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A glucocorticoid- and diet-responsive pathway toggles 
adipocyte precursor cell activity in vivo
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Abstract

Obesity is driven by excess caloric intake, which leads to the expansion of adipose tissue by 

hypertrophy and hyperplasia. Adipose tissue hyperplasia results from the differentiation of 

adipocyte precursor cells (APCs) that reside in adipose depots. Investigation into this process has 

elucidated a network of mostly transcription factors that drive APCs through the differentiation 

process. Using in vitro and in vivo approaches, our study revealed a signaling pathway that 

inhibited the initiation of the adipocyte differentiation program. Mouse adipocytes secreted the 

extracellular protease ADAMTS1, which triggered the production of the cytokine pleiotrophin 

(PTN) through the Wnt/β-catenin pathway, and promoted proliferation rather than differentiation 

of APCs. Glucocorticoid exposure in vitro or in vivo reduced ADAMTS1 abundance in 

adipocytes. In addition, mice fed a high-fat diet showed decreased Adamts1 expression in the 

visceral perigonadal adipose depot, which expanded by adipogenesis in response to the diet, and 

increased Adamts1 expression in the subcutaneous inguinal adipose depot, which did not induce 

adipogenesis. Similar to what occurred in mouse subcutaneous adipose tissue, diet-induced weight 

gain increased the expression of ADAMTS1, PTN, and certain Wnt target genes in the 

subcutaneous adipose depot of human volunteers, suggesting the relevance of this pathway to 

physiological adipose tissue homeostasis and the pathogenesis of obesity. Thus, this pathway 
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functions as a toggle on APCs, regulating a decision between differentiation and proliferation and 

coordinating the response of adipose tissue to systemic cues.

INTRODUCTION

Adipogenesis is the differentiation of adipocyte progenitor/stem cells into mature adipocytes 

and is a dynamic, highly controlled process (1–3). There is enormous interest in 

understanding the molecular regulation of adipogenesis with the anticipation that further 

insight will enable the development of novel therapeutic strategies to address the recalcitrant 

obesity problem along with the associated cardiovascular and metabolic diseases. 

Furthermore, once thought to be an inert energy storage depot, adipose tissue is actually a 

critical regulator of systemic homeostasis that secretes various hormones and other factors to 

influence diverse physiological processes (1, 4).

Insight into the process of adipogenesis has been advanced by studies using various cell 

lines, as well as the heterogeneous mixture of cells isolated from adipose tissue stroma 

[stromal vascular fraction (SVF)], that are readily induced to undergo differentiation in 

tissue culture using a cocktail of stimuli (5). This work has elucidated an elegant cell 

intrinsic network and a feedback system of primarily transcription factors that propels 

preadipocytes through the differentiation process (3, 6, 7). However, this experimental 

approach inherently bypasses the regulation of the induction of adipogenesis that occurs in 

vivo. The characterization of cell surface markers that permit identification, isolation, and 

tracing of a distinct population of adipocyte precursor cells (APCs) that are competent to 

reconstitute an adipose depot (8, 9) also enables probing of the regulation of adipogenesis in 

vivo.

In early life, substantial adipogenesis occurs to establish and expand the fat depots (10). 

Then, at a yet to be precisely defined time, the extent of adipogenesis decreases to plateau at 

a homeostatic levels with a turnover of around 10% of adipocytes per year with variability 

between depots (11, 12). Although the factors regulating the increase and subsequent 

postnatal decline in the rate of adipogenesis have not been identified, there is evidence that 

specific stimuli can reinduce an increase in the rate of adipogenesis above homeostatic 

levels. Introduction of a high-fat diet (HFD) is a factor that potently stimulates an increase in 

adipogenesis (13). Given the physiological nature of this stimulus and applicability to the 

current causes of the high rates of obesity, this process is particularly germane.

Glucocorticoids are an essential component of the cocktail used to induce differentiation in 

the in vitro differentiation of adipocyte progenitor cells (5). Glucocorticoids are a class of 

steroid hormones involved in the stress response and various other physiological processes 

that signal by binding to the glucocorticoid receptor to regulate the expression of target 

genes (14). Glucocorticoids—including dexamethasone, prednisone, and hydrocortisone—

are commonly used medications because of their efficacy in treating various diseases 

including autoimmunity and cancer. However, patients who have excess circulating 

glucocorticoid concentrations frequently become obese (15).
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Here, we identified ADAMTS1 as a glucocorticoid- and diet-responsive protein that potently 

inhibits APC activity in vivo. Our study revealed that ADAMTS1-mediated inhibition of 

APC differentiation occurred through an extracellular signaling pathway that translated 

systemic cues into a molecular switch to favor proliferation of APCs over differentiation. We 

showed that this control of APC activity involved a relay from Adamts1 expression to Wnt 

signaling in APCs. Ingestion of HFD adipose depot specifically attenuated this pathway, 

thus allowing adipogenesis to proceed. Furthermore, we discovered that this pathway was 

conserved both in humans at the cellular level and in human volunteers in an overfeeding 

study.

RESULTS

Adamts1 abundance decreases in response to glucocorticoids

To identify glucocorticoid-responsive genes that might be involved in the in vivo regulation 

of adipogenesis, we analyzed microarrays performed with preadipocytes treated with the 

medically important synthetic glucocorticoid dexamethasone (16) and identified Adamts1. 

The expression of Adam12 and Adam23, which are members of the related ADAM family 

and previously implicated to affect adipogenesis (17, 18), was not affected by 

dexamethasone in our expression profiling. ADAMTS1 is a member of the ADAMTS family 

of secreted proteins that affect morphogenesis, ovulation, arthritis, and cancer (19–21). We 

were particularly intrigued by ADAMTS1 because we reasoned that an extracellular protein 

might be well positioned to respond to systemic changes to modulate adipogenesis. To test 

this hypothesis, we analyzed adipose tissue from wild-type mice treated with dexamethasone 

and found that administration of systemic glucocorticoids caused a reduction in ADAMTS1 

abundance in adipose tissue in vivo (Fig. 1A).

To begin to elucidate the role of Adamts1 in adipose tissue, we fractionated the adipose 

depots from wild-type mice and compared Adamts1 expression in purified mature 

adipocytes to that in the SVF. These studies indicate that mature adipocytes physiologically 

expressed significantly more Adamts1 than the cells in the SVF (Fig. 1B). Furthermore, by 

performing both standard (fig. S1A) and ceiling culture assays (where mature adipocytes are 

cultured on the top internal surface of a well and secreted proteins condition the medium) 

(fig. S1B), we established that ADAMTS1 was secreted from wild-type mature adipocytes.

To study the function of Adamts1 in adipose tissue in vivo, we generated transgenic mice in 

which Adamts1 was overexpressed in the adipose tissue under the adipocyte fatty acid 
binding protein 4 (Fabp4, also referred to as aP2) promoter and enhancer region (Adam Tg). 

We confirmed that ADAMTS1 was overexpressed in the adipose depots of Adam Tg mice 

(Fig. 1C), and excess ADAMTS1 was secreted from mature adipocytes purified from Adam 
Tg mice (fig. S1, A and B). Notably, we found that the adipose depots were significantly 

smaller in Adam Tg mice, although adipocyte size was modestly increased in these mice 

(Fig. 1, D and E). Total body weights and food intake were also similar in Adam Tg and 

wild-type littermates (fig. S1, C and D). The equivalent body weights suggest that the Adam 
Tg mice have altered body composition affecting other tissues.
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ADAMTS1 inhibits adipogenesis and promotes the proliferation of APCs

We hypothesized that the decrease in adipose tissue mass in Adam Tg mice was caused by a 

block in adipogenesis generated by ADAMTS1-mediated signaling effects on APCs. To test 

this hypothesis, we injected 5-ethynyl-2′-deoxyuridine (EdU) into wild-type and Adam Tg 
mice. Because mature adipocytes do not divide, EdU-labeled (EdU+) mature adipocytes 

must arise from the differentiation of dividing progenitor cells and therefore report the extent 

of adipogenesis that occurs during the chase period (22). Flow cytometry analysis of mature 

adipocytes purified from adipose tissues revealed that Adam Tg mice had significantly fewer 

EdU+ mature adipocytes compared to wild-type littermates (Fig. 1F), suggesting that there 

was a block in the differentiation of APCs into adipocytes in these animals.

We further reasoned that a block in adipogenesis should result in the retention and thus 

expansion of the pool of undifferentiated APCs. Using flow cytometry with defined surface 

markers (8) to analyze endogenous APCs in vivo, we discovered that not only were there 

significantly more APCs in Adam Tg mice (Fig. 1G), there was also a substantial increase in 

the rate of proliferation of APCs in the Adam Tg mice compared to wild-type mice as 

quantified by measuring both Ki67 and EdU labeling of the APC population (Fig. 1, H and I, 

and fig. S2A). These results indicated that APCs in Adam Tg mice had an increased rate of 

proliferation in addition to the block in adipogenesis.

The Fabp4 promoter/enhancers have low activity in APCs (23), and we confirmed that 

Adamts1 was not overexpressed in APCs purified from Adam Tg mice compared to wild-

type APCs (fig. S2B). These findings support the model that the APC phenotype of the 

Adam Tg mice resulted from an extracellular signal. To test this hypothesis, we exposed 

wild-type APCs to purified recombinant ADAMTS1 (rADAM) protein or bovine serum 

albumin (BSA) control protein while inducing adipocyte differentiation. The addition of 

rADAM substantially inhibited differentiation, as visualized under light microscopy (Fig. 

2A) and by measuring the expression of genes encoding adipocyte differentiation markers 

(Fig. 2B). Inactivating the metalloproteinase activity in ADAMTS1 with an E402Q mutation 

diminished the block in differentiation (fig. S2, C and D). We also found that rADAM 

inhibited differentiation in 3T3-L1 preadipocytes (fig. S2E) (24), providing additional 

confirmation of the extracellular nature of the activity of ADAMTS1. Furthermore, rADAM 

increased the proliferation of both APCs and 3T3-L1 cells (Fig. 2C and fig. S2F). These 

studies indicated that both the block in differentiation and the increase in proliferation were 

caused by an extracellular ADAMTS1 signal targeting the APCs.

Induction of PTN is required for the effect of ADMATS1 on APCs

To identify the downstream pathway regulated by Adamts1, we compared the gene 

expression profiles of APCs isolated from wild-type and Adam Tg mice (fig. S3A). These 

unbiased studies identified Ptn (which encodes the cytokine pleiotrophin) as a gene with 

greatly increased expression in APCs from Adam Tg mice. Our expression profiling and 

confirmatory reverse transcription quantitative polymerase chain reaction (RT-qPCR) results 

revealed a ninefold increase in the expression of Ptn in APCs isolated from Adam Tg mice 

(fig. S3B). Verifying this result by another approach, we also found that exposing APCs 

isolated from wild-type mice to rADAM increased Ptn expression (Fig. 2D). In addition, we 
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found that Ptn expression (Fig. 2E) and PTN protein abundance (Fig. 2F) were substantially 

higher in the adipose tissue from Adam Tg compared to wild-type mice. Next, we injected 

wild-type mice with dexamethasone, which reduced PTN abundance in adipose tissue (Fig. 

2G), suggesting that Ptn could be in the same pathway as Adamts1 in regulating adipose 

tissue responsiveness to systemic glucocorticoids.

PTN is a member of the midkine family of heparin-binding growth factors with effects on 

development, immunity, and cancer (25, 26). PTN regulates stem and progenitor cell 

physiology and enhances the self-renewal and regeneration of hematopoietic stem cells (27, 

28) and inhibits differentiation in 3T3-L1 cells (29, 30). When we analyzed the time course 

of adipocyte differentiation in APCs from wild-type mice, we discovered that endogenous 

Ptn abundance had a nadir between day 1 and day 3 after induction of adipocyte 

differentiation (fig. S3C), a critical time point when precursor cells commit to differentiate 

(31). The expression of Ptn in APCs isolated from Adam Tg mice remained higher (by a 

factor of >2) than that of wild-type APCs throughout the first 4 days of the adipocyte 

differentiation time course (fig. S3C). To examine whether extracellular PTN inhibited the 

differentiation of primary APCs, APCs isolated from wild-type mice were treated with 

recombinant PTN (rPTN) or BSA control protein while being induced to differentiate. These 

studies revealed that rPTN exposure inhibited differentiation in primary APCs and 3T3-L1 

cells as visualized under light microscopy (Fig. 2H and fig. S3D) and quantified by 

measuring the expression of genes encoding adipocyte differentiation markers (Fig. 2I).

To test whether the induction of PTN was downstream of Adamts1, we used a neutralizing 

antibody against PTN (27) in vitro and in vivo. Coaddition of the PTN neutralizing antibody 

rescued the ADAMTS1-mediated block in adipocyte differentiation (Fig. 3, A and B), and 

injection of the neutralizing PTN antibody reversed the reduction in adipose tissue in the 

Adam Tg mice (Fig. 3, C and D). To confirm the mechanism of the rescue, we measured the 

relative numbers of EdU+ APCs and mature adipocytes in wild-type and Adam Tg mice 

receiving control immunoglobulin G (IgG) or PTN antibody. We found that the in vivo 

administration of PTN neutralizing antibody rescued the Adam Tg phenotype by reducing 

the rate of APC proliferation and increasing adipogenesis to wild-type amounts (Fig. 3, E 

and F).

ADAMTS1 promotes Wnt signaling in APCs and enables cross-talk with glucocorticoid 
signaling

In neural cells, binding of PTN to the membrane receptor receptor protein tyrosine 

phosphatase β/ζ inhibits its intrinsic tyrosine phosphatase activity, resulting in increased 

tyrosine phosphorylation and nuclear translocation of β-catenin (32). In preadipocytes, β-

catenin nuclear translocation and subsequent activation of T cell factor/lymphoid enhancer 

factor (TCF/LEF) transcription factors repress the transcription of Pparγ, which encodes a 

“master regulator” of adipogenesis (33–35). Therefore, we hypothesized that ADAMTS1 

inhibited differentiation of APCs by activating the WNT/β-catenin signaling pathway, which 

we monitored through β-catenin localization. We discovered that the addition of rADAM to 

APCs from wild-type mice decreased the amount of β-catenin in the cytoplasmic fraction, 

while increasing it in the nuclear fraction (Fig. 4A), demonstrating an increase in the nuclear 
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translocation of β-catenin. Furthermore, treatment with rADAM increased the expression of 

TCF/LEF target genes in APCs (Fig. 4B). In addition, we found that FACS-purified APCs 

directly harvested from Adam Tg mice had increased expression of TCF/LEF target genes 

compared to those from wild-type mice (Fig. 4C), establishing that Adamts1 was connected 

to Wnt signaling in vivo. Moreover, we discovered that in vivo neutralization of PTN 

restored endogenous Wnt signaling in APCs from Adam Tg mice to wild-type amounts (Fig. 

4D), and administration of the small-molecule Wnt inhibitor IWP2 (36) partially rescued 

APCs from the ADAMTS1-mediated block in adipogenesis (Fig. 4, E and F). These results 

indicated that ADAMTS1 stimulation of the PTN-Wnt pathway was critical for its activity 

on APCs. We also discovered that administration of systemic dexamethasone to wild-type 

mice decreased Axin2 expression in APCs, and this effect was blocked in Adam Tg mice 

(Fig. 4G). These findings revealed that the glucocorticoid-responsive Adamts1 pathway was 

a mechanism for decreasing Wnt signaling in vivo to alter the activity of APCs.

ADAMTS1 induces Ptn expression by a feed-forward Wnt signal

Expression profiling (fig. S3) and cell autonomous experiments with rADAM (Fig. 2D) 

revealed that ADAMTS1 increased Ptn expression. However, we wondered how this process 

was mediated because ADAMTS1 is an extracellular protein. We hypothesized that the 

induction of Ptn expression by ADAMTS1 resulted from stimulation of Wnt signaling 

because ADAMTS1 caused nuclear translocation of β-catenin (Fig.4A), and β-catenin 

regulated the expression of target genes through its interactions with TCF/LEF. Inhibiting 

Wnt signaling with IWP2 was sufficient to block the induction of Ptn expression by 

ADAMTS1 (Fig. 4H), confirming our hypothesis. In addition, we tested whether Ptn was a 

direct TCF/LEF target gene and whether ADAMTS1 induction of Ptn expression occurred 

by the stimulation of Wnt signaling promoting the activity of TCF/LEF on the Ptn gene. 

First, we identified a putative TCF/LEF binding site located ~1 kb upstream of the 

transcriptional start site (TSS) in the promoter-proximal region of the Ptn gene. Next, we 

performed luciferase reporter assays using a construct with the endogenous Ptn promoter 

and promoter-proximal region containing the putative TCF/LEF binding site. We found that 

exposing cells transfected with this reporter construct to rADAM induced promoter activity, 

and this induction of Ptn promoter activity by rADAM was blocked by IWP2 (Fig. 4I).

HFD induces differential responses in the ADAMTS1-PTN-Wnt pathway in an adipose 
depot–specific manner

We were interested to test whether the ADAMTS1-PTN-Wnt pathway was responsive to 

physiological stimuli that control the rate of adipogenesis. Consistent with other work (11, 

37), monitoring of adipose depots in humans using 14C labeling from exposure to nuclear 

bomb testing by Spalding et al. (12) reveals that obese individuals have significantly more 

adipocytes added per year compared to lean individuals. Diet-induced obesity in mice fed an 

HFD models this human response of increased adipogenesis (13, 22). This response to HFD 

is depot-specific, with the increase in adipogenesis mostly restricted to visceral depots, 

although the subcutaneous depots expand by hypertrophy and have minimal change in the 

amount of adipogenesis (13). We speculated that the ADAMTS1 signal would be relevant to 

connecting an HFD to the induction of adipogenesis in APCs. Therefore, we fed a HFD to 

wild-type mice to increase the sizes of the visceral gWAT and subcutaneous iWAT fat depots 
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(Fig. 5A). Using EdU chase experiments, we confirmed that HFD induced adipogenesis in 

wild-type mice in the gWAT depot but not in the iWAT depot (Fig. 5B), as has been 

previously reported (13). Furthermore, the HFD resulted in a corresponding depot-specific 

response in the expression of Adamts1 and Ptn. In the iWAT depot, expression of both 

Adamts1 and Ptn increased, whereas in the gWAT depot, expression of these genes 

significantly decreased (Fig. 5C). Furthermore, we found that the HFD induced 

corresponding depot-specific changes in Wnt target gene expression in APCs from iWAT 

compared to gWAT depots (Fig. 5D).

Because Adamts1 expression was responsive to glucocorticoids, we wondered whether the 

changes in response to HFD were altered by depot-specific differences in physiological 

glucocorticoids. The 11β-hydroxysteroid dehydrogenase type 1 and 2 enzymes (11βHSD1 

and 11βHSD2) tissue-specifically control endogenous glucocorticoids by regulating the 

local interconversions between the inactive and active forms of the hormone (38). Therefore, 

we tested whether there was adipose depot–specific regulation of the expression of these 

enzymes in response to HFD. Remarkably, we discovered that HFD induced Hsd11b1 
expression (the enzyme encoded by this gene activates endogenous glucocorticoids) 

specifically in the gWAT depot, whereas expression of Hsd11b2 (the enzyme encoded by 

this gene inactivates glucocorticoids) was induced in the iWAT (Fig. 5E). These data support 

a model in which ingestion of HFD results in depot-specific changes in endogenous 

glucocorticoid signaling, which alters the amount of ADAMTS1 signaling to coordinate the 

depot-specific induction of adipogenesis. To test whether the reduction in Adamts1 
expression in the gWAT in response to HFD was essential for permitting the induction of 

adipogenesis in this tissue, we examined whether the Adam Tg mice (which constitutively 

express Adamts1 in adipose tissue, and therefore, ADAMTS1 abundance in the adipose 

tissue bypasses regulation by the 11βHSD enzymes) were resistant to HFD-induced 

adipogenesis in the gWAT. We discovered that the induction of adipogenesis in the gWAT 

with 3 months of HFD feeding was blocked in the Adam Tg mice (Fig. 5F). Together, these 

data indicate that HFD feeding reduced Adamts1 signaling in gWAT, which released the 

differentiation block on APCs.

The ADAMTS1-PTN-Wnt pathway is conserved in human adipose cells

We next tested for evidence that this pathway was present and functionally conserved in 

humans. As observed in mice, we found that overexpression of ADAMTS1 in human 

adipose tissue SVF obtained from healthy donors induced the expression of PTN (Fig. 6A) 

and TCF/LEF target genes (Fig. 6B). Furthermore, we found that human rADAM and rPTN 

inhibited adipocyte differentiation of human SVF, similar to our results in mouse cells (Fig. 

6, C and D). We also found that neutralizing PTN both rescued the ADAMTS1-mediated 

block in adipocyte differentiation (Fig. 6, C and D) and blunted the induction of the 

expression of TCF/LEF target genes (Fig. 6E), demonstrating pathway conservation at the 

functional level in human cells. In addition, we discovered that human rADAM and rPTN 

increased the rate of proliferation of human SVF cells and the Simpson-Golabi-Behmel 

syndrome (SGBS) human preadipocyte cell line (39) (fig. S4, A to C), analogous to what we 

observed with mouse cells.
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The ADAMTS1-PTN-Wnt pathway responds to overfeeding in humans

The in vitro studies with human cells validated that the Adamts1 pathway that we identified 

was conserved in humans. We next sought to ascertain that this pathway was also relevant in 

vivo in humans with adipose tissue samples from a trial of overfeeding-induced weight gain 

in humans. In this trial, subcutaneous adipose tissue biopsies from female volunteers with 

body mass indexes (BMIs) of 25 to 35 kg/m2 were obtained (obtaining visceral adipose 

tissue samples in these healthy volunteers was not feasible). The participants were then 

started on a 4-week course of caloric overfeeding that was supervised by a dietitian and 

resulted in an average weight gain of 3.5 kg. At the end of the 4 weeks of overfeeding, 

subcutaneous adipose tissue samples were taken from the volunteers. HFD increased the 

expression of Adamts1 and Ptn in the subcutaneous adipose tissue of mice (Fig. 5C), and 

similarly, we found that overfeeding induced both ADAMTS1 and PTN expression in the 

subcutaneous adipose tissue of healthy humans (Fig. 6F). Finally, we discovered that the 

expression of TCF/LEF target genes was also increased in the subcutaneous SVF of the 

volunteers after overfeeding (Fig. 6G), suggesting that Wnt signaling was altered in response 

to the hypercaloric diet, as occurred in the HFD mouse model (Fig. 5E). These data 

suggested that the response of the ADAMTS1 pathway to changes in diet was conserved in 

humans.

DISCUSSION

Although reductionist studies in tissue culture have revealed molecular details about the 

process of adipogenesis, there is less information about the factors that gate the initiation of 

this differentiation cascade, particularly in vivo. The results of this study demonstrated that 

Adamts1 connected systemic glucocorticoids or the ingestion of an HFD to APC activity. 

Our studies elucidated that the response of adipose tissue to these systemic factors was 

coordinated by changes in Adamts1 and Ptn expression, switching on Wnt signaling in 

APCs. Notably, these signaling pathways from glucocorticoids and HFD also identified 

previously unrecognized modes for in vivo activation of WNT/β-catenin in APCs.

These findings provide insight into how adipose tissue responds to changes in the systemic 

environment. Changes in dietary intake can have a major impact on adipose tissue (40, 41). 

Intuitively, a HFD leads to increased adipose depot mass, and high-calorie diets are broadly 

recognized as a leading cause of the rise in obesity over the past several decades (42). 

Therefore, elucidating the pathways by which a high-calorie diet generates a cellular signal 

governing adipogenesis might lead to the development of new approaches for the treatment 

and prevention of obesity. Furthermore, increasing evidence suggests that, at least for some 

individuals, the progression from obesity to the development of insulin resistance and 

diabetes includes perturbations to the physiological regulation of adipogenesis (43). 

Therefore, exposing the pathways that regulate adipogenesis in vivo could be a critical step 

to developing strategies that can intercept this process. It will be interesting to evaluate 

whether alterations to the pathway identified in this study are relevant for the pathogenesis 

of type 2 diabetes.

The extracellular nature of the pathway that we revealed is intriguing, if not surprising, 

because a simpler and more direct input into APCs could be envisioned. It is tempting to 
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speculate that this system evolved as a means for adipose tissue to communicate with APCs 

to respond to changing needs and systemic signals. It is also possible that the extracellular 

environment uniquely enables combining of the ADAMTS1 signal with competing and 

synergizing endocrine, paracrine, and other systemic inputs that are integrated by the APC to 

determine activity. Previous studies on fibroblast growth factor 21 (FGF21) are also 

consistent with this model: Although, to our knowledge, FGF21 effects on endogenous APC 

proliferation or differentiation have not yet been reported, systemic administration of 

peroxisome proliferator–activated receptor γ (PPARγ) agonists induces Fgf21 expression in 

adipose tissue (44). Jonker et al. (45) have demonstrated that recombinant FGF21 added to 

the medium of stromal vascular cells in culture promotes adipogenesis by modulating 

PPARγ activity. Collectively with our results, a new model emerges from these findings in 

which changes in the systemic environment are integrated by adipocytes, which then relay 

regulatory signals to the local precursor cell population to instruct the adipose tissue 

response.

In conclusion, we identified an ADAMTS1-PTN-Wnt pathway that converts systemic 

changes into a cellular signal in adipose tissue. We found that this signaling pathway 

controlled the physiologically important decision for APCs to proliferate or differentiate in 

vivo. Uncovering that this pathway responds to glucocorticoids provides a new 

understanding of how the initiation of adipogenesis is gated in vivo and offers insights into 

the effects of systemic glucocorticoids on adipose tissue. Moreover, we discovered that this 

pathway was also responsive to the physiological stimulus of HFD in wild-type mice and is 

conserved in humans. In summary, these findings reveal a previously unrecognized control 

mechanism for adipose tissue to respond to systemic cues, including increased caloric 

intake, by adjusting the rate of adipogenesis.

MATERIALS AND METHODS

Mice

All studies were approved by Stanford University’s Administrative Panel on Laboratory 

Animal Care Committee. The full coding sequence of the Adamts1 complementary DNA 

(cDNA) was generated by RT-PCR of RNA isolated from differentiated mouse adipocytes. 

The Adamts1 transgene was generated by subcloning the complete coding sequence of 

Adamts1 downstream of a 7.6 Fabp4 promoter/enhancer fragment and in front of a poly(A) 

sequence (gift from O. MacDougald, University of Michigan). The purified transgene was 

microinjected into friend virus B (FVB) pronuclei of fertilized oocytes, and the oocytes were 

transplanted into pseudopregnant mice. Three founder lines were generated that all had a 

similar phenotype. The data presented are derived from the line with the lowest amount of 

overexpression of Adamts1 in the adipose tissue. Gender-matched littermates were used as 

controls. For the HFD experiments in wild-type mice, 10-week-old male C57BL/6J mice 

were purchased from Jackson Laboratories and fed a diet with 60% kilocalories from fat 

(Bio-Serv, F3282) ad libitum for 3 months.
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Human samples

Human SVF (Zen-Bio) isolated from lean subjects (BMI, <24.99) were used for in vitro 

adipogenesis and XTT assays. Adipogenesis was induced as described below. Adipose tissue 

samples from healthy (nondiabetic) volunteers before and after overfeeding were obtained 

after informed consent in accordance with protocols approved by the Stanford Institutional 

Review Board. Adipose tissue samples were obtained by periumbilical scalpel biopsy of the 

subcutaneous fat at the time of enrollment (baseline). Volunteers then began weight gain 

intervention by overfeeding, which was supervised by weekly visits to a dietitian at Stanford 

Hospital. After 4 weeks of weight gain, repeat adipose tissue samples were obtained. 

Patients had an average weight gain of 3.5 kg.

FACS of APCs

Animals were euthanized by asphyxiation with CO2 and cervical dislocation, and adipose 

depots were dissected. The adipose tissues were minced and incubated in collagenase (1 

mg/ml) (Worthington) in Dulbecco’s modified Eagle’s medium (DMEM)/F12 for 1 hour at 

37°C with 5% CO2. After inactivation of the digestion with an equal volume of DMEM/10% 

fetal bovine serum (FBS), samples were passed through 100-μm cell strainers. After 

inactivation with Hanks’ balanced salt solution (HBSS)/2% FBS, samples were centrifuged 

and resuspended in 1 ml of ACK Lysing Buffer (Lonza) to remove red blood cells. Cells 

were pelleted again and resuspended in HBSS/2% FBS for antibody labeling for flow 

cytometry or FACS. The following antibodies were used: SCA1 fluorescein isothiocyanate 

(FITC) (BD, 557405), CD45 phycoerythrin (PE)–Cy7 (eBioscience, 25-0421-82), and CD31 

APC (eBioscience, 17-0311-82). Samples were analyzed on a BD FACSAria II in the 

Stanford Stem Cell Institute FACS core. Cell gating was based on comparison with 

unstained and fluorescence minus one–stained controls. Single live cells were discriminated 

by forward-scatter and side-scatter analyses and 7-aminoactinomycin D (7-AAD) labeling 

(BD Biosciences). Cells were sorted into serum-free DMEM for gene expression analysis or 

into complete medium for cell culture. Flow cytometry standard files were analyzed using 

FlowJo version 10.

In vivo EdU labeling

EdU (Carbosynth) was administered by intraperitoneal injections (100 mg/kg) once every 

day for 2 weeks. For flow cytometric analysis, SVF was prepared and stained for surface 

markers as previously described using the following antibodies: SCA1 APC (BioLegend, 

108112), CD45 PE-Cy7 (eBioscience, 25-0421-82), and CD31 PE-Cy7 (eBioscience, 

25-0311-81). Samples were then fixed in 4% paraformaldehyde (PFA)/phosphate-buffered 

saline (PBS) for 30 min and then permeabilized in 1× saponin-based permeabilization buffer 

(Invitrogen) for 10 min. EdU was labeled using the Click-iT EdU Alexa Fluor 488 Flow 

Cytometry Assay Kit (Invitrogen) by following the manufacturer’s protocol. For adipocyte 

EdU-labeled nuclei analysis, adipocyte nuclei were isolated in cold nuclei extraction buffer 

[320 mM sucrose, 5 mM MgCl2, 10 mM Hepes, and 2% Triton X-100 (pH 7.4)] in a Dounce 

homogenizer. Nuclei were centrifuged at 3000g for 15 min and washed with cold nuclei 

wash buffer [320 mM sucrose, 5 mM MgCl2, 10 mM Hepes, 1% BSA, and 0.1% sodium 

azide (pH 7.4)]. EdU nuclei were labeled using the Click-iT EdU Alexa Fluor 488 Flow 
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Cytometry Assay Kit. DAPI (4′,6-diamidino-2-phenylindole) (500 ng/ml) was added to cells 

or nuclei immediately before FACS analysis. EdU gating was based on samples isolated 

from mice with no EdU injection (fig. S2).

Cell culture

Primary SVF and APCs were maintained in DMEM with 10% FBS (Atlanta Biologicals), 

streptomycin (50 μg/ml), and penicillin (50 units/ml) (Lonza). 3T3-L1 cells were maintained 

in DMEM with 10% fetal calf serum (FCS), streptomycin (50 μg/ml), and penicillin (50 

units/ml) (Life Technologies). The SGBS cell line was maintained in DMEM/F12 

supplemented with pantothenate (4 × 10−3 mg/ml), biotin (8 × 10−3 mg/ml), streptomycin 

(50 μg/ml), and penicillin (50 units/ml). Cells were cultured at 37°C in an atmosphere of 5% 

CO2/95% air.

For the ceiling cultures, mature adipocytes were isolated from adipose tissue by collagenase 

digestion and washed with PBS. The washed adipocytes were plated into collagen-coated (1 

mg/ml) flasks filled to the ceiling with DMEM and 20% FCS as previously described (46). 

Adipocytes were allowed to adhere to the ceiling of the flask for 10 days. The attached 

adipocytes were then incubated in reduced serum culture medium [DMEM with 2% FBS 

and insulin (1 μg/ml)] for 48 hours.

Scanning electron microscopy

Tissue samples were fixed in 4% PFA with 2% glutaraldehyde in 0.1 M sodium cacodylate 

buffer (pH 7.4) for 24 to 48 hours at 4°C, rinsed in the same buffer, and postfixed in 1% 

aqueous OsO4 for 2 hours before dehydration in an increasing ethanol series 

(50-70-90-100%, 15 min each). Samples were freeze-fractured in liquid nitrogen using a 

Leica EMCPC (Leica Microsystems), followed by hexamethyldisilazane drying. All samples 

were subsequently mounted on aluminum pin stubs and visualized with a Hitachi 3400N 

scanning electron microscope (SEM) using secondary electron detection at 5 to 15 kV.

Microarray analysis

APCs were isolated by FACS from the iWAT of Adam1 Tg mice and littermate wild-type 

controls at 5 weeks of age. Total RNA from the APCs was isolated using RNeasy Micro Kit 

(Qiagen). Total RNA was processed using the Agilent Low Input Quick Amp single-color 

labeling kit and hybridized on a SurePrint G3 8×60K mouse array (Agilent). Microarray 

data were analyzed with GeneSpring GX v11 software.

Adenovirus infection

Human SVF cells were grown to 80% confluency in 24-well plates. Cells were incubated in 

growth medium with ADAMTS1-encoding adenovirus(Cyagen)according to the 

manufacturer’s protocol. Ad-GFP was used as the control. Cells were harvested 24 hours 

after infection for RT-qPCR.
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Cell fractionation

Nuclear and cytoplasmic protein extraction was performed using the NE-PER Nuclear and 

Cytoplasmic Extraction kit (Thermo Scientific, PI-78833) following the manufacturer’s 

protocol.

Immunoblots

Cells were lysed using 85°C SDS lysis buffer [50 mM tris-HCl (pH 6.8), 2% SDS, 10 mM 

dithiolthreitol, and 10% glycerol]. Total protein was measured by Bradford analysis. The 

proteins were resolved by electrophoresis in 10% SDS polyacrylamide gels and transferred 

to polyvinylidene difluoride membranes. Membranes were blocked at room temperature for 

1 hour with blocking buffer (LI-COR Biosciences) with 0.05% Tween, followed by 

overnight incubation with the primary antibody [ADAMTS1 (1:1000) (R&D Systems), PTN 

(1:1000) (R&D Systems), β-catenin (1:1000) (GenScript), Lamin A/C (1:2000) (Cell 

Signaling Technology), β-tubulin (1:2000) (GenScript), or β-actin (1:2000) (GenScript)] and 

subsequently with secondary antibodies labeled with infrared dyes (LI-COR Biosciences) 

(1:25,000 in blocking buffer; room temperature for 1 hour). The membranes were scanned 

on the Odyssey infrared imaging system (LI-COR Biosciences).

In vitro recombinant protein and PTN neutralizing antibody assays

rADAM and rPTN (R&D, 5867-AD-020 and 252-PL-050) were coated overnight at 4°C on 

3-μm polystyrene latex beads (Sigma, LB30–2ML). rADAM, rPTN, and PTN neutralizing 

antibody (R&D, AF-252-PB; 2.5 μg/ml) were added every other day in adipogenesis assay. 

For the adipogenesis experiments comparing the effects wild-type and E402Q ADAMTS1, 

full-length Adamts1 cDNA was subcloned into a pEF6 expression vector (Invitrogen) in-

frame with His and V5 tags. PCR-based site-directed mutagenesis was used to create the 

mutation in Adamts1 and was confirmed by sequencing. Clonal stable Chinese hamster 

ovary cell lines expressing wild-type or E402Q ADAMTS1 were established by transfecting 

cells with the expression vectors (Lipofectamine 2000, Invitrogen), followed by selection 

with blasticidin (5 μg/ml) and single-cell isolation by limiting dilution. The cell culture 

supernatants of the ADAMTS1 and E402Q ADAMTS1 cell lines were collected and purified 

through Ni-NTA Agarose (MCLAB). The purified proteins were analyzed on 

polyacrylamide gels and by Western blot.

Luciferase assays

A plasmid containing the human Ptn promoter and proximal region (~1 kb upstream from 

TSS) (SwitchGear Genomics) was transfected into human embryonic kidney–293T cells 

using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s protocol. 

Cells were treated with rADAM (800 ng/ml) and IWP2 (2 μM/ml). Luciferase assays were 

performed using a Luciferase Assay System (SwitchGear Genomics) according to the 

manufacturer’s instructions, and luminescence was quantified using a plate reader (BioTek).
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In vivo dexamethasone treatment

Dexamethasone 21-phosphate (Sigma, D1159), dissolved in PBS, was administered by 

intraperitoneal injection (10 mg/kg) into 5-week-old male mice once every other day for 10 

days.

In vivo PTN neutralization antibody injections

PTN neutralizing antibody (R&D, AF-252-PB) was administered by intraperitoneal 

injection (50 μg/kg) once every other day for 2 weeks. Injections of normal goat IgG (R&D, 

AB-108-C) at 50 μg/kg were used as controls.

Ki67 measurement

SVF was prepared as previously described. Samples were then fixed in 4% PFA/PBS for 30 

min and permeabilized in 1× permeabilization buffer (BD Biosciences) for 10 min. APC cell 

surface markers were stained as previously described with the following exception. Cells 

were stained with the following antibodies: SCA1 FITC (BD, 557405), CD45 APC 

(BioLegend, 103112), CD31 APC (eBioscience, 17-0311-82), Ki67 PE-Cy7 (eBioscience, 

25-5698-80), and DAPI. Samples were then analyzed on a BD FACSAria II. Ki67 gating 

was based on comparison with unstained and fluorescence minus Ki67–stained controls.

XTT assays

Cells were seeded in 96-well plates in 100 μl of DMEM for 24 hours. XTT (MP 

Biomedicals) solution was prepared fresh at 1 mg/ml in phenazine methosulfate (0.6 

mg/ml)/PBS solution. Equal volume of XTT solution (100 μl) was added to each well for 3 

hours at 37°C. The amount of water-soluble product generated from XTT is proportional to 

the number of living cells in the sample and was quantified by measuring absorbance at a 

wavelength of 450 nm using a BioTek Synergy H1 plate reader.

Reverse transcription quantitative polymerase chain reaction

Total RNA was extracted using the Hybrid-R kit (GeneAll) according to the manufacturer’s 

protocol. Equal amounts of RNA were reverse-transcribed (200 ng of RNA for a 20-μl 

reverse transcription reaction) using random priming, and relative transcript amounts were 

measured by qPCR using a CFX384 system (Bio-Rad). Primer sequences are listed in table 

S1.

Adipocyte differentiation assays

APCs were seeded into 96-well plates (Falcon) and allowed to grow to confluence. Cells 

were maintained at confluence for 2 days and then induced with the differentiation cocktail 

[1 μM dexamethasone, insulin (1 μg/ml), and 0.5 mM 3-isobutyl-1-methylxanthine] for 2 

days. Thereafter, cells were maintained in maintenance medium [culture medium with 

insulin (1 μg/ml)], which was changed every other day. Differentiation was allowed to 

continue for a total of 8 days. Cells were photographed under a phase microscope (Nikon).

Wong et al. Page 13

Sci Signal. Author manuscript; available in PMC 2021 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

Statistical analysis was performed by one- or two-way analysis of variance (ANOVA) using 

GraphPad Prism software. Differences between experimental groups were determined by t 
test or Dunnett’s post hoc test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ADAMTS1 in adipose tissue is responsive to systemic glucocorticoids.
(A) Immunoblots of adipose tissue harvested from male wild-type (WT) mice after the 

administration of systemic glucocorticoids [dexamethasone (Dex)] or ethanol control (left). 

Quantification of immunoblots shows a reduction in ADAMTS1 abundance in adipose 

tissues after systemic treatment with dexamethasone (n = 3 mice for each treatment) (right). 

(B) RT-qPCR of endogenous Adamts1 expression in SVF cells compared to mature 

adipocytes (n = 3 independent experiments). (C) Immunoblots of adipose tissue from Adam 
Tg (Tg) mice probed with anti-ADAMTS1 antibody demonstrate overexpression of 

ADAMTS1 compared to gender-matched WT littermate (top). Quantification of 

immunoblots shows significant amounts of overexpressed ADAMTS1 in Adam Tg 
compared to WT adipose tissue (n = 3 mice for each genotype) (bottom). (D) Images (left) 

and quantification (right) of wet weights of inguinal (iWAT) and perigonadal (gWAT) white 

adipose tissue depots of 5-week-old male Adam Tg mice compared to WT littermate 
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controls (n = 8 mice for each genotype). Scale bars, 5 mm. (E) Scanning electron 

micrographs (left) and quantification (right) of average diameters of adipocytes in iWAT 

from male Adam Tg and WT mice (n = 3 mice for each genotype). (F) Fluorescence-

activated cell sorting (FACS) analysis of mature adipocytes isolated from entire iWAT depots 

from Adam Tg compared to WT littermate mice (n = 3 mice for each genotype). (G) FACS 

plot (top) indicating the gating for FACS of iWAT SVF to isolate APCs. Quantification 

(bottom) of APCs in entire iWAT depots in Adam Tg compared to WT littermates (n = 6 

mice for each genotype). (H and I) FACS of APCs isolated from iWAT of Adam Tg mice 

compared to WT littermates quantifying the fold increase in Ki67-positive (Ki67+) and EdU
+ APCs in Adam Tg mice (n = 7 mice for each genotype). Additional examples of FACS 

plots and unstained negative control plots can be found in fig. S2A. *P < 0.05, **P < 0.01, 

***P < 0.001. P values were calculated by t tests. Error bars represent SDs.
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Fig. 2. Adipocyte-secreted ADAMTS1 drives APCs to proliferate rather than differentiate.
(A) Light-phase microscopy of APCs 8 days after induction of differentiation and stained 

with Oil Red O. The addition of rADAM to the culture medium blocks the appearance of 

lipid-laden mature adipocytes compared to APCs cultured with BSA (control). Scale bars, 

100 μm. Images are representative of five sets of APCs for each treatment. (B) RT-qPCR of 

the expression of genes encoding markers of adipogenesis quantifying the effect of rADAM 

on adipocyte differentiation (n = 5 independent experiments). (C) XTT [2,3-bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] assays to compare the rate 

of proliferation of rADAM-treated APCs with BSA (control)–treated APCs (n = 3 

independent experiments). (D) RT-qPCR of WT APCs treated with rADAM quantifying the 

induction of Ptn expression compared to APCs treated with BSA (control) (n = 3 
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independent experiments). (E) RT-qPCR quantifying the increase in Ptn expression in the 

WAT of Adam Tg mice compared to WT littermate controls (n = 3 independent 

experiments). (F) Immunoblots (top) with quantification (bottom) of PTN in adipose tissue 

showing increased PTN abundance in Adam Tg mice (n = 3 independent experiments). (G) 

Immunoblots (top) with quantification (bottom) of PTN in adipose tissue harvested from 

dexamethasone-treated WT mice (n = 3 independent experiments). (H) Light microscopy 

(images are representative of three sets of APCs for each treatment) and (I) RT-qPCR (n = 3 

independent experiments) of adipogenesis markers of WT APCs treated with rPTN or BSA 

(control) 8 days after induction of adipogenesis and stained with Oil Red O. Scale bars, 100 

μm. *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated by t tests. Error bars 

represent SDs.
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Fig. 3. PTN is essential for the effect of ADAMTS1 on APCs.
(A) Light-phase microscopy of APCs from WT and Adam Tg mice 8 days after induction of 

adipogenesis and treatment with PTN neutralizing antibody (PTN Ab) or IgG control 

antibody (IgG) and stained with Oil Red O. Neutralizing PTN rescues the Adam Tg APCs 

from the block in differentiation. Scale bars, 100 μm. Images are representative of five sets 

of APCs for each treatment. (B) RT-qPCR of adipocyte differentiation markers in Adam Tg 
APCs treated with PTN neutralizing antibody quantifying the extent of rescue from the 

block in differentiation compared to IgG control–treated APCs (n = 5 independent 

experiments). (C and D) Images and quantification of iWAT mass from mice after in vivo 

treatment with PTN neutralizing antibody or IgG control (n = 6 mice for each treatment and 

genotype). Scale bars, 5 mm. (E) FACS of EdU+ APCs in WT and Adam Tg iWAT after in 
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vivo PTN neutralizing antibody or control IgG treatment shows that neutralizing PTN in 

Adam Tg mice restores APC proliferation to WT values (n = 8 mice for each treatment and 

genotype). (F) FACS of EdU+ adipocytes in WT and Adam Tg iWAT after in vivo PTN 

neutralizing antibody (+) or control IgG (−) treatment shows that neutralizing PTN in Adam 
Tg mice restores adipogenesis to WT values (n = 8 mice for each treatment and genotype). 

*P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated by t tests. Error bars represent 

SDs.
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Fig. 4. Glucocorticoids intersect with Wnt signaling through ADAMTS1.
(A) Immunoblots of nuclear and cytoplasmic fractions of APCs harvested from WT animals 

and exposed to a titration of rADAM. Tubulin and Lamin A/C confirm segregation of 

cytoplasmic and nuclear fractions, respectively. n = 3 independent experiments. (B) RT-

qPCR quantifying the expression of TCF/LEF target genes in APCs exposed to rADAM (n = 

3 independent experiments). (C) RT-qPCR on APCs directly isolated from Adam Tg mice or 

WT littermate controls quantifying TCF/LEF target gene activation (n = 5 independent 

experiments). (D) RT-qPCR quantifying Axin2 and Lef1 expression in APCs harvested from 

Adam Tg and WT mice after PTN neutralizing antibody (+) or IgG control (−) treatment (n 
= 3 independent experiments). (E) Light-phase microscopy of APCs isolated from Adam Tg 
or WT mice 8 days after induction of adipocyte differentiation with cotreatment with the 
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Wnt inhibitor IWP2 or dimethyl sulfoxide vehicle control (Con) and stained with Oil Red O. 

Scale bars, 100 μm. Images are representative of three sets of APCs for each treatment. (F) 

RT-qPCR of adipocyte differentiation markers quantifying the rescue of adipocyte 

differentiation in APCs from Adam Tg mice treated with IWP2 (n = 3 independent 

experiments). (G) RT-qPCR of Axin2 expression in primary APCs isolated from Adam Tg 
and WT mice treated with dexamethasone (+) or ethanol control (−) quantifying the effect of 

systemic glucocorticoids on Wnt signaling in APCs and the ability of Adamts1 to block this 

signal (n = 3 independent experiments). (H) RT-qPCR quantifying Ptn expression in APCs 

isolated from WT mice and treated with rADAM, IWP2, or both (n = 7 independent 

experiments). (I) Relative luciferase reporter activity in cells transfected with a luciferase 

reporter construct containing the Ptn promoter and −1-kb promoter-proximal region (n = 

4independent experiments). *P <0.05, **P <0.01, ***P <0.001. n.s., not significant. P values 

were calculated by t tests. Error bars represent SDs.
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Fig. 5. HFD induces adipose depot–specific changes in 11bhsd expression and the ADAMTS1-
Wnt pathway.
(A) Images (left) and quantification (right) of the weights of iWAT and gWAT fat depots 

harvested from WT C57BL/6 mice after 3 months of HFD compared to WT mice on a 

standard chow diet (Con) (n = 8 mice for each treatment). Scale bar, 5 mm. (B) FACS 

analysis quantifying adipogenesis during an EdU pulse in WT mice fed HFD or standard 

diet (n = 8 mice for each diet). (C) RT-qPCR quantifying Adamts1 and Ptn expression in 

iWAT (left) and gWAT (right) adipose tissue depots harvested from WT mice fed an HFD or 

a standard chow diet (n = 8 mice for each diet). (D) RT-qPCR quantifying the expression of 

TCF/LEF target genes in iWAT (left) and gWAT (right) adipose tissue depots harvested from 

WT mice fed an HFD or a standard chow diet (n = 3 independent experiments). (E) RT-

qPCR quantifying the expression of 11bhsd1 and 11bhsd2 in iWAT (left) and gWAT (right) 
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adipose tissue depots harvested from WT mice fed an HFD or a standard chow diet (n = 3 

independent experiments). (F) FACS analysis quantifying adipogenesis during an EdU pulse 

in Adam Tg mice compared to WT littermates fed a standard chow diet (WT, n = 10; Adam 
Tg, n = 5,) or HFD (WT, n = 8; Adam Tg, n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. P 
values were calculated by t tests when two parameters were compared, and Bonferroni 

multiple comparison test was used when more than two parameters were compared. Error 

bars represent SDs.
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Fig. 6. The Adamts1 pathway is conserved in humans.
(A) RT-qPCR quantifying ADAMTS1 and PTN expression in primary human SVF infected 

with Adamts1-adenovirus (Ad-Adamts1) compared to green fluorescent protein (GFP)–

adenovirus–infected cells (Ad-GFP) (n = 3 independent experiments). (B) RT-qPCR 

quantifying the expression of TCF/LEF target genes in primary human SVF infected with 

Ad-Adamts1 compared to Ad-GFP (n = 3 independent experiments). (C) Light-phase 

microscopy of human SVF 8 days after induction of adipogenesis. Treatment with rADAM 

or rPTN with the induction of differentiation blocks adipocyte differentiation. PTN 

neutralizing antibody rescues the human cells from the block in differentiation. Scale bars, 

200 μm. Images are representative of three sets of SVF for each treatment. (D) RT-qPCR of 

markers of adipocyte differentiation quantifying the block in differentiation caused by 
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rADAM and rPTN as well as the rescue of the rADAM block in adipocyte differentiation 

with PTN neutralizing antibody (n = 3 independent experiments). (E) RT-qPCR of human 

SVF quantifying the induction of TCF/LEF target genes when cells are treated with human 

rADAM and rPTN, and the block in induction when cells are cotreated with PTN 

neutralizing antibody (n = 3 independent experiments). (F) RT-qPCR quantifying the 

expression of ADAMTS1 and PTN in SVF from subcutaneous adipose tissue biopsies 

obtained from human volunteers before and after eating a high-calorie diet for 4 weeks (n = 

6). (G) RT-qPCR quantifying the expression of TCF/LEF target genes in SVF from 

subcutaneous adipose tissue biopsies obtained from human volunteers before and after 

eating a high-calorie diet (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. P values were 

calculated by t tests when two parameters were compared, and Bonferroni multiple 

comparison test was used when more than two parameters were compared. Error bars 

represent SDs.
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