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 13 

Abstract 14 

The pleiotrophic function of long noncoding RNAs (lncRNAs) is well recognized, but their direct role 15 

in regulating metabolic homeostasis is less understood. Here, we describe a human adipocyte-specific 16 

lncRNA, ADIPINT, which regulates pyruvate carboxylase (PC) an enzyme pivotal to 17 

lipid/carbohydrate metabolism. With a novel approach, Targeted RNA-protein identification using 18 

Orthogonal Organic Phase Separation (TROOPS), we show that ADIPINT binds to PC in vivo. 19 

ADIPINT knockdown alters the mitochondrial interactome of the enzyme leading to reduced activity. 20 

Decreases in ADIPINT levels reduces adipocyte lipid synthesis and breakdown as well as cellular 21 

bioenergetics. In human white adipose tissue, ADIPINT expression is increased in obesity and linked to 22 

insulin resistance. Changes in ADIPINT expression tightly correlate with adipose PC activity and 23 

variations in fat cell size, insulin sensitivity or the amount of adipose tissue. Thus, we identify ADIPINT 24 

as an important regulator of lipid and energy metabolism in human white adipocytes.  25 

(148/150 words) 26 

Introduction 27 

Multiple disturbances in white adipose tissue (WAT) function are well described and include altered lipid 28 

metabolism and ensuing insulin resistance1–3. Changes in  lipid synthesis and breakdown rates in fat cells 29 

govern lipid turnover, which in turn is a key regulator of fat mass4,5. Lipids make up more than 95% of white 30 

adipocyte volume and thus, by gaining a better understanding of factors that influence lipid metabolism and 31 
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the lipid turnover rate, key mechanisms involved in determining adipose depot size can be elucidated and 32 

novel adipose targeting treatments can be developed.  33 

Long noncoding RNAs (lncRNAs) are a novel class of polymeric molecules which are differentially expressed 34 

in WAT during the development of metabolic diseases6. Compared to protein-coding genes, lncRNAs display 35 

greater cell-type specificity7. Thus, identifying the modes of action for dysregulated, cell-specific lncRNA, 36 

may provide insights into how metabolic disturbances occur in a cell-dependent manner and pave the way for 37 

cell specific therapeutic targets. Much of the work on lncRNAs has focused on how they regulate transcription 38 

through chromatin modifications, alter the nuclear architecture, and affect mRNA kinetics8. In WAT, a few 39 

adipocyte-expressed lncRNAs have been shown to regulate the transcription of lipid metabolic genes9–11. 40 

More recently the post-transcriptional role of lncRNAs is recognized, demonstrating their ability to act as 41 

scaffolds for cell signaling mediators12 or facilite the phosphorylation of transcription factors13. In human 42 

brown-like adipocytes, the lncRNA LINC00473 was shown to interact with mitochondrial and lipid droplet 43 

proteins, thereby altering the metabolism of the cell14.  44 

In this study we identify a human adipocyte-specific lncRNA (CATG00000106343.1), hereafter named 45 

ADIPINT for ADIpocyte specific Pyruvate carboxylase INTeracting RNA. ADIPINT acts post-46 

transcriptionally by binding to and regulating the interactome of pyruvate carboxylase (PC) and as a result its 47 

mitochondrial abundance and enzymatic activity. Alterations in ADIPINT expression regulate lipid and 48 

energy metabolism within fat cells. We show that pertubations in PC activity are able to cause these effects 49 

on adipocyte metabolism and that the expression of ADIPINT and PC activity are closely linked in human 50 

WAT phenotypes suggestive of a physiological role. 51 

(340/500) 52 

Results 53 

Identification of ADIPINT as a potential regulator of human fat cell lipid metabolism 54 

To discover lncRNAs involved in fat cell metabolism, we examined their WAT expression in a selected cohort 55 

of female patients with obesity, before and after undergoing marked body weight reduction by Roux-en-Y 56 

gastric bypass (RYGB) surgery. The changes in lncRNA expression were further associated with the changes 57 



in fat mass and fat cell size, with fat cell size reflecting the net balance between synthesis and breakdown of 58 

triglycerides and influcencing WAT insulin sensitivity15. Clinical characteristics of the cohort are given in 59 

Supplementary Table 1 and have been reported previously16,17. Compared to pre-surgery, 760 lncRNA were 60 

differentially regulated at two-years follow-up when there was on average a 32% decrease in body weight and 61 

substantial decreases in fat mass and fat cell size (Fig. 1a and Supplementary Table 2). To prioritize candidates 62 

genes for further investigation, the aforementioned lncRNAs were compared with 67 lncRNAs previously 63 

found to be differentially expressed in WAT of insulin sensitive compared to insulin resistant women with 64 

obesity9. Twelve lncRNAs displayed a significant concordant change in both clinical cohorts (i.e. higher 65 

expression before RYGB and in the insulin resistant state; or lower expression two years post-RYGB and in 66 

the insulin-sensitive state) (Fig. 1a and Supplementary Table 3). ADIPINT (CATG00000106343.1) displayed  67 

the greatest fold change in both cohorts of the twelve genes and the second largest fold change of all lncRNAs 68 

two years post-RYGB (Fig. 1a). In addition, the changes in total fat mass and adipocyte cell volume correlated 69 

positively with the change in ADIPINT expression post-RYGB (Fig. 1b). These data suggests that ADIPINT 70 

is a promising candidate and further study was devoted to this lncRNA. 71 

  ADIPINT is intergenic and located on chromosome 9 (Fig. 1c). None of the three transcripts in the ADIPINT 72 

loci have protein coding potential according to CPAT, RNACode, phyloCSF, and sORF riboseq coding 73 

prediction softwares. ADIPINT is not conserved between phylogenetically distant species at the sequence or 74 

genome synteny level. RNA-seq and CAGE-seq18 in human adipose-derived stem cells (hADSC) from 75 

subcutaneous WAT revealed that transcript 2 of ADIPINT is the dominant isoform expressed in mature 76 

adipocytes (Fig. 1c). Transcript 2 is 4.8 kb long and contains two exons (Fig. 1c); the junction was validated 77 

by qPCR and Sanger sequencing (data not shown). Upregulation of ADIPINT expression during 78 

differentiation in hADSC and enrichment in mature adipocytes isolated from WAT were confirmed by qRT-79 

PCR (Fig. 1d,e). Analysis of RNA expression in different human cell types in the FANTOM57 database 80 

demonstrated that ADIPINT is exclusively expressed in adipocytes (Fig 1f). Subcellular fractionation studies 81 

and RNA-fluorescence in situ hybridization (FISH) revealed ADIPINT to be predominantly localized in the 82 

cytoplasm of adipocytes (Fig. 1g-h). Thus, ADIPINT is an adipocyte-specific cytoplasmic lncRNA linked to 83 

insulin resistance, fat mass, adipocyte size and thereby lipid metabolism. 84 



ADIPINT expression regulates fat cell lipid metabolism  85 

The role of ADIPINT in regulating adipocyte function was assessed by knockdown experiments in in vitro–86 

differentiated hADSCs. We used three different anti-sense oligonucleotides (GapmeRs) and found that they 87 

reduced APIPINT expression by 89–97% compared to a negative control GapmeR (GapmeR NC) (Fig. 2a). 88 

ADIPINT knockdown reduced glycerol release (lipolysis index) by 27–58% (Fig. 2b); total intracellular 89 

triglyceride content by 40–66% (Fig. 2c), and insulin-stimulated lipid synthesis by 54–67% (Fig. 2d). The rate 90 

of lipid metabolism is linked to mitochondrial energy supply19 , citrate production and the TCA cycle20. 91 

Therefore, we argured that the effects of ADIPINT on lipid metabolism might influence fat cell energy 92 

metabolism. Indeed, ADIPINT knockdown in adipocytes reduced the basal oxygen consumption rate (OCR) 93 

(Fig 2e, Extended Data Fig 1a), the ATP-linked OCR (Fig 2f, Extended Data Fig 1a) determined after 94 

oligomycin administration, and the extracellular acidification rate (ECAR) (Fig 2g, Extended Data Fig 1b). 95 

Therefore, ADIPINT knockdown affects both the aerobic and anaerobic respiration rates and results in 96 

impaired adipocyte lipid metabolism.   97 

 As a first step to identify the molecular action of ADIPINT, we carried out transcriptomic and proteomic 98 

analyses after knockdown with each of the three ADIPINT targeting GapmeRs. The median fold-changes 99 

induced by the three GapmeRs at the RNA and protein level correlated significantly (r2 = 0.2284, p-value < 100 

0.0001; Fig. 2h, Supplementary Tables 4-5). The downregulated mRNAs were enriched for metabolic 101 

pathways including ’pyruvate metabolism’ and ‘fatty acid metabolism’ (Fig. 2i, Supplementary Tables 6-7). 102 

The proteome analysis revealed that 10 proteins were up- and 28 downregulated by each of the three GapmeRs 103 

independently (Supplementary Table 8). Interestingly, 19 of the 38 dysregulated proteins (marked by an 104 

asterisk in Fig 2j) were not significantly regulated at the transcript level, indicating a post-transcriptional 105 

regulation. Pathway analysis of the 38 dysregulated proteins showed overrepresentation for the GO terms 106 

‘mitochondrial matrix’ and ‘fatty acid metabolic process’ (Supplementary Table 9-10) in line with the changes 107 

observed above in the lipid metabolism and bioenergetics analyses. Based on information at 108 

www.genecards.org, we visualized all 38 proteins affected after ADIPINT knockdown in Fig. 2j. Most 109 

proteins were downregulated and involved in fatty acid synthesis and oxidation. Proteins within the pyruvate 110 

dehydrogenase complex were downregulated as well as Aldolase A which is involved in the early steps of 111 
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glycolysis, while Pyruvate kinase isozymes R/L, involved in synthesizing pyruvate, was upregulated. Together 112 

these data indicate a clear metabolic effect of ADIPINT on lipid and energy metabolism including the 113 

regulation of key components in the mitochondria.       114 

ADIPINT interacts with pyruvate carboxylase 115 

As the next step to understand the mechanism by which ADIPINT regulates adipocyte metabolism, we 116 

identified its direct protein interaction partners. Previous methods to investigate lncRNA-protein binding21,22, 117 

require large numbers of cells. Recently, orthogonal organic phase separation (OOPS)23 enabled the non-118 

targeted isolation of the entire RNA-bound proteome. We applied OOPS to enrich the RNA-bound proteome 119 

and then performed targeted pulldown of a specific RNA in human white adipocytes. We named this novel 120 

method Targeted RNA-protein identification using OOPS (TROOPS, see Methods for details). Adipocytes 121 

underwent UV crosslinking, followed by Trizol-chloroform extraction, where RNA-protein complexes 122 

migrate to the interphase and unbound RNA, protein and DNA in other fractions can be removed (Fig. 3a). 123 

The interphase is cleaned, sonicated and used for targeted pulldown of ADIPINT with short antisense 124 

oligonucleotides. After UV crosslinking, ADIPINT became enriched at the interphase, indicating its binding 125 

to a protein partner (Extended Data Fig. 2). Using two distinct sets of oligonucleotides, each tiled along 126 

ADIPINT, we enriched the lncRNA 3.5-4.8 fold compared to the input material (Fig. 3b). No ADIPINT 127 

expression was detected after pulldown using probes targeting Lac Z mRNA or using the ADIPINT-targeting 128 

probes with RNase. Mass-spectrometry analyses revealed that pyruvate carboxylase (PC) was significantly 129 

enriched with ADIPINT pulldown (Fig. 3c). No differences in PC abundance were found in the RNase-treated 130 

or Lac Z probe sets. All detected proteins in each experiment are listed in Supplementary Table 11. We 131 

confirmed the interaction with PC by western blot analysis (Fig. 3d). GADPH, another enzyme known to bind 132 

RNA24, was used as a control for pulldown and interaction specificity. To validate the ADIPINT interaction, 133 

we performed immunoprecipitation of PC in hADSCs. ADIPINT was enriched when compared to IgG and 134 

this enrichment was significantly higher than that of 18S, PC, and U1 RNA (Fig. 3e). We examined the 135 

specificity of the ADIPINT and PC interaction by Gel Filtration Chromatography. Both the RNA and protein 136 

could be distinguished using a Sepharose column filtration system, establishing their specific elution volumes 137 

(Extended Data Fig. 3a). When ADIPINT and PC were combined and the resulting mixture loaded,  PC and 138 



ADIPINT eluted together at the RNA elution volume  (Fig. 3f, Extended Data Fig. 3b). PC when ran alone or 139 

with ADIPINT anti-sense did not elute at the RNA elution volume to any significant degree (Fig. 3f). 140 

Furthermore, we found ADIPINT and PC to exist in the same compartments within the cell after performing 141 

subcellular fractionation (Fig. 3g) for mitochondrial and cytoplasmic fractions (Extended Data Fig. 4a-b). 142 

RNA-FISH with immunofluorescence staining for ADIPINT and PC in tandem confirmed the localization 143 

overlap (Fig. 3h). Together these data suggest a physical ADIPINT-PC interaction.   144 

ADIPINT knockdown reduces pyruvate carboxylase activity by alterating its localization and 145 

interactome 146 

The enzymatic activity of PC increases during adipogenesis20, which leads to increased production of 147 

oxaloacetate used in fatty-acid, glycerol and subsequent triglyceride synthesis25. PC expression was not altered 148 

at the protein level after ADIPINT knockdown (Fig 2e), and we therefore hypothesized that the ADIPINT-PC 149 

interaction might regulate PC’s enzymatic activity. ADIPINT was knocked down using three separate 150 

GapmeRs (1-3) and PC activity was measured as the rate of conversion of pyruvate to oxaloacetate. PC activity 151 

over time (Fig. 4a) was reduced by all target GapmeRs compared to the control GapmeR (indicated by the 152 

shift to the right). The time for reaching 50% completion of the reaction was 1.6-2.7 fold greater for GapmeRs 153 

1-3, compared to GapmeR NC (Extended Data Fig. 5). No change was seen in PC protein expression in the 154 

same experiments (Fig. 4b). Normalising the enzyme activity by protein expression, we found that PC’s  155 

activity was reduced upon ADIPINT knockdown (Fig. 4c). The decrease in PC activity was accompanied by 156 

reduced levels of intracellular oxaloacetate (Fig. 4d); intracellular pyruvate levels were unaffected (Fig. 4e). 157 

Thus, lower oxaloacetate production was not the result of low substrate availability. As PC produces 158 

oxaloacetate in the mitochondrial matrix we determined if the changes in oxaloacetate was related to less PC 159 

in the mitochondria. Consistent with previous data, western blots of whole-cell lysates revealed that thetotal 160 

amount of PC within the cell did not change following ADIPINT knockdown (Fig. 4f-g). However, the amount 161 

of PC within the mitochondrial fraction decreased after knockdown (Fig 4f-h) and the activity of PC within 162 

this fraction was also reduced (Fig. 4i). Interestingly, two PC bands were detected in the input sample, but 163 

only the larger band was detected  in mitochondria and the smaller band in the cytosol (Fig. 4f).  164 



Metabolic enzymes are compartmented within the cell putting the enzyme into the proximity of sequential 165 

enzymes within the metabolic pathway and the production of its substrate26. When enzymes are assembled 166 

into these specific metabolic complexes the activity for that particular enzyme is also enhanced27. 167 

Consequently, we asked whether ADIPINT might be important for maintaining the PC interactome? We 168 

immunoprecipitated PC after ADIPINT knockdown and analyzed the changes in the interactome in the 169 

mitochondrial and cytoplasmic fractions using mass-spectrometry. The amount of PC immunoprecipiated 170 

from each fraction in GapmeR 1- and GapmeR NC-treated cells was similar, so comparisons of interacting 171 

protein abundance could be made (Supplementary Table 12). As with changes in PC localization and activity, 172 

the proteins enriched displayed greater differences after ADIPINT knockdown in the mitochondrial fraction 173 

compared with the cytosolic (Fig. 4j). We therefore focused our analyses of PC-interacting proteins on the 174 

mitochondrial fraction. All proteins displaying a log2 fold change of 5 or greater were considered significantly 175 

altered. Knockdown of ADIPINT caused the dissociation of six proteins within the glycolysis/glyceroneogenic 176 

pathway from PC, including Phosphoenolpyruvate Carboxykinase 1, the rate limiting enzyme within this 177 

pathway28 (Fig. 4k). Malate Dehydrogenase 1 which is important for energy metabolism was also decreased 178 

in the pulldown after ADIPINT knockdown. Without ADIPINT, PC was associated with proteins involved in 179 

fatty acid oxidation, a pathway not associated with pyruvate metabolism. ADIPINT thus appears to establish 180 

a unique interactome for PC and we suggest this regulates the activity and cellular localization of the enzyme. 181 

Chemical inhibition of pyruvate carboxylase perturbs lipid metabolism and the bioenergetic rate in fat 182 

cells  183 

Inhibiting PC activity in mouse adipocytes reduces lipid synthesis and triglyceride accumulation29. To 184 

determine if a selective targeted reduction in PC activity in human fat cells could lead to the same alterations 185 

in lipid metabolism as with ADIPINT knockdown, we incubated hADSCs with the PC inhibitor oxalate30,31. 186 

Oxalate reduced glycerol release, intracellular triglyceride and insulin-stimulated lipid synthesis (Fig. 5a-c). 187 

At 500 µM of oxalate the reduction of lipid metabolism was similar to ADIPINT knockdown in parallel 188 

experiments using GapmeR 1. We next assessed the effect of PC inhibition on  adipocyte bioenergetics. 189 

Oxalate administration reduced basal and ATP-linked OCR as well as glucose-stimulated ECAR and a similar 190 



decrease was seen following ADIPINT knockdown (Fig 5d-f, Extended Data Fig. 6). Thus, inhibiting PC 191 

activity can reduce lipid and energy metabolism to a similar extent as ADIPINT perturbation.              192 

ADIPINT expression correlates with adipose pyruvate carboxylase activity and clinical phenotypes 193 

Finally, we examined a possible physiological role of ADIPINT. A correlation between ADIPINT and PC 194 

was examined in abdominal subcutaneous adipose tissue of 19 apparently healthy women (clinical data are 195 

given in Supplementary Table 13). They were subdivided according to obesity status with body mass index 196 

of 30 kg/m2 used as the cut-off value (9 were obese). ADIPINT expression was increased in obesity in the 197 

first examined cohort (Fig. 1a), which was confirmed in this second cohort as well (Fig. 6a). PC protein 198 

expression did not differ between groups (Fig. 6b), however PC activity was higher in women with obesity 199 

(Fig. 6c). Furthermore, ADIPINT expression and PC activity were positively correlated (Fig. 6d), while no 200 

correlation between PC protein expression and ADIPINT was observed (Extended Data Fig 7). The 201 

physiological role of ADIPINT was further examined through its association with other clinical traits in this 202 

cohort. ADIPINT expression correlated positively with fasting serum insulin and plasma triglyceride levels 203 

but not with fasting plasma cholesterol (Fig. 6e-g). Also the level of in vivo insulin resistance (measured by 204 

the homeostasis assessment method) correlated positively with ADIPINT expression (Fig 6h). In agreement 205 

with the results of the cohort used in  Fig.1, ADIPINT expression, in the current cohort, correlated strongly 206 

with fat cell volume and ADIPINT expression (Fig. 6i). Up to 33% of the variation in fat cell volume between 207 

subjects could be explained by variations in ADIPINT expression (i.e. adjusted r2) (Supplementary Table 14). 208 

These data support the notion that ADIPINT is a physiological regulator of lipid storage and fat cell size at 209 

least in women.  210 

 211 

Discussion 212 

The recent discovery that many enzymes can bind RNA has added a new layer of metabolic regulation32. 213 

When a mRNA binds to an enzyme, there is a repression in the translation of the RNA and at the same time, 214 

disengagement of the enzyme from its metabolic pathway33. LncRNA binding to a metabolic enzyme is an 215 

additional dimension to the protein-RNA interaction, where the lncRNA functions to alter the activity of the 216 



enzyme through, as described in these recent cases, changing its interactome34,35. Here we show that ADIPINT 217 

binds to PC regulating its interaction partners, at least within the mitochondrial fraction of the fat cell and 218 

resulting in an increased abundance within the mitochondria and enhanced activity of the enzyme in this 219 

compartment. We propose the following role of ADIPINT as a regulator of human fat cell lipid metabolism 220 

through PC (Fig. 7). The lncRNA acts as a gate keeper of PC function by controlling the protein interaction 221 

partners of PC within the mithochondria. This, in turn, impacts on fat cell lipid and energy metabolism. A 222 

critical regulatory step of these pathways is the conversion of pyruvate to oxaloacetate. We presently study 223 

white human fat cells so we do not know if ADIPINT is expressed and important for brown or beige human 224 

fat cells.  225 

  Enzymes form assemblies with other sequential enzymes within a metabolic pathway termed metabolons26. 226 

These metabolons allow substrate channelling, increasing the flux through the pathway and also increasing 227 

the reaction rate for the particular enzyme27. We found the interaction of PC with other metabolic enzymes to 228 

be disturbed upon ADIPINT knockdown, which may explain why PC activity was reduced even when 229 

normalized to the amount of PC.  In addition to the metabolic enzymes, metabolons are comprised of 230 

additional chaperone proteins such as Hsp70/Hsp9036, these proteins stabilize the metabolic complex and we 231 

found both to be disassociated with PC after ADIPINT knockdown (Supplementary Table 12). As well as 232 

additional structual proteins, RNA itself has been shown to act as a scaffold for metabolic enzymes and able 233 

to organize metabolite production37,38. Unfortunately, the specific interactome of PC has yet to be described 234 

in detail and it will require further study to identify the important interacting partners necessary to regulate its 235 

localization and reaction rate. It does appear however that ADIPINT plays a role in governing the PC 236 

interactome and that this could lead to the changes in PC activity and localization we observed. We found in 237 

the prescence of ADIPINT, PC to be interacting with PCK1, the rate limiting enzyme within 238 

glyceroneogenesis28, a process important for fatty-acid re-esterification and fat cell function.   As, PC is 239 

present in many cell types and tissues, it will be interesting to understand if the adipocyte-specific RNA 240 

ADIPINT, is able to establish an adipocyte specific interactome for PC, linking PC to a particular function in 241 

WAT.  242 



   PC is belived to have its major functions in the mitochondria30. Our western blot studies showed two 243 

molecular bands of PC, a slightly larger band in the mitochondrial and a slightly smaller band in the cytosolic 244 

fraction. Our study found ADIPINT to have stronger effects on the PC interactome in the mitochondria. It is 245 

therefore likely that the regulatory role of ADIPINT on PC is most important in this subcellular compartment. 246 

PC was previously detected in the cytoplasm in rat adipose tissue39, however the possible role of PC in the 247 

cytosol of adipocytes merits a study of its own.  248 

 Our further development of methods to study RNA-protein interactions (TROOPS) greatly facilitated the 249 

observation that ADIPINT and PC interact. Methods have previously been developed to investigate the 250 

binding of lncRNA to protein21,22 in vivo, though large numbers of cells per replicate are required. By first 251 

isolating the RNA-bound proteome before performing targeted pulldown we have reduced the number of cells 252 

required to establish the interacting proteins of a given RNA. This modification may be useful in other stem 253 

cell or primary cell systems where large quantities of cells are not easily attainable. Previously, PC was only 254 

detected as an RNA binding protein when using OOPS23 or orthogonal approaches40 in one of the five cell 255 

lines examined (endothelial), indicating its interaction with RNA may be cell-type specific. Importantly, we 256 

could validate the ability of TROOPS to demonstrate physical interaction between PC and ADIPINT with 257 

several independent methods (gel filtration and immunoprecipitation). 258 

  PC is a multifaceted regulator of fat cell lipid metabolism25,28,41,42. It stimulates triglyceride synthesis and 259 

fatty acid re-esterification by increasing de novo fatty acid synthesis and glyceroneogenesis. PC also serves 260 

an anaplerotic role in the citric acid cycle43 by replenishing it with oxaloacetate, generating ATP necessary 261 

for lipolysis. This dual PC action (stimulation of lipolysis as well as triglyceride synthesis) places it at a unique 262 

position as a potential regulator of fat cell lipid turnover and fat cell size. We previously showed that the WAT 263 

lipid turnover is involved in the control of fat mass4,5 and is linked to dyslipidemia and insulin resistance44,45. 264 

Furthermore, large fat cells have higher lipolysis and lipid synthesis than small fat cells from the same human 265 

WAT specimen46,47. Herein we show that ADIPINT regulates both synthesis and breakdown of fat cell lipids 266 

in vitro. In vivo we demonstrate a relationship between ADIPINT expression in WAT and fat cell size, fat 267 

mass, insulin sensitivity and circulating lipids. This together suggest a physiological role of ADIPINT in 268 

regulating WAT lipid turnover. The influence of ADIPINT expression on hormonal/metabolic parameters is 269 



probably secondary to its influence on fat cell size because the volume of fat cells by itself has a strong impact 270 

on fat cell function and clinical parameters48,49. 271 

 272 

Although the contribution of PC to triglyceride homeostasis in vivo has not been extensively studied, existing 273 

evidence supports an important role. For example, glyceroneogenesis is greatly enhanced following 274 

hyperglycemia50, which occurs after meal ingestion and in diabetic conditions. It is also enhanced in vivo in 275 

WAT after peroxisome proliferator receptor gamma activation with glitazones51, with the reduction in plasma 276 

fatty acids proposed to be the result of increased re-esterification52. Furthermore, knockdown of PC in adipose 277 

tissue and liver in rat resulted in reductions in adiposity and improved insulin sensitivity through decreases in 278 

lipid re-esterification53. PC is also involved in glucose-induced insulin secretion in pancreatic β-cells and 279 

gluconeogenesis in the liver43, and its deficiency can lead to lactic acidosis54. Thereby ADIPINT (exclusively 280 

expressed in fat cells) could offer a unique way to alter adipocyte PC activity without affecting non-adipose 281 

tissues. Obesity influences PC activity and ADIPINT expression in a similar direction and both measures are 282 

strongly inter-related. Bearing in mind the strong correlation between a decrease in ADIPINT expression and 283 

a decrease in fat mass/fat cell size over time as well as the link to insulin resistance, ADIPINT-PC interactions 284 

could have an important clinical role and constitue a pharmacological target for metabolic diseases. 285 

  In short, ADIPINT is a novel adipocyte specific polynucleotide that regulates lipid and energy metabolism 286 

in part through regulating the mitochondrial interactome of PC and in turn, the activity of the enzyme. The 287 

exact molecular mechanism leading ADIPINT to alter PC enzymatic activity remains to be defined. Further 288 

studies are needed to establish the consequence of the RNA-protein interaction and suitability as a therapeutic 289 

target. 290 

Words (3851/5000) 291 
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Figures 425 

 426 



Fig. 1: The adipocyte-specific lncRNA ADIPINT (CATG00000106343.1) is linked to changes in fat 427 

mass and fat cell volume 428 

a  Identification of differentially-expressed lncRNAs two years post- Roux-en-Y gastric bypass (RYGB) 429 

surgery compared to pre-RYGB. Fifty WAT samples were examined at baseline and compared with 49 from 430 

patients returning after two years. The changes in fat mass and fat cell volume were compared by paired t-431 

test and the number of altered lncRNAs at two years compared to baseline is shown to the right. The five 432 

lncRNA with the greatest increase or decrease in fold change at two years are listed, including ADIPINT 433 

(CATG00000106343.1). b Correlation of the change in ADIPINT expression versus the change in total fat 434 

mass or adipocyte cell volume from zero to two years post-RYGB. Each data point represents an individual 435 

patient (data for gene expression and fat cell size were available from 49 women; gene expression and fat 436 

mass were available from 37). Linear regression was used to assess significance. c Genomic position of 437 

ADIPINT on chromosome 9 (annotated by the FANTOM-CAT gene model) is indicated and the expression 438 

detected by RNA-Seq and CAGE-Seq in human adipose-derived stem cells (hADSC) at day 14 of 439 

differentiation is shown. The conservation of the ADIPINT genomic region in mammalian and non-440 

mammalian species is displayed above. d qRT-PCR analysis of ADIPINT expression in fractionated mature 441 

adipocytes (MA) and stroma-vascular fraction cells (SVF) from human WAT. e qRT-PCR analysis of 442 

ADIPINT during in vitro hADSC differentiation into adipocytes. Each data point represents an individual 443 

experiment. One-way ANOVA with Dunnett’s post-hoc test was used to assess significance compared to 444 

day 0 of differentiation and one-way ANOVA with Holm-Sidak’s post-hoc test was used to assess 445 

significance between WAT fractionation samples. f CAGE-Seq ADIPINT expression in all FANTOM5 446 

samples. Samples with detected expression (counts per million (cpm)) are plotted; no expression was 447 

detected in any other cell or tissue types in the FANTOM5 samples not annotated. g  Fractionation of 448 

hADSC cells at day 13 of differentiation followed by qRT-PCR of ADIPINT. NEAT1 and GAPDH were 449 

used to validate the nuclear and cytoplasmic fractions, respectively. Five independent experiments are 450 

shown for NEAT1 and GAPDH and three for ADIPINT. h RNA-FISH for ADIPINT in hADSC at day 13 of 451 

differentiation, staining for nuclei (HOECHST-Blue) and lipid (BODIPY-Green) alongside fluorescent 452 

probes targeting ADIPINT (Red). The experiment was performed three times with similar results. Scale bar, 453 

20 µm. Error bars are SD for n < 6 and SEM for n ≥ 6.  * < 0.05, **** < 0.0001. 454 



 455 

 456 



Fig. 2: Knockdown of ADIPINT perturbs lipid metabolism and bioenergetics 457 

a ADIPINT expression b glycerol release (measure of basal lipolysis) c intracellular triglyceride content and 458 

d insulin stimulated [14C] acetate incorporation into intracellular lipid (measure of lipid synthesis) in hADSC 459 

transfected with three ADIPINT targeting GapmeRs (1-3) or non-targeting control GapmeR (NC). Each data 460 

point represents an individual experiment. a-c Mean normalized to GapmeR NC and d mean normalized to 461 

GapmeR NC (-insulin). e Basal and f ATP linked oxygen consumption rate (OCR) and g Glucose-stimulated 462 

extracellular acidification rate (ECAR) in hADSC transfected with three ADIPINT targeting GapmeRs (1-3) 463 

or non-targeting control GapmeR (NC). ATP linked OCR was determined after oligomycin administration. 464 

ECR determined after glucose treatment. Each experiment was normalized to the average OCR/ECR of that 465 

experiment. a-g One-way ANOVA with Dunnett’s post-hoc test was used to assess significance between 466 

GapmeR NC and GapmeRs 1-3. h The log2 fold change in RNA plotted against the log2 fold change in 467 

protein for each gene detected at the RNA and protein level, after transfection with GapmeRs as described 468 

above. The median fold change across the three ADIPINT-targeting GapmeRs (1-3) compared to GapmeR 469 

NC is plotted and the median false discovery rate (FDR) was used to determine if an RNA or protein is 470 

significantly altered. All genes are plotted except TF which was significantly altered at the RNA (log2FC = 471 

6.6) but not protein level. Linear regression was used to assess significance between global changes in RNA 472 

and protein. i Pathways enriched by genes downregulated after ADIPINT knockdown by each GapmeR 473 

independently, compared to GapmeR NC. j A schematic diagram of all 38 proteins significantly altered 474 

independently by all three GapmeRs targeting ADIPINT. Proteins are displayed based on the associated 475 

metabolic pathway and localization according to www.genecards.org. Proteins downregulated following 476 

ADIPINT knockdown are in red font and upregulated are in green font. Proteins marked with * were not 477 

significantly regulated at the RNA level. If no metabolic pathway was listed for the given protein, then the 478 

protein was placed on the diagram based on the given subcellular localization. Metabolites were not 479 

measured. Error bars are SD. * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. 480 

 481 

 482 

 483 

 484 

http://www.genecards.org/


 485 

 486 



Fig. 3: Targeted RNA-protein identification using orthogonal organic phase separation (TROOPS) 487 

identifies pyruvate carboxylase as an interacting partner of ADIPINT 488 

a Graphical representation of TROOPS methodology. b qRT-PCR analysis of ADIPINT, 18S and GAPDH 489 

expression in TROOPS pulldown samples using short oligos targeting ADIPINT or Lac Z (RNA not 490 

expressed in human cells). Data is presented as fold increase compared to an input sample collected before 491 

pulldown. No ADIPINT expression was detected in ADIPINT targeting probes with RNase or Lac Z 492 

targeting probe sets. c Absolute abundance values obtained from mass-spectrometry for pyruvate 493 

carboxylase in each probe set targeting ADIPINT or Lac Z. Statistical comparisons were made between each 494 

probe set and ADIPINT probe sets 1 and 2 in the presence of RNase using one-way ANOVA with Dunnett’s 495 

post-hoc test. d Western blot analysis of PC and GAPDH after TROOPS pulldown using odd and even 496 

probes targeting ADIPINT or Lac Z probes. e RNA immunoprecipitation (RIP) pulldown using PC or IgG 497 

targeting antibody followed by qRT-PCR for ADIPINT, 18S, PC and U1. The fold increase in PC pulldown 498 

samples compared to IgG is plotted and statistical comparisons are made comparing ADIPINT with 18S, PC 499 

and U1 using one-way ANOVA with Dunnett’s post-hoc test. f Western blot analysis (top panel) for PC and 500 

RNA analysis (bottom panel) using a BioAnalyzer after column filtration of PC alone or in the prescence of 501 

ADIPINT or ADIPINT anti-sense. RNA and PC were loaded at a molar ratio of 0:25:1. The fractions that 502 

PC and ADIPINT/ADIPINT anti-sense elute at were collected (labelled PC elution and RNA elution) and 503 

analysed.  g Cellular fractionation of hADSC into mitochondrial/membrane and cytoplasmic compartments 504 

by ultracentrifugation. Above, a representative western blot showing PC and TOM20 staining 505 

(mitochondrial marker protein) in each fraction. Below PC and ADIPINT expression in each fraction 506 

quantified and expressed as fold increase compared to an input sample taken before separation. Each data 507 

point represents an individual experiment;for TROOPS the same experiment was used for RNA and mass-508 

spectrometry analysis. h RNA-FISH and immunofluorescence in tandem in hADSC staining nuclei 509 

(HOECHST-Blue), lipid (BODIPY-Green), PC (α-PC-Red) and ADIPINT (RNA FISH-Yellow). A 510 

representative image is presented for each individual channel and as a merge of all four channels. Zoomed in 511 

boxes to the right of the merged image are presented to highlight overlapping PC and ADIPINT 512 

fluorescence. Scale bar is 20 µm. Error bars are SD. * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. 513 
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Fig. 4: ADIPINT knockdown reduces mitochondrial pyruvate carboxylase activity and abundance  516 

a PC activity measured through a change in absorbance of NADH (340 nm) after transfection with GapmeR 517 

NC (black) or ADIPINT-targeting GapmeRs 1-3. The lines represent three independent experiments assayed 518 

at the same time. No differences in the total amount of substrate metabolized by PC was detected across all 519 

experiments. The time to reach 50% completion of the reaction in the displayed experiments was 1654 520 

(GapmeR 1), 1396 (GapmeR 2), 2233 (GapmeR 3) and 808 (GapmeR NC) seconds and was used as a 521 

measure of PC activity. b Western blot quantification of PC protein and α-tubulin (housekeeping protein) in 522 

the same sample PC activity was measured. PC expression is normalized to α-tubulin. One representative 523 

western blot for PC and α-tubulin is given above. c Normalization of PC activity by PC expression. PC 524 

activity and protein were normalized per experiment and each data point represents an individual 525 

experiment. d Intracellular oxaloacetate and e pyruvate levels normalized per experiment after ADIPINT 526 

knockdown using GapmeRs 1-3. Target and control GapmeRs were compared by one-way ANOVA with 527 

Dunnett’s post-hoc test to assess significance. f Representative western blot for PC and the mitochondria-528 

localized proteins TOM20 and Glutaminase (GLS) after cellular fractionation into nuclei, mitochondrial and 529 

cytoplasmic fractions. g Quantification of PC abundance in input and mitochondrial fractions normalized to 530 

TOM20 and h GLS. i PC activity measured in the mitochondrial fraction after ADIPINT knockdown using 531 

GapmeR 1. Two-tailed t-test was used to compare significance between GapmeR 1 and Gapmer NC samples 532 

in the input and mitochondrial fractions. j The distribution of the log2 fold changes for proteins after PC 533 

immunoprecipitation in the mitochondrial and cytoplasmic fractions following ADIPINT knockdown with 534 

GapmeR 1. k Graphical representation of enzymes involved in the glycolysis/glycernoneogenesis, energy 535 

metabolism and fatty acid oxidation pathways altered in PC immunoprecipitation samples following 536 

ADIPINT knockdown. Green font indicates proteins that were higher in GapmeR NC samples and red font 537 

that were higher in GapmeR 1 samples.  Error bars are SD for n < 6 and SEM for n ≥ 6. * < 0.05, ** < 0.01, 538 

*** < 0.001, **** < 0.0001.  539 
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Fig. 5: Pyruvate carboxylase inhibition recapitulates the effects on lipid metabolism and bioenergetics 556 

as seen with ADIPINT knockdown 557 

a glycerol release (measure of basal lipolysis) b intracellular triglyceride content and c insulin-stimulated 558 

[14C] acetate incorporation into intracellular lipid (measure of lipid synthesis) in hADSC incubated with 559 

varying concentrations of oxalate. e Basal and f ATP-linked OCR and g Glucose-stimulated ECAR in 560 

hADSC after oxalate administration. ADIPINT knockdown using GapmeR 1 was used as a positive control 561 

for the effects on glycerol release, triglyceride content, lipid synthesis, OCR and ECAR. Each data point 562 

represents an individual experiment. One-way ANOVA with Dunnett’s post-hoc test assessed significance 563 

between GapmeR NC versus GapmeR NC plus oxalate treatment and GapmeR 1. Error bars are SD. * < 564 

0.05, ** < 0.01, *** < 0.001, **** < 0.0001. 565 
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Fig. 6: Subcutaneous adipose ADIPINT expression and PC activity are increased in obesity and 587 

correlate with each other  588 

Analyses of a PC activity and b PC and c ADIPINT expression in subcutaneous adipose tissue of 9 obese 589 

and 10 lean apparently healthy women. A body mass index (BMI) of 30 kg/m2 was used to distinguish obese 590 

and non-obese patients. PC activity was normalized to PC protein expression from the same adipose tissue 591 

sample.  A one-tailed t-test was used to asses significance between lean and obese. ADIPINT expression 592 

was correlated with d PC activity, e cell volume, f plasma triglycerides, g total cholesterol, h plasma insulin 593 

and i logHOMA-IR, measured in all lean and obese samples. HOMA is a measure of the level of overall 594 

insulin resistance in vivo (fasting insulin times fasting glucose divided by 22.5). Linear regression assessed 595 

significance in correlation analyses. Each data point represents an individual patient, error bars represent 596 

SEM.  597 
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 618 

Fig. 7: Current working model for the effect of the ADIPINT-PC interaction on fat cell metabolism  619 

ADIPINT interacts with PC regulating its interactome which results in an increased abundance and activity 620 

of PC within the mitochondria. The increase in PC activity leads to the increased production of oxaloacetate 621 

(OAA) used for lipid synthesis and breakdown and energy metabolism in the adipocyte.     622 
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Methods 642 

Clinical cohort 643 

We included women with obesity who were subjected to Roux-en-y gastric bypass (RYGB) and have been 644 

described previously for other type of studies16,17 (DEOSH, trial registration number NCT01785134). 645 

Clinical data extracted from previous publications are presented in Table S1 and Figure 1a. They were 646 

investigated before, 2 and 5 years after RYGB. Presently we focused on first (n=50) and second examination 647 

(n=49) when there was a substantial bodyweight loss. Three had type-2 diabetes pre-surgery treated with 648 

metformin and/or diet only. Diabetes was absent following RYGB. Sixteen women had hypertension at 649 

baseline and treated with ACE- or angiotensin 2 receptor blockers, beta-blockers, thiazide diuretics and/or 650 

calcium channel antagonists; 9 women remained on antihypertensive treatment at two years follow up. Two 651 

women were on statins pre-surgery, one remained after surgery. All women received dietary instructions 652 

following surgery of a protein-rich diet for six weeks. Eating subsequently three small meals rich in protein 653 

and whole grains and four small snacks per day was advised. For additional studies we investigated 10 lean 654 

women (body mass index 20.4 – 24.6; mean 23.05 kg/m2) and 9 women with obesity (body mass index 31.0 655 

– 54.4; mean 40.47 kg/m2). All were middle aged, apparently healthy and body weight stable.  Methods for 656 

measurements of blood lipids, serum insulin and in vivo insulin sensitivity have been described in detail16. 657 

The study was approved by the local committee on ethics (Regionala Etikprövningsnämnden in Stockholm) 658 

and explained in detail to each participant who gave informed written consent. 659 

Clinical measurements 660 

All examinations took place at 8am after an instructed overnight fast. Anthropometric and clinical chemistry 661 

variables were determined as described16,17. Total fat mass was calculated by bioelectrical impedance 662 

analysis. A WAT needle biopsy from the abdominal subcutaneous region lateral to the umbilicus was 663 

obtained each time. The samples were rinsed in sodium chloride (9mg/mL) and portioned into two fractions, 664 

one 300mg sample was frozen in liquid nitrogen and stored for gene expression analysis. The second 665 

fraction was used for adipocyte isolation to determine fat cell size as described55. 666 

Cell culture 667 



Human adipose derived stem cells (hADSC) were isolated from the subcutaneous WAT as described and 668 

used previously56. hADSC were cultured and passaged in Dulbecco’s modified Eagle’s medium (DMEM) 669 

with 1 g/L of glucose (31885-023, Gibco, 10% FBS (SV301060.03, GE Healthcare), FGF2 (2.5 ng/ml) 670 

(Sigma-Aldrich), penicillin/streptomycin (100 U/ml) and maintained at 37oC in a humidified gassed 671 

incubator at 5% CO2. For adipocyte differentiation, hADSC were cultured in DMEM/Ham’s F12 media 672 

(21765-029, Gibco) supplemented with 10 µg/ml transferrin (Sigma-Aldrich), 0.86 µM insulin (Sigma-673 

Aldrich), 0.2 nM triiodothyronine (Sigma-Aldrich), 1 µM dexamethasone (Sigma-Aldrich), 100 µM 674 

isobutyl-methylxanthine (Sigma-Aldrich), and 1 µM rosiglitazone (Caymen Chemical). After three days, 675 

dexamethasone and isobutyl-methylxanthine were removed; after nine days rosiglitazone was removed. 676 

Knockdown of the target lncRNA (ADIPINT) was carried out on day 8 of differentiation (when the cells 677 

showed adipocyte features), using a Neon™ transfection system MPK5000 (Invitrogen) with 2 pulses of 20 678 

ms at 1300 V. Antisense LNA GapmeRs (Qiagen) used for ADIPINT knockdown and control conditions are 679 

given in Supplementary Methods Table 1. For PC inhibition experiments, Sodium Oxalate (Sigma-Aldrich) 680 

was added two hours post-transfection. All hADSC analyses were performed at day 13 of differentiation 681 

apart from lipid synthesis on day 14. For RNA quantification, basal lipolysis, triglyceride content and lipid 682 

synthesis hADSC were cultured in 24-well plates at 2 x 105 cells/well. For bioenergetic quantification 683 

hADSC were plated on a Seahorse XF Microplate (Agilent) at 1.6 x 104 cells/well. For transcriptomics, 684 

quantitative proteomics and measurement of PC activity, hADSC were cultured in 6-well plates at 4 x 105 685 

cells/well. 686 

Gene expression analysis 687 

Microarray analysis of coding genes in the WAT has been detailed17. Briefly, total RNA was extracted from 688 

frozen WAT with the RNeasy kit (Qiagen) and subjected to global transcriptome analysis using ClariomTM 689 

D arrays (Affymetrix) according to the manufacturer’s instructions. The WT Plus Kit (Thermo Fisher) was 690 

used to amplify and biotinylate sense strand target cDNA before 5.5 μg was fragmented and hybridized to 691 

the arrays in a GeneChip Hybridization Oven 645 at 45°C for 16-18 h. Arrays were washed and stained in a 692 

GeneChip Fluidics Station 450 prior to scanning in a Affymetrix GeneChip Scanner 7. Microarray gene 693 

expression analysis in hADSC after ADIPINT knockdown was carried out as described above, apart from 694 



that RNA was isolated using a NucleoSpin RNA Isolation Kit (Machery-Nagel). CEL files were 695 

preprocessed and analyzed using the Affymetrix Expression Console (version 1.4.1) and standard SST-RMA 696 

method. Affymetrix probe IDs were mapped to the FANTOM-CAT gene model7, 54,980 probe sets mapped 697 

to 40,590 unique gene IDs. Qlucore Omics Explorer (http://www.qlucore.com) software was used to 698 

compare arrays as detailed previously17. Genes annotated ‘lncRNA’ were selected for analysis and a paired 699 

comparison was made across time points with the effect of sample eliminated. qRT-PCR analysis was 700 

carried out as described previously9. Probes targeting ADIPINT, PC, GAPDH, 18S, B2M, MALAT1, 701 

NEAT1 and MT-ND5 are listed in Supplementary Methods Table 2. The ΔΔCT method was used for 702 

normalization for all experiments apart from RNA analysis in whole of fractionated WAT where the ΔCT 703 

method was used. Either 18S or B2M were used as housekeeping controls in all experiments. 704 

Fluorescence Microscopy 705 

RNA-FISH assays for ADIPINT and immunofluorescence for PC was combined performed using the 706 

ViewRNA® ISH Cell Plus Assay Kit (Affymetrix) according to the manufacturer’s instructions. Type 6 707 

probes against ADIPINT were ordered from the same supplier. Briefly, hADSC were cultured in Millicell 708 

EZ SLIDE 4-well glass chambers (Merck Chemicals and Life Science AB). At day 13 of differentiation, the 709 

adipocytes were washed with phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde for 20 min 710 

at room temperature. Following incubations with α-PC (PA5-50101) at 1:50 for 2 hours at room 711 

temperatures, the cells were incubated with Alexa Fluor® 568-conjugated secondary antibodies (A11011 , 712 

ThermoFisher) at 1:1000 for 1h at room temperature. Subsequently, probes were hybridized for 2 hours at 713 

40°C. After hybridization and amplification steps with pre-amplifier, amplifier, and linked labelled probe, 714 

the probes were detected using Alexa® Fluor 650 dyes, according to the manufacturer’s instructions. Cells 715 

were stained with 1:2500 BODIPY 493/503 and Hoechst 33342 for 20 minutes before mounting with 716 

ProLong Gold Antifade Mountant (ThermoFisher). Images were obtained with a Nikon spinning disk 717 

confocal microscope system (Nikon) equipped with a Nikon ECLIPSE Ti inverted microscope and a 1.4 NA 718 

60x oil immersion objective (Nikon), under the control of NIS-Elements AR version 4 software. 719 

Proteomic analysis 720 

http://www.qlucore.com/


Cell pellets were solubilized with 100 µL of 8M urea and sonicated in a water bath for 10 min followed by 721 

further sonication using a VibraCell probe (Sonics & Materials, Inc.) for 40 s, with pulse 5/2, at 20% 722 

amplitude. Proteins were precipitated with 400 µL chilled acetone and incubated at -20°C overnight. Protein 723 

concentration was measured by BCA assay (ThermoFisher) after centrifugation  (13,000 rpm) at +4°C for 724 

20 minutes and solubilizing proteins with 10 µL of 8M urea and adding 10 µL ddH2O. 10 µg of protein in 725 

253 µL of 133 mM ammonium bicarbonate (AmBic), pH 8 were sonicated in a water bath for 5 minutes and 726 

subjected to tryptic digestion following protein reduction in 5 mM dithiothreitol  (Sigma) at 37°C for 60 727 

minutes and alkylation in 15 mM iodoacetamide for 60 minutes at room temperature in the dark. Trypsin 728 

(sequencing grade, Promega) was added in an enzyme to protein ratio of 1:20 (5 µL of 0.1 µg/µL) and 729 

digestion was carried out overnight at 37°C. The digestion was stopped by adding formic acid at a final 730 

concentration of 5%. The samples then were cleaned on a C18 Hypersep plate with 40 µL bed volume 731 

(Thermo Scientific) and dried using a speedvac (MiVac, ThermoFisher).  732 

Samples were dissolved in 70 µL of 50 mM triethylammonium-bicarbonate (TEAB), pH 8, and 40 µg of 733 

TMT-11 plex reagents (ThermoFisher) in 30 µL of dry acetonitrile were added. Samples were scrambled 734 

and then incubated at RT, 550 rpm for 2 hours. The reaction was stopped by adding hydroxylamine at a final 735 

concentration of 0.5% and incubated at RT with 550 rpm for 15 minutes. Individual samples were combined 736 

to one analytical sample and dried in a speedvac, followed by cleaning on a C18 StageTip and re-dried in a 737 

speedvac. 738 

Chromatographic separation of peptides was performed on a 50 cm long C18 reversed phase EASY-spray 739 

column connected to an Ultimate 3000 UPLC system (ThermoFisher). The gradient was run for 120 minutes 740 

at a flow rate of 300 nL/minutes and was as follows: 2-26% of buffer B (2% acetonitrile, 0.1% formic acid) 741 

for 110 minutes, up to 35% of buffer B for 10 minutes and up to 95% of buffer B for 2 minutes. 742 

Mass spectra were acquired on an Orbitrap Fusion tribrid mass spectrometer (ThermoFisher) in 375 m/z to 743 

1600 m/z at resolution of R=120,000 (200 m/z) for full mass, targeting 4x105 ions, followed by data-744 

dependent higher-energy collisional dissociation (HCD) fragmentations from precursor ions with a charge 745 

state 2+ to 7+ in 3 s cycle time. The tandem mass spectra were acquired with a resolution of R=60,000, 746 

targeting 5x104 ions, setting quadrupole isolation width to 1.6 m/z and normalized collision energy to 30%. 747 



The raw files were imported to Proteome Discoverer v2.3 (ThermoFisher) and analyzed using the SwissProt 748 

protein database with Mascot v 2.5.1 (MatrixScience Ltd) search engine. Parameters were chosen as 749 

follows: up to two missed cleavage sites for trypsin, peptide mass tolerance 10 ppm, 0.02 Da for the HCD 750 

fragment ions. Carbamidomethylation of cysteine was specified as a fixed modification, whereas oxidation 751 

of methionine and deamidation of asparagine was defined as variable modifications. 752 

hADSC lipid metabolism  753 

Basal (spontaneous) triglyceride hydrolysis (lipolysis) was quantified through medium glycerol 754 

concentration after three days incubation as described57. 50 µL of differentiation media was collected and 755 

added to 450 mL of resuspended ATP reagent (10 µL purified glycerokinase (Sigma-Aldrich) and 10 µL 756 

ATP Reagent SL (Biotherma) in 0.05 M Tris buffer). The decay in luminescence was measured over one 757 

minute and compared to a glycerol standard curve. Medium not exposed to cells was used as background. 758 

Cellular triglyceride content was determined using a triglyceride quantification kit MAK266 (Sigma-759 

Aldrich). Each well was washed in PBS twice and cells were lysed in 5% NP-40 in dH20. Florescence was 760 

measured at 590 nm on an Infinite M200 microplate reader (Tecan) and background was subtracted using 761 

the same volume of cell lysate minus addition of the lipase enzyme as suggested by the manufacturer. A 762 

triglyceride standard curve was used to determine concentration. The lipid synthesis rate was measured 763 

through incorporation of [1-14C]-acetic acid (Perkin-Elmer) into acylglycerol lipids as described previously58. 764 

On day 13 of differentiation cells were cultured in DMEM media with no insulin, 10 µg/ml transferrin, 0.2 765 

nM triiodothyronine and 1 µM glucose overnight. The following day, cells were cultured for 3 hours in 766 

DMEM media containing 2 mM glucose, 10 mM HEPES, 0.2% BSA, 2 mM acetate and 1 mCi [1-14C]-acetic 767 

acid with or without 100nM insulin. Cells were scraped in PBS with 0.1% SDS and radioactivity determined 768 

on a Tri-Carb 4910 TR scintillation counter (Perkin-Elmer). 769 

hADSC energy metabolism 770 

Bioenergectis were quantified using a XF96 Seahorse Extracellular Flux Analyzer (Agilent) as per 771 

manufacturers instructions. The Seahorse Glycolysis Stress Test Kit (Agilent) was used to assess OCR and 772 

ECAR at basal then after Glucose, Oligomycin and 2-deoxyglucose treatment. All concentrations used were 773 

as recommended by the manufacturer. Basal OCR and ECAR were carried out in medium supplemented 774 



with 2 mM glutamine. OCR and ECAR for each well was normalized to cell number by Hoechst 33342 775 

staining of nuclei before counting using a CellInsight CX5 High Content Screening Platform (Fisher 776 

Scientific).     777 

Targeted RNA identification using orthogonal organic phase separation (TROOPS) 778 

Purification of the RNA-bound proteome was performed using orthogonal organic phase separation (OOPS) 779 

as described23, and adapted by us for targeted pulldown of a specific RNA (TROOPS). hADSC plated at 3 x 780 

106 cells in 15 cm2 cell culture dishes were proliferated for 3 days (reaching ~90% confluence) before 781 

initiating differentiation. At day 13, cells were washed twice in ice-cold PBS and crosslinked at 254 nm 782 

(0.15 J/cm2) on a UV Crosslinker 2400 (Stratagene). Cells were immediately scraped in 1mL Trizol 783 

(Invitrogen), transferred to a new 2 mL tube and left to stand for at least 5 minutes to allow unstable RNA-784 

protein interactions to dissociate. 225 µL of chloroform was added to each tube, which was vortexed and 785 

spun for 15 minutes at 16,100 x g at 4oC. The upper aqueous phase (containing free RNA) and organic phase 786 

(containing free protein) was removed using a 25G needle syringe. The interphase was washed in 1 mL 787 

Trizol followed by 200 µL chloroform twice, each time vortexed and spun before removal of aqueous and 788 

organic phases. Nine volumes of EtOH was added to the interphase and the sample stored at -20oC for 30 789 

minutes. Following incubation, the interphase was pelleted by centrifugation at 20,000 x g for 20 minutes at 790 

4oC, the EtOH removed, the pellet gently washed in 80% EtOH and spun at 20,000 x g for 15 minutes at 791 

4oC; this wash step was performed twice. The pellet was resuspended in 500 µL of 50 mM Tris-Cl (pH 7.0), 792 

10 mM EDTA and 1% SDS with 1 mM PMSF, 0.1 U/ μL SUPERase-In™ RNase Inhibitor (Invitrogen) and 793 

cOmplete Mini EDTA-free protease inhibitor cocktail (Roche). Two re-suspended pellets were pulled and 794 

sonicated using a Bioruptor® Pico (Diagenode) for 15 cycles (30 seconds on, 45 seconds off) with sonication 795 

beads. 1.75 mL of lysate (equivalent to 3.5 x 15 cm2 culture dishes) was used per replicate in each TROOPS 796 

experiment. 15 µL of lysate was taken for protein and RNA input samples. Probe design and hybridization 797 

was modified from the ChirP-MS protocol21. For targeted pulldown, 24 biotinylated short oligos (Biosearch 798 

Technologies) were designed against ADIPINT and split into two pools termed odd and even. Each probe 799 

was numbered sequentially from 5’ to 3’, odd numbered probes were split into one pool and even numbers 800 

to another. A probe set designed against Lac Z mRNA was used as a control for non-specific probe 801 



interactions and odd and even probes added in the presence of RNase A (20 µg/mL) (Sigma-Aldrich) to 802 

control for the RNA independent pulldown of the target probes. All probe sequences are given in 803 

Supplementary Methods Table 3. 3.5 mL hybridization buffer (50 mM Tris-Cl (pH 7.0), 750 mM NaCl, 1% 804 

SDS, 1 mM EDTA, 15% formamide, 1 mM PMSF, 0.1 U/µL SUPERase-In™ RNase Inhibitor and 805 

cOmplete Mini EDTA-free protease inhibitor cocktail) was added to each lysate and 250 pmol targeting 806 

probes. Hybridization was carried out overnight at 37oC with rotation. 500 µL of pre-washed MyOne™ 807 

Streptavidin C1 Dynabeads™ (Invitrogen) were added the following day for 2 hours at 37oC with rotation. 808 

Beads were extracted on a Dynamag-15 magnetic strip and washed 5 times in 300mM NaCl, 30mM sodium 809 

citrate, 0.5% SDS and 1 mM PMSF. After final wash, 10% was taken for RNA purification and 90% for 810 

protein identification using mass-spectrometry. RNA bead samples were re-suspended in Proteinase K 811 

buffer (10 mM Tris-Cl (pH 7.0), 100 mM NaCl, 1 mM EDTA, 0.5% SDS) with 5% (v/v) Proteinase K (20 812 

mg/mL) (Ambion) added and incubated at 50oC for 45 minutes with rotation. Samples were boiled at 95oC 813 

for 10 minutes and cooled on ice before addition of 1 mL Trizol and RNA purification using the miRNeasy 814 

Mini Kit (Qiagen). qRT-PCR analysis of ADIPINT as well as two non-targeted abundant RNAs GAPDH and 815 

18S to assess pulldown efficiency. Protein bead samples were re-suspended in 22uL of PBS with 1uL RNase 816 

A (20 μg/mL), 1uL RNase H (10 U/μL) and 1uL cOmplete Mini EDTA-free protease inhibitor cocktail 817 

supplemented in and incubated for 45 minutes at 37oC. 5 μL of Laemmli Sample Buffer was added to each 818 

sample before heating to 95oC for 10 minutes. Samples were run onto an SDS-PAGE gel, zinc stained to 819 

confirm protein loading and individual lanes were cut for MS-analysis or gel was transferred to a PVDF 820 

membrane for Western blot analysis. 821 

For MS-analysis, gel pieces were washed with 0.2M ammonium bicarbonate (AmBic) containing 50% 822 

acetonitrile. Proteins were reduced with 20 mM dithiothreitol (DTT) in 100 mM AmBic for 60 minutes at 823 

37°C, followed by alkylation with 55 mM iodoacetamide in 100 mM AmBic for 20 minutes at 25°C and 824 

digested with 0.2 µg trypsin (sequencing grade) in 0.2 M AmBic overnight at 37°C. The tryptic peptides 825 

were acidified with formic acid and extracted twice using 0.1% formic acid in 50% and 100% acetonitrile, 826 

respectively. The solutions were dried and the peptides were cleaned up on C-18 Stage Tips (ThermoFisher). 827 



The reconstituted peptides in solvent A (0.1% formic acid in 2% acetonitrile) were separated on a 50 cm 828 

long EASY-spray column (ThermoFisher) connected to an Ultimate-3000 nano-LC system (Thermo 829 

Scientific) using a 60 minutes gradient from 4-26% of solvent B (98% AcN, 0.1% formic acid) in 55 min 830 

and up to 95% of solvent B in 5 minutes at a flow rate of 300 nL/minutes. Mass spectra were acquired on a 831 

Q Exactive HF Orbitrap mass spectrometer (ThermoFisher) in 350 m/z to 1600 m/z at resolution of 832 

R=120,000 (at 200 m/z) for full mass, followed by data-dependent higher energy collisional dissociation 833 

(HCD) fragmentations from the 17 most intense precursor ions with a charge state 2+ to 7+. The tandem 834 

mass spectra were acquired with a resolution of R=30,000, targeting 2x105 ions, setting quadrupole isolation 835 

width to 1.4 m/z and normalized collision energy to 28%. 836 

Acquired raw data files were analyzed using the Mascot search engine v.2.5.1 (Matrix Science Ltd). 837 

Maximum of two missed cleavage sites were allowed for trypsin, while setting the precursor and the 838 

fragment ion mass tolerance to 10 ppm and 0.02, respectively. Carbamido-methylation of cysteine was 839 

specified as a fixed modification. Dynamic modifications of oxidation on methionine, deamidation of 840 

asparagine and glutamine and acetylation of N-termini were set. Initial search results were filtered with 5% 841 

FDR using Percolator to recalculate Mascot scores. 842 

RNA immunoprecipitation (RIP) 843 

hADSC were plated in 15 cm2 cell culture dishes, differentiated until day 13 and UV-crosslinked as 844 

described for TROOPS using one 15cm2 cell culture dish per condition. Immediately there after cells were 845 

scraped in 1 mL RIP lysis buffer (50 mM Tris-Cl (pH 7.0), 150mM NaCl, 10 mM EDTA, 1% Triton X-100 846 

,1mM DTT, 0.1 U/μL SUPERase-In™ RNase Inhibitor and cOmplete Mini EDTA-free protease inhibitor 847 

cocktail). Samples were passed through a 23 G syringe 20 times and spun at 12,000 x g for 10 minutes at 848 

4oC. The lysate was removed and cleared with 30 uL of Pierce™ Protein A/G magnetic beads (Thermo 849 

Scientific) for 30 minutes on rotation at room temperature. Magnetic beads were removed, and the sample 850 

spun once more at 12,000 x g for 10 minutes at 4oC and lysate transferred to a fresh tube. Seven µg of rabbit 851 

pyruvate carboxylase (PA5-50101, ThermoFisher) or rabbit IgG (PP64B, Millipore) antibody was incubated 852 

with the lysate overnight at 4oC with rotation. The following day 1:10 w/v Protein A/G beads were added to 853 

each sample and incubated for 3 hours at 4oC with rotation. Magnetic beads were extracted using a 854 



Dynamag-2 magnetic strip and washed for 5 minutes five times in RIP lysis buffer on rotation at room 855 

temperature. Bead samples were processed for RNA purification as described for TROOPS. 856 

Gel filtration analysis 857 

ADIPINT or ADIPINT anti-sense cDNA was cloned out of a plasmid containing the full length cDNA 858 

sequence for ADIPINT transcript 2 (MICT00000363691.1) using KOD Hot Start Polymerase (Sigma-859 

Aldrich) as previously described59. The PCR product was confirmed by size and EcoRI-HF (NEB) 860 

restriction digest, bands were excised from the agarose gel and purified using the NucleoSpin Gel and PCR 861 

Clean‑up kit (Machery-Nagel). The RNAMaxx Transcription Kit (Agilent) was used as per manufacturers 862 

instructions to synthesize RNA, with 1 µg of template DNA product used per reaction. The reaction was 863 

carried out for two hours at 37oC before RNA was purified using the NucleoSpin RNA Isolation Kit 864 

(Machery-Nagel). For RNA-PC binding, RNA was added to purified bovine PC (0.3 µg/µL Sigma-Aldrich) 865 

in a 110 uL reaction containing 10mM HEPES (pH 7.3), 20mM KCl, 1mM MgCl2, 1mM DTT, 5% Glycerol 866 

and 0.1 U/µL SUPERase-In™ RNase Inhibitor and left at room temperature for 30 minutes. To establish the 867 

RNA UV absorption peak ADIPINT RNA was added to PC at a 1:1 molar ratio. For experiments comparing 868 

ADIPINT to ADIPINT anti-sense, RNA was added to PC at a 0.25:1 molar ratio and DTT was omitted from 869 

the reaction. 100 µL of each reaction was then injected to a Superose® 6 Increase 10/300 GL column 870 

(Cytiva) using the Äkta go system (Cytiva) with the running buffer (pH 7.3), 20mM KCl, 1mM MgCl2, 5% 871 

Glycerol and 0.01 U/µL SUPERase-In™ RNase. 250 µL of the indicated peak fractions (280 nm) from the 872 

gel filtration were collected and concentrated using Vivaspin® 500 (Sartorius) centrifugal concentrators 873 

(100K MWCO, PES) for western blot analysis.    874 

Cellular fractionation 875 

For fractionation of the nuclear and cytoplasmic compartments the RNA subcellular isolation kit (25501, 876 

Active Motif) was used as per manufactures instructions. Briefly hADSC cells cultured in 1 x 15cm2 cell 877 

culture dish was differentiated to day 13 and washed in cold PBS before being scraped in complete lysis 878 

buffer provided by the kit. Cells were passed through a 23G syringe 10 times and left for 20 minutes on ice 879 

to allow for sufficient lysis. The lysate was split in two, one aliquot for total RNA and the other for nuclear 880 



and cytoplasmic RNA isolation. The samples were washed and loaded onto the columns as instructed. 881 

GAPDH and NEAT1 RNA were used to validate the cytoplasmic and nuclear fractions, respectively. 882 

For fractionation into mitochondrial/membrane, cytoplasmic and lipid droplet compartments, hADSC cells 883 

cultured in 1 x 15cm2 cell culture dish were differentiated to day 13 and washed in cold PBS twice before 884 

being scraped in 750 µL homogenization buffer (20 mM Tris-HCl pH 7.4, 250 mM sucrose, 1 mM EDTA, 885 

0.1 U/µL SUPERase-In™ RNase Inhibitor and cOmplete Mini EDTA-free protease inhibitor cocktail). Cells 886 

were passed through a 23G syringe 10 times and spun at 1,000 x g for 10 minutes at 4oC removing nuclei 887 

and intact cells. The lysate was transferred to a fresh Eppendorf and spun at 20,000 x g for 40 minutes at 4oC 888 

to pellet the mitochondrial/membrane fraction and lysate transferred to an ultracentrifugation tube (344057, 889 

Beckman) and mixed 1:1 with 50% OptiPrep Density Gradient Medium (D1556, Sigma-Aldrich) diluted in 890 

homogenization buffer. OptiPrep gradient solutions of 22, 16, 12, 8, 5, 2, and 0% were layered on top. 891 

Samples were spun overnight at 150,000 x g at 4oC in a SW55 Ti swinging bucket rotor (Beckman-Coulter). 892 

Fractions were collected with a pipette and RNA/proteins were precipitated using the Wessel and Flügge 893 

method60. Each sample was split into two before precipitation, RNA samples were resuspended in 750 µL 894 

Trizol and subject to RNA isolation as described above. Samples for protein analysis were resuspended in 895 

RIPA Lysis and Extraction Buffer (89900, ThermoFisher) with a final concentration of 2% SDS. Western 896 

blot analysis was carried out as described above with the following antibodies used to stain for PLIN1 897 

(D1D8, CST, 1:1000), GAPDH (14C10, CST, 1:1000), H3 (07-473, Millipore, 1:20000), and TOM20 898 

(D8T4N, CST, 1:1000). All blots were incubated with the primary antibody overnight at 4oC and the 899 

rabbit/mouse secondary antibody α-rabbit IgG, HRP-linked antibody (7074, CST) for 1 hour at room 900 

temperature. 901 

Pyruvate carboxylase (PC) activity assay 902 

PC activity was measured using the coupled enzyme reaction with malate dehydrogenase as described23 with 903 

the following modifications. Cells were rinsed in cold PBS twice before being scraped in 180 µL assay 904 

buffer (10 mM HEPES (pH7.4), 250 mM sucrose, 2.5 mM EDTA, 2mM cysteine and 0.02% BSA). Scraped 905 

cells were passed through a 23 G needle 10 times and sonicated using a Bioruptor® Pico for 15 cycles (30 906 

seconds on, 45 seconds off) with no sonication beads added. Sonicated samples were spun at 11,000 x g for 907 



10 minutes at 4oC and 20 µL of lysate was saved for total PC quantification using western blot. Briefly, 5X 908 

Laemmli Sample Buffer was added to each sample, heated at 90oC for 7 minutes, before loading onto a 4-909 

12% SDS-PAGE gel. After running, the protein was transferred to a PVDF membrane using the Trans-910 

Blot® Turbo™ Transfer System (Bio-Rad) as per manufacturer’s instructions. The membrane was blocked 911 

and incubated with rabbit pyruvate carboxylase (PA5-50101) or house-keeping α-tubulin (2144, CST) 912 

antibody overnight at 4oC. The following day the membrane was washed with TBS-Tween 20 (0.1%) and 913 

incubated with α-rabbit IgG, HRP-linked antibody (7074, CST) for 1 hour at room temperature. The 914 

membrane was washed in TBS-Tween 20, and the protein signal developed using the ECL™ Select Western 915 

Blotting Detection Reagent (GE Healthcare). Bands were visualized on a ChemiDoc MP Imaging System 916 

(Bio-Rad). Image J software was used to measure densitometry of PC and α-tubulin bands. 30 µL of the 917 

remaining lysate was added to 225 µL of PC activity buffer (80mM Tris-Cl (pH 8.0), 2 mM ATP, 8 mM 918 

sodium pyruvate, 21 mM KHCO3, 9 mM MgSO4, 0.16 mM acetyl-CoA, 0.16 mM NADPH and 30 units of 919 

purified malate dehydrogenase (LMDH-RO Roche)). The absorbance at 340 nm (Absorbance of NADH) is 920 

read immediately, every 15 seconds for 4 hours on a Varioskan™ LUX multimode microplate reader 921 

(Thermo Scientific). PC activity was calculated as the time taken to reach 50% completion of the reaction 922 

(½Vmax) using the nonlinear regression method with the Michaelis-Menten equation applied in GraphPad 923 

Prism 8.0. The relationship between PC concentration and ½Vmax was determined as linear (R² = 0.9204) by 924 

titrating down GapmeR NC transfected lysate and running both PC western blot and activity assay on the 925 

same sample (Extended Data Fig. 6). Each ½Vmax and PC densitometry value was normalized to the average 926 

value for all the samples in that experiment to allow comparison between experiments ran on different days. 927 

For measurement in the mitochondrial fraction, cells were scraped in assay buffer and fractionated as stated 928 

above. The mitochondrial pellet was resuspended in assay buffer and activity measured. For measurement in 929 

WAT, 100 mg pieces were incubated on dry ice with 2 x 5 mm ball bearing before 1 mL of assay buffer was 930 

added and tissue lysed using a Tissue Lyser LT (Qiagen) at 50 oscillations/second for 10 minutes. 30 µL of 931 

lysate was saved for total PC quantification using western blot.  The PC activity was then determined as 932 

stated above. Another 100 mg piece from the same biopsy was incubated on dry ice with 1 x 5 mm ball 933 

bearing and lysed in 1 mL Trizol at oscillations/second for 5 minutes and subjected to RNA isolation as 934 

stated above.  935 



PC Immunoprecipitation 936 

hADSCs grown in 1 x 15 cm2 dishes per condition were washed twice in cold PBS and scraped in RIP lysis 937 

buffer without 1 % Triton X-100 or 1 mM DTT. The mitochondrial/membrane fraction was isolated as 938 

stated above and resuspended in RIP lysis buffer without 1 mM DTT. The immunoprecipitation was carried 939 

out as stated for the RIP with the following modifications. 3 ug of PC antibody (16588-1-AP, ProteinTech) 940 

or rabbit IgG  antibody was incubated with the lysate overnight at 4oC with rotation. The following day 30 941 

uL of Protein A/G beads were added to each sample and incubated for 30 minutes with rotation. Magnetic 942 

beads were extracted using a Dynamag-2 magnetic strip and washed for 5 minutes five times in Pierce™ IP 943 

lysis buffer (ThermoFisher) on rotation at room temperature. Bead samples were processed for mass-944 

spectrometry as described for TROOPS.  945 

Statistical analyses 946 

GraphPad Prism v8.0 was used for all statistical comparisons unless otherwise stated. The specific statistical 947 

test used for each comparison mentioned in the figure legend. All data are expressed as mean ± S.D for 948 

experiments with sample size n < 6 and S.E.M when n was higher. All n represent biologically independent 949 

experiments. For ANOVA, Dunnett post-test was used for comparisons of all samples to a particular sample 950 

and Holm-Sidak was used for comparisons of all samples to one another.  Comparisons between ADIPINT 951 

knockdown and control samples in microarray and proteomic studies were carried out using the 952 

Bioconductor R package Limma61. An FDR ≤ 0.05 was used to select for significant genes and FDR ≤ 0.1 953 

for proteins in all comparisons. Pearson correlation was used to assess significance between the change in 954 

ADIPINT expression versus weight/adipocyte cell volume and ADIPINT versus PC mRNA expression at all 955 

time points. A p-value of ≤ 0.05 was considered significant. 956 

Data Availability 957 

All data that support the findings is available on request to the corresponding authors within reason. Material 958 
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