 are labeled 

similarly.
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Immunofluorescence staining—Bones were further fixed with 10% neutral buffered 

formalin 24–48 hours at room temperature and partially decalcified in 14% EDTA for 3 days 

with daily change of solution. The bones were then infiltrated with 30% sucrose overnight at 

4 °C for cryoprotection and embedded in optimal cutting temperature (Tissue-Tek). Sections 

of 10-μm thickness were prepared with a Leica cryostat equipped with Cryojane (Leica, IL). 

The sections were kept at −20 °C until use. The antibodies used in this study are as follows: 

phosphor-smad (13820, Cell Signal, 1:100), rabbit anti-TK (1:100), anti-PCNA (sc-56; 

Santa Cruz Biotechnology Inc.; 1:100). The secondary antibodies include goat anti-rabbit 

Alexa Fluor 594 (ThermoFisher Scientific, 1:200). Slides were mounted with antifade 

mounting medium with DAPI (Vector Laboratories), and images were acquired with a 

confocal microscope (Nikon C-1 confocal system).

Immunoblotting—After denaturing in sodium dodecyl sulfate (SDS), serum was 

subjected to 10% SDS–polyacrylamide gel electrophoresis and transferred to polyvinylidene 

difluoride transfer membranes. Cultured cells were washed twice with ice cold PBS and 

lysed in radioimmune precipitation assay (RIPA) buffer containing 20 mm Tris HCl, pH 7.5, 

150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1% Triton X-100, 2.5 mm sodium 

pyrophosphate, 1 mm β-glycerophosphate, 1 mm Na3VO4, 1 mm NaF, and 1× protease 

inhibitor mixture (Roche Applied Science). After incubation on ice for 10 min, cell lysates 

were clarified by centrifugation at 15,000 rpm for 10 min. 40μg of total lysates were 

subjected to 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred 

onto PVDF membranes. Filters were blocked in 0.1% casein in PBS for 1 h and incubated 

with primary antibodies at 4 °C overnight followed by probing with fluorescence labeled 

secondary antibodies (Jackson ImmunoResearch Laboratories). Proteins were detected with 

the Odyssey Infrared Imaging System (LI-COR Biosciences). Densitometry was analyzed 

with Image Studio Lite software (LI-COR Biosciences).

Bone stromal cells and In Vitro CFU-OB culture—The entire marrow cavity of the 

shafts (femora and tibiae) of 2-mo-old male mice was flushed by removing one of the 

epiphyses and centrifuging the bone at 1000 rpm for 15 s. The remaining bones were 

crashed by mechanical force and digested with 0.15% Collagenase P (Roche, Cat. 

11249002001) for 30 mins at 37C. After hemolysis in a red blood cell lysis buffer (Gibco, 

Cat. A10492), the total cells was resuspended in αMEM and filtered through a 70-μm cell 

strainer. Cells were resuspended and 2×104 cells/well/ml were seeded in 12 well plate in α-

MEM supplemented with 10% FCS, 50 μg/ml ascorbic acid, and 5 μM β-glycerophosphate. 

Cells were cultured for 5 days, then fixed in 4% formaldehyde, and stained for alkaline 

phosphatase using 1-Step NBT/BCIT kit (Thermo Scientific, Cat. 34042).

In vitro adipogenesis—The entire marrow cavity of the shafts (femora and tibiae) of 2-

mo-old male mice was flushed by removing one of the epiphyses and centrifuging the bone 

at 1000 rpm for 15 s. After hemolysis in ACK lysing buffer (Gibco, Cat. A10492), the total 

cells was resuspended in αMEM containing 20% FCS and filtered through a 70-μm cell 

strainer. Cells were resuspended and cultured in tissue culture plate in α-MEM 

supplemented with 20% FCS for 2 weeks. Then cells were resuspended and seeded in α-
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MEM supplemented with 10% FCS with or without adipocyte differentiation media (100nM 

Dexamethasone, 200μM indomethacin and 1μM insulin) for 8 days.

QUANTIFICATION and STATISTICAL ANALYSIS

Data Representation and Statistical Analysis—Data are expressed as mean ± SD. 

Statistical analyses were performed with Prism software version 8 (GraphPad Software) 

using unpaired Student’s 2-tailed t-test, one-way or 2-way ANOVA test with Holm-Sidak 

post–hoc test with adjustment for multiple testing. In all experiments, statistical significance 

was considered when P < 0.05. * P < 0.05, ** P < 0.01, *** P < 0.001 in all experiments. 

Mice were assigned to different groups randomly. Experiments involving treatment with DT, 

chemicals or OPG were performed in a blinded fashion. All analysis including μCT, 

histomorphometry and serum ELISA were blinded. Exclusion criteria were based on animal 

well-being at the beginning of the study. No animals were excluded from the study. No 

power analysis was performed to determine the sample size. The sample size in each study 

was based on experience with our previous studies determining the bone phenotype in 

lipodystrophic mice (Zou et al., 2019).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Adult fat ablated mice are osteosclerotic.
(A-F) 2 month old control (Con) or DTRADQ mice were daily injected with Diphtheria 

Toxin (DT) (100ng/mouse/day) or PBS.

(A) Representative radiographs of femurs after 10 days of DT or PBS injection. n = 6/group.

(B) Representative μCT images of DTRADQ femurs, extending from metaphysis to 

diaphysis, with time of DT injection. n = 6/group.

(C) Quantitative μCT analysis of whole femur of Con or DTRADQ mice after 10 days of DT 

or PBS injection. n = 4–9/group.

(D) Representative histological section of femur of 2 month old DTRADQ mice treated with 

DT with time. n = 5/group. Control (Con) received PBS for 10 days; Scale bar: 800 μm.

(E) Representative μCT images of osmium-stained femurs of Con and DTRADQ mice 4 days 

after DT injection. n = 5/group. Marrow fat in dark gray (arrows), decalcified bone overlaid 

in light grey.

(F) Representative μCT images of vertebrae (L3–5) of Con and DTRADQ mice 10 days after 

DT injection. n = 5/group.
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(G) 2 month old Con or DTRADQ mice were subjected to ovariectomy or sham operation. 3 

weeks after surgery, mice were daily injected with DT for 10 days. Whole femur BV/TV and 

BMD were analyzed by μCT. n = 2–6/group.

(H) 2 month or 1 year old Con or DTRADQ mice were daily injected with DT for 10 days. 

Whole femur was analyzed by μCT. n = 3–7/group.

Data are presented as mean ± SD. * P < 0.05, *** P < 0.001 as determined by 2 way 

ANOVA with Holm-Sidak’s post hoc analysis for multiple comparisons test (C, G, H).
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Fig 2. Post-natal fat ablation enhances bone strength.
2 month-old control (Con) or DTRADQ mice were daily injected with Diphtheria Toxin (DT) 

(100ng/mouse/day) for 10 days. μCT analysis of femoral (A) diaphyseal bone area, (B) 

medullary area and (C) total area. Bending tests analysis of femoral (D) stiffness, (E) 

maximum force (a measure of whole bone strength) and (F) yield force, (G) Post yield 

displacement. n = 5/group.

Data are presented as mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001 as determined by 

unpaired t test.
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Fig 3. DT/DTRADQ osteosclerosis is due to enhanced osteoblast recruitment and differentiation.
(A) Serum P1NP of Con and DTRADQ mice after 7 days and 14 days of DT injection. n = 6–

9/group.

(B) qPCR analysis of femoral marrow alkaline phosphatase mRNA of 2month old DTRADQ 

mice treated with DT with time. Con represents 3 days of PBS injection. n = 6/group.

(C) Representative fluorescent microscopic images of femoral diaphysis of DTRADQ mice 

mated to Col1a1*2.3GFP reporter mice treated with DT for 4 days. Con were mated to 
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Col1a1*2.3GFP reporter mice and treated with DT for 4 days. n = 4/group. Scale bar: 800 

μm.

(D) CFU-OBs generated from crushed periosteum-stripped femur of DTRADQ mice treated 

with DT with time. No DT treatment serves as Con. n = 3 independent experiments.

(E) PCNA (red) fluorescent immunohistochemical staining of femoral diaphysis of 

DTRADQ/Col1a1*2.3 GFP mice treated with DT for 4 days. Arrows indicate occasional 

cells (yellow) expressing both PCNA and GFP. n = 4/group. Scale bar: 100 μm

(F) Thymidine Kinase (TK) fluorescent immunohistochemical staining (red) of femoral 

diaphysis of DTRADQ/Col1a1*2.3 GFP/Col1a1*3.6-TK mice treated with DT for 4 days. n 
= 4/group. Scale bar: 100 μm.

(G-I) Con or DTRADQ mice were mated with Col1a1*3.6 -TK mice. At 2 months of age all 

genotypes were treated with DT and Ganciclovir for 10 days. G) Representative radiographs 

of femurs; H) Representative μCT images of femurs; I) Quantitative μCT analysis of whole 

femur of H. n = 6–8/group.

Data are presented as mean ± SD. * P < 0.05, *** P < 0.001 as determined by 1 way (B) or 2 

way (A, I) ANOVA with Holm-Sidak’s post hoc analysis for multiple comparisons test.
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Fig 4. Anti-resorptive therapy maintains DT/DTRADQ-mediated osteosclerosis.
(A) Quantitative μCT analysis of whole femur of Con and DTRADQ mice treated with DT 

daily with time. n = 3–8/group.

(B) Histomorphometric analysis of osteoclast number/mm bone surface and osteoclast 

surface/bone surface in femoral diaphysis of DTRADQ mice treated with DT with time. No 

DT treatment serves as control. n = 3–4/group.

(C) Serum CTX-1 of DTRADQ mice treated with DT daily with time. Non DT injected 

DTRADQ mice serve as control. n = 5–9/group.
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(D) qPCR analysis of femoral bone OPG mRNA and Rankl/OPG ratio of 2month old 

DTRADQ mice treated with DT with time. No DT treatment DTRADQ mice serve as control. 

n = 3–6/group.

(E-F) 2 months old Con or DTRADQ mice treated with DT for 10 days (Before OPG-Fc) or 

DTRADQ mice treated with DT, with or without OPG-Fc, for an additional 20 days. (E) 

Representative μCT image of femoral diaphysis; F) Whole femur quantitative μCT analysis. 

n = 4–5/group.

(G-H) Control (Con) or DTRADQ mice were daily injected with Diphtheria Toxin (DT) 

(100ng/mouse/day) for 2 months. (G) μCT analysis of femoral diaphyseal bone area, 

medullary area and total area. Bending tests analysis of femoral stiffness, maximum force, 

yield force and post yield displacement. n = 5/group. (H) Representative μCT image of 

femoral diaphysis of Con or DTRADQ mice treated with DT for 2 months. n = 5/group.

Data are presented as mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001 as determined by 

unpaired t test (G), 1 way (B,C,D, F) or 2 way (A) ANOVA with Holm-Sidak’s post hoc 

analysis for multiple comparisons test.
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Fig 5. DT/DTRADQ-induced osteogenesis is not mediated by loss of peripheral adipose tissue.
(A) 2 months after WT WAT transplantation, mice were administrated DT daily. WT (Con) 

and sham operated DTRADQ mice serve as controls. Serum glucose was measured before 

(Day0) or after DT daily treatment (Day1- Day9). n = 4–8/group.

(B) Quantitative μCT analysis of whole femur of DTRADQ mice 2 months after WT WAT 

transplantation, treated with DT for 10 days. WT (Con) and sham operated DTRADQ mice 

serve as controls. n = 3–8/group.

C) Quantitative μCT analysis of whole femur of WT mice 2 months after WT or DTRADQ 

WAT transplantation treated with DT for 10 days. Non-transplanted DTRADQ mice serve as 

control. n = 2–8/group.

(D) 2 month old control and DTRADQ female mice were parabiosed. 2 months after surgery, 

DT was directly injected into Con or DTRADQ mice as indicated for 10days. n = 3 pairs/

group. Upper panel: the scheme of parabiosis experiment; Lower panel: representative μCT 

images of femurs of Con and DTRADQ mice of each partner.

Data are presented as mean ± SD. * P < 0.05, *** P < 0.001 as determined by 1 way (B, C) 

or 2 way (A) ANOVA with Holm-Sidak’s post hoc analysis for multiple comparisons test.
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Fig 6. BMPR signaling mediates adipocyte ablation-induced osteogenesis.
(A) Heatmap of RNA sequencing of bone marrow mRNAs of DTRADQ mice treated with or 

without (Con) DT with time.

(B) CompBio analysis of downregulated and upregulated pathways of RNA sequencing of 

bone marrow mRNA of DTRADQ mice treated with or without DT for 3 days.

(C) qPCR analysis of Chrdl1, Grem1, Adiponectin and Wisp1 mRNA in femoral bone 

marrow of 2 month old DTRADQ mice treated with DT with time; Con received no DT. n = 

3–6/group.
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(D) qPCR analysis of inflammatory cytokine mRNA in femoral bone marrow of 2 month old 

DTRADQ mice treated with or without DT for 3 days. n = 6/group.

(E) Marrow stromal cells were cultured in the presence (Adipo-Diff) or absence (MSC) of 

adipocyte differentiation media for 8 days. Chrdl1 and Grem1 gene expression was analyzed 

by qPCR. n = 6–7/group.

(F) immuno-blot analysis of Phospho-Smad1,5,8 in whole bone marrow lysates of DTRADQ 

mice treated with DT with time. Con received no DT. Densitometric analysis is performed 

relative to Smad 5. n = 3 independent experiments.

(G) Representative fluorescent microscopic images of phosphor-Smad1,5,8 (red) 

immunohistochemical staining of distal femur of DTRADQ/Col1a1*2.3 GFP mice treated 

with or without DT for 4 days. n = 3/group. Scale bar: 100 μm.

(H) Representative μCT images of femoral diaphysis of DTRADQ mice treated with DT with 

or without LDN193189 for 10 days. No DT treatment serves as control. n = 6–7/group.

(I) Whole femur quantitative μCT analysis of (G). n = 6–7/group.

Data are presented as mean ± SD. * P < 0.05, *** P < 0.001 as determined by unpaired t test 

(D, E) or 1 way ANOVA with Holm-Sidak’s post hoc analysis for multiple comparisons test 

(C, I).
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Fig 7. EGFR and BMPR signaling partner to promote osteogenesis.
(A) ST2 cells were treated with HB-EGF (5ng/ml) for indicated time and pEGFR was 

detected by immunoblot. Actin and EGFR serve as loading controls. Densitometric analysis 

is performed relative to EGFR. n = 3 independent experiments.

(B) Quantitative μCT analysis of whole femur of DTRADQ mice treated with DT in the 

presence or absence of Gefitinib (100mg/Kg) daily for 10 days. n = 5–7/group.

(C) μCT images of femoral diaphysis of (B). n = 5–7/group.

(D) Con and DTRCD19 mice were treated with DT daily for 3 days. Upper panel: Left: FACS 

plots of CD19+ B220+ B cells in the spleen, pre-gated on CD45+ cells. Numbers show 

frequencies of CD45+ cells that are B cells. Right: Numbers of CD45+ CD19+ B220+ B 

cells in the spleen. Lower panel: Left: FACS plots of CD19+ B220+ B cells in the femur 

bone marrow, pre-gated on CD45+ cells. Numbers show frequencies of CD45+ cells that are 
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B cells. Right: Numbers of CD45+ CD19+ B220+ B cells in the bone marrow. n = 4–5/

group.

(E) Quantitative μCT analysis of whole femur of Con and DTRCD19 mice after treated with 

DT daily for 10 days. n = 6–9/group.

(F) Con and DTRCD19 mice were treated with DT daily for 3 days. qPCR analysis of 

femoral marrow Chrdl1, Grem1 and Wisp1 mRNA. n = 4–6/group.

Data are presented as mean ± SD. ** P < 0.01, *** P < 0.001 as determined by unpaired t 

test (D-F) or 1 way ANOVA with Holm-Sidak’s post hoc analysis for multiple comparisons 

test (B).
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-phospho-smad Cell Signaling Biotechnology Cat# 13820; RRID: AB_2493181

Rabbit anti-Smad5 Cell Signaling Biotechnology Cat# 12534; RRID: AB_2797946

Rabbit anti-Adiponectin Cell Signaling Biotechnology Cat# 2789; RRID: AB_2221630

Rabbit anti-phospho EGFR Cell Signaling Biotechnology Cat# 3777; RRID: AB_2096270

Rabbit anti-EGFR Cell Signaling Biotechnology Cat# 2232; RRID: AB_331707

Mouse anti-PCNA Santa Cruz Biotechnology Cat# SC-56; RRID: AB_628110

Mouse anti-Actin Sigma Aldrich Cat# A2228; RRID: AB_ 476697

Rabbit anti-Thymidine kinase William Summers (Yale) N/A

Rat anti-mouse B220-PE BioLegend Clone RA3-6B2; RRID: AB_312993

Rat anti-mouse CD45-APC BioLegend Clone 30-F11 ; RRID: AB_312976

Rat anti-mouse CD19 APC/Fire750 BioLegend Clone 6D5; RRID: AB_2572120

FcBlock BD Biosciences Clone 24G.2; RRID: AB_394656

Chemicals, Recombinant Proteins

Diphtheria Toxin Biological List Laboratories Cat #150

Tamoxifen Sigma Aldrich Cat# T5648

LDN193189 Sigma Aldrich Cat# SML0559

XAV939 Selleckchem Cat# S1180

Gefitinib ApeBio Cat# A8219

Ganciclovir Acros Organics Cat# 461710050

TRIzol Reagent ThermoFisher Scientific Cat# 15596026

Osmium Tetroxide 4% solution Electron Microscopy Sciences Cat# 19170

Sorensen’s Phosphate buffer Electron Microscopy Sciences Cat# 11600-10

Collagenase P Roche Cat# 11249002001

Ascorbic Acid Sigma Aldrich Cat# A5960

β-glycerophosphate Sigma Aldrich Cat# G9422

Indomethacin Sigma Aldrich Cat# I7378

Dexamethasone Sigma Aldrich Cat# D4902

Insulin Sigma Aldrich Cat# I2643

OPG-Fc Amgen Biotechnology N/A

Recombinant Human HB-EGF R&D Systems Cat# 259-HE-050

MEM Alpha Gibco Cat# 12561-049

FBS Gibco Cat# 26140

0.05% Trypsin-EDTA Gibco Cat# 25300-054

Pen Strep Gibco Cat# 15140-122

30% Acrylamide/Bis Solution Bio-Rad Cat# 161-0158

Halttm Protease & Phosphatase inhibitor Thermo Scientific Cat# 78443
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REAGENT or RESOURCE SOURCE IDENTIFIER

50% Dextrose Hospira Cat# 0409-6648-02

Oligonucleotides

See Supplemental Table 3, 4

Critical Commercial Assays

iScript™ cDNA synthesis kit Bio-Rad Cat# 170-8891

Powerup™ SYBR™ Green Applied Biosystems Cat# 25742

Serum CTX-1 (RatLaps) RIA kit Immunodiagnosticsystems Cat# AC—06F1

Mouse P1NP EIA kit Immunodiagnosticsystems Cat# AC-33F1

RNeasy Mini kit Qiagen Cat# 74104

LDH activity Assay kit BioVision Incorporated Cat# K726-500

Deposited Data

RNA sequencing data GEO GEO: GSE154800

Experimental Models: Organisms/Strains

iDTR (Lox-Stop-Lox-ROSA-DTR) The Jackson Laboratory Stock No: 007900

Col1a1*2.3GFP The Jackson Laboratory Stock No: 013134

CD19 Cre The Jackson Laboratory Stock No: 006785

Adipoq Cre The Jackson Laboratory Stock No: 010803

Adipoq Cre/ERT2 The Jackson Laboratory Stock No: 025124

TK-3.6Col1a1 Robert Jilka and Charles O’Brien (University of 
Arkansas) (Jilka et al., 2009)

N/A

Rosa-DTA (Lox-Stop-Lox-ROSA-DTA) The Jackson Laboratory Stock No: 010527

Experimental Models: Cell Line

ST2 ATCC CVCL-2205

Software and Algorithms

GraphPad Prism 8 GraphPad RRID:SCR_002798

Bioquant Osteo V7 10.10 Bioquant RRID:SCR_016423

Image Studio Lite Ver4.0 LI-COR Biosciences RRID:SCR_013715

STAR v2.0.4b STAR RRID:SCR_015899

Subread v1.4.5 Subread RRID:SCR_009803

R v3.4.1 R RRID:SCR_001905

EdgeR v3.20.2 Edger RRID:SCR_012802

LIMMA v3.34.4 LIMMA RRID:SCR_010943

RSeQC v2.3 RSeQC RRID:SCR_005275

CompBio http://www.percayai.com N/A

Other

Immobilon-FL PVDF transfer membranes Millipore Cat# IPFL00010

Contour Blood Glucose Strips ASCENSIA Diabetes Care Cat# 7097C

Contour Blood Glucose Meter Bayer Health LLC Cat# 9556C

BD Serum Separator Tubes Becton, Dickinson and Company Cat# 365967

Plain Capillary Tubes Kimble Chase Life Science Cat# 2502
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