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Membrane metallo-endopeptidase (Neprilysin)
regulates inflammatory response and insulin
signaling in white preadipocytes
Alfred K. Ramirez 1,2, Simon Dankel 1,4,5, Weikang Cai 1, Masaji Sakaguchi 1,6, Simon Kasif 2,3,
C. Ronald Kahn 1,*
ABSTRACT

Objective: Accumulation of visceral white adipose tissue (WAT) associates with insulin resistance, adipose tissue inflammation, and metabolic
syndrome, whereas accumulation of subcutaneous WAT may be protective. We aimed to identify molecular mechanisms that might provide
mechanistic insights underlying the phenotypic differences in these tissues. Membrane Metallo-Endopeptidase (MME/Neprislyin) is an extra-
cellular, membrane-bound protease enriched in subcutaneous WAT that can target degradation of a variety of peptides, including insulin, IL6, and
b-amyloids. We hypothesized that MME contributes to adipose depot-specific metabolic properties.
Methods: We performed RNA sequencing on human subcutaneous and visceral preadipocytes and array gene expression profiling in murine
subcutaneous and visceral preadipocytes. We conducted several insulin signaling and inflammatory response experiments on different cellular
states of MME expression.
Results: MME in white preadipocytes is expressed at a higher level in subcutaneous compared to visceral WAT and favors insulin signaling and a
low inflammatory response. Thus, knockdown of MME in subcutaneous preadipocytes increased the inflammatory response to substance P and
amyloid b aggregates. This associated with increased basal insulin signaling and decreased insulin-stimulated signaling. Moreover, MME
differentially regulates the internalization and turnover of the a/b subunits of the insulin receptor.
Conclusion: MME is a novel regulator of the insulin receptor in adipose tissue. Given the clinical significance of both chronic inflammation and
insulin sensitivity in metabolic disease, these results show a potentially new target to increase insulin sensitivity and decrease inflammatory
susceptibility.

� 2019 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Adipose is a complex tissue with an important role in energy ho-
meostasis, endocrine function, and the regulation of immune
response. It has a high degree of plasticity and is capable of expanding,
contracting, and remodeling to meet a wide range of metabolic chal-
lenges [1]. Adipose tissue is primarily composed of adipocytes and
adipocyte progenitors but also contains perivascular cells, endothelial
cells, and myriad immune cells. Adipocytes are the main adipose
constituent by mass and serve the primary role for energy storage and
endocrine function. Adipocyte progenitor cells, including mesenchymal
stem cells and committed preadipocytes, represent a small mass of
tissue but can comprise as much as 50% of adipose tissue by cell
number and are the primary source for new adipocytes [2].
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Adipose tissue can be divided into at least two metabolically-distinct
types: brown adipose tissue (BAT) and white adipose tissue (WAT).
BAT is primarily an energy expending tissue, whose human relevance
has recently become an active area of research [3,4]. White adipose
tissue, in contrast, is primarily an energy storing tissue. White adi-
pose tissue has been shown to have regional variation based on
anatomical location in humans [5,6]. Some of the most striking
differences in WAT are observed between (abdominal) subcutaneous
and visceral white adipose tissue. Accumulation of visceral adipose
tissue, i.e. central obesity, has been associated with insulin resis-
tance, metabolic syndrome, and diabetes mellitus [6e8]. By
contrast, accumulation of subcutaneous adipose tissue has been
associated with metabolically beneficial characteristics, including
increased insulin sensitivity and decreased inflammation [7,9]. White
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adipose tissue from other regions, such as gluteal adipose tissue,
perirenal fat, and bone marrow, also have different properties,
including differences in cytokine response and proliferation rates
[10,11]. This regional variation within white adipose tissue stresses
the need to understand the underlying mechanisms accounting for
differences in white adipose depots in order to develop targeted
therapies for diabetes, lipodystrophy, and related metabolic
complications.
Several molecular differences between visceral and subcutaneous
adipose tissue have been described. One of the most demarcating
differences between adipose depots is the signature of develop-
mental genes, including Hox, Shox, and T-box genes [12,13]. Line-
age tracing studies have revealed key developmental signatures in
adipocyte development, such as the Myf5 lineage marking brown
adipocytes and a subset of white adipocytes across different fat
depots [14,15]. The mesodermal developmental gene TBX15 has
also been shown to mark a subset of white adipocytes which have a
higher glycolytic rate [16]. Traditionally, surface markers have been
used to establish region specificity and to distinguish adipocyte-
lineage cells from other adipose-resident cells, although there is
disagreement over the exact panel of surface marker expression in
the adipocyte lineage [17,18]. More extensive reviews on this topic
are provided elsewhere [2,19,20].
Membrane metallo-endopeptidase (MME/Neprilysin/CD10/CALLA) is a
membrane-bound protein with a distinct extracellular protease
domain. MME was first isolated from rabbit kidney and described as a
thermolysin-like enzyme [21]. Since then, MME has been shown to be
well-conserved across different species from C. elegans to mammals
[22]. MME is a zinc metalloprotease and shares substrates and
structural similarity with several related extracellular proteases,
including Endothelin Converting Enzyme 1 (ECE1), Phosphate-
regulating neutral endopeptidase X-linked (PHEX), and Kell blood
group antigen (KEL) [23e25]. MME is also expressed in the brain,
where the MME knockout mouse has been shown to have an increase
in amyloidb peptides, suggesting that MME may play a role in pro-
tection from Alzheimer’s disease [26]. The whole-body MME knockout
(MMEKO) mouse was created in 1995 and was described as a septic
shock model because it showed hypersensitivity to treatment with
different cytokines [27].
In the context of metabolism, the MMEKO mouse develops age-related
obesity. This is thought to be mediated through hyperphagia [28],
although the exact mechanism is unclear. Interestingly, whole-body
knockdown or overexpression of the Drosophila MME homolog NEP4
decreases larval food intake and decreases the levels of circulating
insulin-like peptide DILP1 [29]. In humans, MME is also found in
plasma, and circulating levels of MME positively correlate with BMI and
HOMA-IR [30]. Additionally, MME mutants have been associated with
Charcot-Marie-Tooth disease [31], emphasizing that MME is
expressed in a variety of tissue types, including adipose, brain, and
lymphatic tissue [26e28].
MME has been shown to target a variety of small peptides including
amyloidb, insulin B-chain, and several neuropeptides [25,32]. Addi-
tionally, the MME intracellular domain is known interact with PTEN,
suggesting it potentially could modify signaling pathways active via the
PI3K/Akt pathway [33e35]. Both adipocytes and preadipocytes ex-
press MME, and preadipocytes have been shown to secrete exosome-
bound MME, which can be endocytosed by non-adipose cell types
such as neuronal cells in vitro [36].
In the present study, we sought to determine the cellular role of MME in
distinguishing subcutaneous from visceral preadipocytes and its role in
insulin sensitivity and inflammatory response in adipose tissue.
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2. MATERIALS AND METHODS

2.1. Human cell culture
Primary cell cultures (4 abdominal subcutaneous, 4 omental, and 4
mesenteric) were obtained from the Kirkland lab [37]. Primary cells for
subcutaneous, omental, and mesenteric preadipocytes were grown to
90% confluency in 10-cm plates. Primary cell cultures were main-
tained for no more than 10 passages. Human neck-derived immor-
talized white preadipocyte cell lines were obtained from the Tseng lab
and cultured as previously described [38,39]. Cells were maintained in
DMEM-H, 10% FBS, 1% Pen-Strep (100 U/mL), and 0.2% normocin
(100 mg/mL). Cells were passaged at 90% confluency by a 1:5 dilution.

2.2. RNA sequencing
Total RNA was harvested from a 100% confluent 10-cm plate with
1 mL Trizol and stored at �80 �C. Samples were thawed, homoge-
nized with a 25-gauge needle, and 200 mL chloroform was added. The
samples were vortexed (20 s), centrifuged (15,000 g, 30 min), and the
aqueous phase was isolated for purification. The aqueous phase was
combined with 1 volume of isopropanol, centrifuged (15,000 g,
60 min), and washed with 70% ethanol. The resulting RNA pellet was
air dried for 1 h and resuspended in 30 mL RNase-free water. RNA
quality was assessed on an Agilent 2100 Bioanalyzer to ensure RIN
values were greater than 8.0.
For library prep, we used the NEBNext Ultra Directional Library Prep Kit
(New England Biolabs). Briefly, 500 ng of RNA in 50 mL water was
combined with 15 mL NEBNext Oligo d(T)25 magnetic beads (pre-
washed twice with RNA binding buffer) and incubated at 65 �C for
5 min. The beads were washed twice with 200 mL wash buffer and
eluted with 200 mL elution buffer. The binding-washing was repeated
once more. The final elution was in 15 mL first strand synthesis buffer
and incubated at 94 �C for 15 min. Then 10 mL of the supernatant was
used for cDNA synthesis reaction, which was purified using Agencourt
AMPure XP beads. End-repair was performed with NEBNext end repair
reaction buffer and purified with AMPure XP beads. Library enrichment
and multiplexing was performed using the NEBNext High-Fidelty PCR
Master Mix (14 cycles of PCR) and NEBNext Multiplex Oligos.
The cDNA libraries were multiplexed on the Illumina HiSeq 2000 and
2500. Raw 50bp paired-end reads were aligned via the Spliced Tran-
scripts to Alignment Reference (STAR 2.3.0e) [40] to the human genome
build hg19 and annotation file gencode v19. The non-default and non-
directory parameters for building the reference genome in STAR were:
STAR –runMode genomeGenerate –sjdbOverhang 49 –runThreadN 8,
and the parameters for alignment were STAR –readFilesCommand bzcat
–outFilterMismatchNmax 6 –outFilterIntronMotifs Remov-
eNoncanonicalUnannotated. Raw counts from the alignment files were
extracted using HT-seq (v0.5.4) with the following parameters: htseq-
count -i gene_id -q -m union -s reverse. Exploratory and differential
gene expression analyses were carried out in R (v3.03) and other
packages including DESeq2 [41], EBimage [42], and ggplot2 [43]. The
data are available on GEO under the accession GSE117353.

2.3. Murine inguinal and epididymal cell culture and microarray
Wild-type C57BL/6 male mice were maintained on chow diet. Mice
aged 49e63 days were sacrificed and the inguinal and epididymal
adipose depots were surgically extracted. The fat pads were minced,
incubated with 5 mL digestion buffer (DMEM-H, 1%BSA, 1 mg/mL
collagenase), and incubated on a shaking water bath for 30 min at
37 �C. The solution was filtered through a 150e250 mm mesh-
syringe, combined with 10 mL 1%-BSA DMEM-H and centrifuged
(800 g, 5 min, 4 �C). The supernatant was removed, the pellet was
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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washed with 10 mL FACS buffer (PBS, 2% Fetal Calf Serum) and
centrifuged again (800 g, 5 min, 4 �C). The pellet was resuspended in
1 mL erythrocyte lysis buffer (Ammonium-Chloride-Potassium lysis
buffer) and incubated on ice for 5 min. FACS buffer was added to bring
the volume to 10 mL and centrifuged (800 g, 5 min, 4 �C). The su-
pernatant was aspirated, and the pellet was resuspended in 300 mL
Blocking buffer (PBS, 2% Fetal Calf Serum, 1:150 Fc Block (BD Bio-
sciences)) and centrifuged (800 g, 5 min, 4 �C). The pellet was
resuspended in 100 mL of the antibody mix (CD45-, TER119-, CD31,
CD34þ, Sca1þ) and incubated for 15 min on ice. Blocking buffer was
added to bring the volume to 250 mL followed by centrifugation (800 g,
5 min, 4 �C). The pellet was resuspended in 200 mL FACS buffer,
submitted to FACS, and plated onto 6-well plates. Total RNA was
harvested by Trizol (as for the human cells above) and submitted to the
Joslin Diabetes Center Genomics Core for microarray hybridization to
generate gene expression profiles. The data are available on GEO
under the accession GSE117353.

2.4. Quantitative PCR
RNA for qPCR was extracted via the Qiagen RNAeasy mini kit (Qiagen).
Complementary DNA synthesis was performed with 200 ng/sample of
RNA via the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Quantitative PCR was performed via the SYBR Green PCR
Master Mix (Bio-Rad) on the CFX384 Real-Time PCR Detection System
according to the manufacturer’s protocol. For relative qPCR, expres-
sion was normalized to the reference gene HPRT1. For absolute qPCR,
synthetic templates were created as a single gBlock (IDT) and used to
calculate copy number.
The sequences for primers or gBlock are as follows: HPRT1 (F:50-
TGAAAAGGACCCCACGAAG, R:50-AAGCAGATGGCCACAGAACTAG),CCL2
(F:50-CATAGCAGCCACCTTCATTCC, R:50-TCTGCACTGAGATCTTCCT
ATTGG), TNFa (F:50-TCAGAGGGCCTGTACCTCAT, R: 50-GGAGGTT-
GACCTTGGTCTGG), IL6 (F:50-GGTACATCCTCGACGGCATCT, R:50-
GTGCCTCTTTGCTGCTTTCAC), MME exon 2 (F: 50-GCTATTGATAGCA-
GAGGTGGAGA, 50-GTTGCTACTGGCCACCCATA), MME exon 10 (F: 50-
TGTGGCCAGATTGATTCGTCA, R:50-TGGCAATTTCTTTTTCCAATTCCA),
MME exon 20 (F:50-GAGATGTGCAAGTGGCGAAG, R:50-GTGACCCCT-
CAGCAGATCC), MME exon 21 (F:50-TCTCGACAATACCCGTTGGC, R:50-
GAGTGGCAGAATAGGGCTGG), and the synthetic template for absolute
qPCR (50-GGGGTCTCGACAATACCCGTTGGCAAGGAGTCTGCCTCCAT
GCTGCAGTGTTCGAGTGGATTGTAGGTGCAAGATGGAAAGGATTGTAGGTG
CAAGCTGTCCAGAGAAAAGAGTCCTTGTTCCAGCCCTATTCTGCCACTC
TTTTTGAGATGTGCAAGTGGCGAAGCTTGACCGAGAGCAGGCTGGAGCAG
CCGCCCAACTCCTGGCGCGGGATCTGCTGAGGGGTCACTTTTTTGTGGC-
CAGATTGATTCGTCAGGAAGAAAGATTGCCCATCGATGAAAACCAGC
TTGCTTTGGAAATGAATAAAGTTATGGAATTGGAAAAAGAAATTGCCATT
TTTGCTATTGATAGCAGAGGTGGAGAACCTCTACTCAAACTGTTACCAGA-
CATATATGGGTGGCCAGTAGCAACTTTTTTGAAAAGGACCCCACGAAGTG
TTGGATATAAGCCAGACTTTGTTGGATTTGAAATTCCAGACAAGTTTGTTGT
AGGATATGCCCTTGACTATAATGAATACTTCAGGGATTTGAATCATGTTT
GTGTCATTAGTGAAACTGGAAAAGCAAAATACAAAGCCTAAGATGAGAGTT
CAAGTTGAGTTTGGAAACATCTGGAGTCCTATTGACATCGCCAGTAAAATT
ATCAATGTTCTAGTTCTGTGGCCATCTGCTTGGGG).

2.5. MME perturbations and insulin signaling
Immortalized human neck derived white preadipocytes, generated as
previously described [38], were transfected with MME or non-targeting
control (GFP) siRNA using Lipofectamine 3000 (Thermo Fisher) for 24
or 48 h. For the pharmacological inhibition of MME experiments,
preadipocytes were incubated for 24 or 48 h with the MME inhibitor
omapatrilat (1 mM). For overexpression, the plasmids pCMV-GFP
MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is an open acces
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(Addgene #12337), pCMV-MME (Addgene #12338) or pCMV-MMEX
(Addgene #12340) were transduced for 48 h with Lipofectamine
3000. The preadipocytes were then serum-starved overnight (24 h)
and stimulated with or without 100 nM insulin for 20 min. Cell lysates
were collected on ice with cell lysis buffer (1X RIPA, 0.1% SDS, 1X
protease and phosphatase inhibitor cocktails (Bimake)). Lysates were
centrifuged (10,000 g, 10 min), and supernatants were used for
immunoblotting.

2.6. Immunoblotting
Purified protein lysates were quantified with a bicinchoninic acid (BCA)
assay (ThermoFisher). For SDS-PAGE, 20 mg/sample of prepared
protein (cell lysate with 1X LDS sample buffer) were run on a 4e12%
Bis-Tris polyacrylamide gel at 120 V for 60 min in 1X running buffer
(2.5 mM MOPS, 2.5 mM Tris base, 0.005% SDS, 50 mM EDTA, pH
7.7). Protein was transferred to PVDF membrane at 30 V for 960 min in
1X transfer buffer (1.25 mM Bicine, 1.25 mM Bis-Tris, 50 mM EDTA,
pH 7.2). Membranes were blocked in Starting Block T20 (Thermo-
Fisher). Primary antibodies were used at a 1:2000 dilution (MME
(human: Santa Cruz, mouse: Abcam), IRa (Santa Cruz), IRb (Cell
Signaling), pIR/pIGF1R (Cell Signaling), IRS1 (Millipore), pIRS1 (Cell
Signaling), pan-AKT (Cell Signaling), pAKT (Cell Signaling), ERK1/2
(Cell Signaling), pERK1/2 (Cell Signaling), Actin (Santa Cruz), GAPDH
(Santa Cruz)). Secondary antibodies were used at a 1:10,000 dilution
(anti-mouse (Bio-Rad) or anti-rabbit (Bio-Rad)). Signal was detected by
Pico or Femto Chemiluminescent Substrate (ThermoFisher).

2.7. MMEKO mice and GTT/ITT
MMEKO mice, originally created on a C57BL/6 background, were
kindly provided by Bao Lu [27] to create a colony at Joslin Diabetes
Center. MMEKO mice were bred with WT C57BL/6 mice from Charles
River Laboratories, and F2 homozygous male KO mice were used for
subsequent experiments. MMEKO and WT mice were maintained on
chow diet (22% fat by weight). For glucose tolerance testing, 20-week-
old mice were starved for 16 h before intraperitoneal injection of 10
mg/gBW (micrograms per gram body weight) glucose. For insulin
tolerance testing, the same cohort at 22-weeks old was starved for 4 h
and then injected intraperitoneally with 0.1 mU/gBW insulin.

2.8. Isolation of preadipocytes from MMEKO and WT mice
MMEKO and WT mice aged 12 weeks were sacrificed with isoflurane.
The inguinal and epididymal adipose tissue depots were surgically
removed, minced, and placed in 500 mL digestion buffer (DMEM-H, 2%
BSA, 1.5 mg/mL collagenase). The solutions were placed in a shaking
water bath (37 �C, 90 cycles/min) until cells were dispersed, but for no
more than 40 min. Then, 20 mL growth media (DMEM-H, 10% FBS,
1% Penicillin-Streptomycin, 0.2% Normocin) was added, and the
suspension was filtered through a 100-mm cell strainer and centri-
fuged (1500 rpm, 5 min). The supernatant was aspirated, and the
stromal vascular pellet containing preadipocytes was re-suspended in
2 mL growth media before being plated into a single well of a 6-well
plate.

2.9. Insulin receptor internalization
Immortalized human neck-derived white preadipocytes [38,39] were
seeded at 50,000 cells/well in 6-well plates. Transient overexpression
or knockdown MME was performed as described above. Cells were
serum-starved overnight (24 h) and then stimulated with 100 nM in-
sulin for 0, 30 min, or 120 min. Cells were washed with ice-cold 1X
PBS and incubated with Sulfo-NHS-Biotin (0.3 mg/mL in PBS) for
30 min at 4 �C to label cell surface proteins. The biotinylation reaction
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 23
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was quenched with 4 �C 100 mM glycine. Cells were washed with ice-
cold 1X PBS and lysed in a buffer containing 1X RIPA, 0.1% SDS, 1X
protease and phosphatase inhibitor cocktails (Bimake). Lysates were
centrifuged (10,000 g, 10 min), and the supernatant was used for
streptavidin pulldown.
Purified protein lysates were quantified with a bicinchoninic acid (BCA)
assay (ThermoFisher). For each sample, 100 mg of protein was
combined with 10 mL of magnetic streptavidin beads and incubated on
a rotating rack at 4 �C overnight. The bead pellets were washed with
600 mL 1X RIPA, 600 mL 1X RIPAþ500 mM NaCl, and 600 mL 1X RIPA
in series. The bead pellets were eluted with 40 mL 1X LDS buffer
incubated at 96 �C for 5 min. The immunoprecipitates and total protein
were used for SDS-PAGE and western blot as described above.

2.10. Subcellular fractionation
Cell fractionation in immortalized human neck-derived white pre-
adipocytes was performed using a subcellular fractionation kit (Thermo
Fisher #78840). Briefly, MME overexpression in 6-well plates was
performed as described above. Lysis buffers CEB, MEB, NEB, and PEB
were prepared as described in the manufacturer’s protocol. Cells were
scrapped as a single layer, centrifuged (5 min, 500 g), washed with
ice-cold 1X PBS, and lysed with 200 mL/sample ice-cold CEB (incu-
bated at 4 �C for 10 min on a rotary shaker). Pellets were centrifuged
(5 min, 500 g), supernatant collected (cytoplasmic fraction), and 200
mL/sample ice-cold MEB was added (vortexed for 5 s and incubated at
4 �C for 10 min). Pellets were centrifuged (5 min, 3000 g), supernatant
collected (membrane fraction), and 100 mL/sample ice-cold NEB was
added (vortexed for 15 s and incubated at 4 �C for 30 min). Pellets
were centrifuged (5 min, 5000 g), supernatant collected (soluble nu-
clear fraction), and 100 mL/sample ice-cold chromatin-NEB was added
(vortexed for 15 s, incubated at 37 �C for 5 min, and vortexed again for
15 s). Pellets were centrifuged (16,000 g, 5 min), supernatant
collected (chromatin fraction), and 100 mL/sample of ice-cold PEB was
added (vortexed for 15 s and incubated at room temp for 10 min).
Pellets were centrifuged (16,000 g, 5 min), and the supernatant
collected (cytoskeletal fraction). Isolates were stored at �80 �C. Note
that since each of these fractions are isolated in series, residual protein
carryover is expected in downstream protein fractions.

2.11. Insulin receptor MME co-immunoprecipitation
Immortalized murine brown IR/IGFR double-knockout preadipocytes
[44] were seeded at 50,000 cells/well in 6-well plates. Preadipocytes
were then transiently transfected with FLAG-tagged insulin receptor
(pCMV-IR-3XFLAG), MME (pCSC-SP-PW-Nep, Addgene #12338), or a
combination of the two for 48 h before insulin signaling. For insulin
signaling, cells were serum-starved for 3 h and incubated with or
without insulin for 15 min and harvested with 1 mL/well co-ip lysis
buffer (20 mM Hepes (pH 7.4), 150 mM NaCl, 50 mM KF, 50 mM b-
glycerolphosphate, 2 mM EGTA (pH8.0), 1 mM Na3VO4, 1% Triton X-
100, 10% glycerol, and 1 � protease inhibitor cocktail (Calbiochem)).
Lysates were centrifuged (10,000 g, 10 min) and the supernatant was
used for immunoprecipitation.
Anti-FLAG M2 magnetic beads were washed twice with co-ip lysis
buffer prior to use. For each sample, 600 mg protein lysate was
combined with 20 mL washed M2 magnetic beads and incubated
overnight on a rotating rack at 4 �C. The bead pellets were washed
three times each with 1 mL co-ip lysis buffer, 1 mL co-ip lysis
buffer þ500 mM NaCl, and 1 mL co-ip lysis buffer. The bead pellets
were then eluted with 40 mL 1X LDS (Lithium Dodecyl Sulfate) running
buffer incubated at 96 �C for 5 min. The immunoprecipitates and total
protein were used for SDS-PAGE and western blot as described above.
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2.12. MME inflammation assays
Immortalized human neck-derived white preadipocytes were seeded at
50,000 cells/well in 6-well plates and MME knockdown was per-
formed as described above for 24-hours. For inflammatory response in
primary stromal vascular cells, subcutaneous and omental pre-
adipocytes were seeded at 30,000 cells/well in 24-well plates. Cells
were serum-starved for 24 h and then treated with IL1b (5 ng/mL),
Substance P (100 nM), Amyloidb aggregates (20 mM), and/or Oma-
patrilat (1 mM) for 24 h. Amyloidb aggregates were generated by
incubating Amyloidb peptide (fragment 25e35; 40 mM) for 7 days at
37 �C. Cell lysis and RNA extraction was performed with the Qiagen
RNAeasy mini kit (Qiagen), and qPCR was performed as described
above.

2.13. Human protein-protein interactome between MME and INSR
The human protein-protein interaction network pulled from BioGRID
(Biological General Repository for Interaction Datasets) was used to
determine the shortest paths between insulin receptor (INSR) and
MME. Briefly, the R package igraph was used to analyze the protein-
protein interactome (PPI). The PPI (Biogrid-ALL-3.4.145) was loaded
and the shortest paths between INSR and MME were determined with
Djikstra’s algorithm via the function all_shortest_paths. Normalized,
pre-processed RNA-seq data from subcutaneous adipose tissue was
taken from ENCODE [45].

2.14. MME activity assay
Immortalized human neck-derived white preadipocytes were seeded at
50,000 cells/well in 6-well plates. Cells were treated with either
vehicle (DMSO) or Omapatrilat (1 mM) for 24 h. MME activity was
assayed with a Neprilysin activity assay kit (BioVision). Briefly, pelleted
cells were lysed in 400 mL assay buffer and incubated on ice for
10 min. Samples were centrifuged (12,000 g, 10 min, 4 �C) and 10 mL/
sample of supernatant loaded into the 96-well assay plate. Assay
buffer was added to a final volume of 90 mL/well. Each well received
10 mL of prepared substrate solution. Fluorescence was measured at
430 nm in kinetic mode at 37 C for 1 h. MME activity was determined
with a prepared absolute standard curve.

3. RESULTS

3.1. Preadipocytes show depot-specific gene expression patterns
RNA-seq was performed on human preadipocytes from subcutaneous
and two visceral depots: omental and mesenteric fat. These were
compared to the two standard murine depots used to represent sub-
cutaneous and visceral fat, namely the inguinal and epididymal,
respectively. Principal component analysis of the data showed that the
gene expression profiles cluster by depot of origin in both human
(Figure 1A) and murine (Figure 1B) preadipocytes. Gene set enrichment
analysis [46,47] of differentially expressed genes between subcu-
taneous and visceral preadipocytes (represented by subcutaneous vs
omental fat in humans and inguinal vs epididymal in the mouse)
showed a set of 20 significant pathways which showed conserved
differential expression across species (Figure 1C).
The majority of these pathways were related to metabolism of different
substrates and were lower in expression in rodent inguinal vs epididymal
fat, as well as human subcutaneous vs omental fat (Figure 1C). These
included pathways of branched-chained amino metabolism, short-chain
fatty acids metabolism (e.g. butanoate metabolism), and pyrimidine
metabolism. They also included several disease-defined pathways (e.g.
Alzheimer’s disease and Huntington’s disease), which reflected differ-
ences in expression of genes in the mitochondrial electron transport
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: RNA-Seq of preadipocytes revealed depot-specific signatures and MME as a highly differentially expressed gene between visceral and subcutaneous
preadipocytes. Human subcutaneous, omental, and mesenteric preadipocyte primary cultures were grown to confluency, harvested for RNA, and subjected to RNA-seq to
generate gene expression profiles. For mouse gene expression profiles, inguinal and epididymal preadipocyte primary cultures were grown to confluency, harvested for RNA, and
subjected microarray analysis. (A) Principal component analysis of human subcutaneous, mesenteric, and omental gene expression profiles shows clustering by depot. (B) Principal
component analysis of inguinal and epididymal gene expression profiles shows clustering by depot. (C) Differential gene expression followed by Gene Set Enrichment Analysis
(GSEA) revealed a set of pathways differentially expressed between subcutaneous and visceral preadipocytes in human and mouse tissue. SC ¼ abdominal subcutaneous.
MES ¼ Mesenteric. OM ¼ Omental. Epi ¼ Epididymal. SubQ ¼ Inguinal. N ¼ 3e5. (D) The 20 significant pathways were analyzed to reveal genes found in multiple pathways. A
total of four genes (ABAT, ITGB8, MME, and F11R) were significant in multiple pathways. (E) RNA-seq expression of Membrane Metallo-Endopeptidase (MME) in subcutaneous and
visceral preadipocytes (Omental ¼ OM, Mesenteric ¼ MES). (F) Microarray expression of MME in mouse subcutaneous (SubQ) and visceral preadipocytes (Epi). Asterisks indicate
p � 0.05 by moderated t-test (limma). N ¼ 3e5. Bars indicate mean � s.e.m.
chain. Interestingly, several pathways were annotated as being cardiac-
related (e.g. dilated cardiomyopathy and viral myocarditis); these repre-
sented differences in genes involved in calcium signaling and regulation
of the extracellular matrix. Differences in cell surface markers (e.g. he-
matopoietic cell lineage) and in glycosphingolipid biosynthesis were up in
subcutaneous preadipocytes of both mice and humans. The former has
been previously described [48e50].

3.2. Membrane metallo-endopeptidase marks subcutaneous
preadipocytes but not visceral preadipocytes
In order to narrow the list of genes contributing to these differences,
we sought to determine the genes common across at least two
pathways. A total of 10 significant genes in the inter-depot compari-
sons were found in overlapping pathways, although only 4 genes
(F11R, MME, ITGB8, and ABAT) were in common across statistically
significant pathways (Figure 1D). Of these 4 genes, MME was the only
MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is an open acces
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gene significantly higher in subcutaneous preadipocytes compared to
visceral preadipocytes in both human (Figure 1E) and mouse
(Figure 1F), and was found in two significant pathways: Alzheimer’s
disease and Hematopoietic cell lineage.
The MME gene encodes a 750 amino acid (AA) protein product with
three distinct domains: an N-terminal 28-AA intracellular domain, a
23-AA transmembrane domain, and a 699-AA extracellular domain
ending at the C-terminus of the protein [33] (see structure at bottom of
Figure 2A). Previous research has reported that MME has tissue-
specific alternative splicing in the 5’-UTR for the same 750-AA pro-
tein isoform [51,52]. Additionally, the annotation of the human genome
suggested a putative isoform with a shorter 80-AA protein having a
truncated extracellular domain (MME isoform B, RefSeq
NP_001341573.1) [53,54]. Several other truncated transcripts from
the MME locus have been reported, although not all have been shown
to produce a protein product [55,56].
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 25

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 2: RNA-seq reveals differential exon usage in MME between subcutaneous and omental preadipocytes. Exon-level count tables were generated by HTSeq for
omental and subcutaneous RNA seq gene expression profiles. Differential exon usage was performed with DEXSeq. (A) The relative exon usage map shows at least one
differentially-expressed exon in MME between subcutaneous (red) and omental (black) preadipocytes. The transcript table of the detected exons (i.e. at least 1 unique read mapped
to the region) showed at least one exon (exon 12) was comparatively higher in omental preadipocytes than in subcutaneous preadipocytes after normalizing to the average
expression of every other exon. (B) Absolute qPCR was performed with exon-specific primer sets and copy number determined by a standard generated with synthetic template
(see methods). Exon 14 (ENSE00001019488) was relatively higher in omental preadipocytes rather than exon 12. Asterisk in (A) indicates p � 0.05 by a likelihood ratio test.
Asterisks in (B) indicate p � 0.05 by Student’s t-test. N ¼ 3e4. Bars indicate mean � s.e.m.

Original Article
To determine whether subcutaneous or omental preadipocytes had
preferential exon expression in the MME gene, we subjected our RNA
seq data to differential exon usage (DEXSeq) [57,58]. Differential exon
splicing showed subcutaneous preadipocytes have less expression of
exon 12 (ENSE00000934033) compared to every other exon (exons 1e
11 and exons 13e23) within the MME gene (Figure 2A). Exon 12 codes
for a 32 amino acid segment in the first catalytic domain (amino acid
position 79e483). Interestingly, loss of exon 12 produces an in-frame
26 MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is
deletion. Thus the translated product would be a 718 amino acid protein
product with an intact catalytic domain. Absolute qPCR using synthetic
standards showed the exon-specific regulation of MME between sub-
cutaneous and omental preadipocytes (Figure 2B), although the sig-
nificant exon was exon 14 (ENSE00000934033). These two exons are
found in the same extracellular N-terminal peptidase domain. These
results suggest that the depot-specific regulation of exons 12 and 14
may influence the expression of truncated MME protein isoforms.
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3.3. MME regulates the inflammatory response of white
preadipocytes
The extracellular region of MME is known to function as a protease for
a variety of substrates including several pro-inflammatory cytokines
[25,32]. To determine whether reducing MME expression in subcu-
taneous preadipocytes would reduce the response to pro-inflammatory
cytokines, we transiently knocked down MME in immortalized human
neck (HN) white subcutaneous preadipocytes using RNAi. The
expression of MME mRNA was reduced by 60% as assessed by qPCR
(Figure 3A). This produced a 90% reduction of MME protein expression
even at the lowest siRNA amount (30 pmol) as determined by western
blotting (Figure 3B). To determine if this affected the cellular response
to peptides that MME has been shown to degrade, we exposed the
cells to substance P or amyloidb aggregates. Consistent with a role for
MME in response to these stimuli, MME knockdown enhanced the
ability of both substance P and amyloidb aggregates to stimulate IL6
and CCL2 mRNA expression (Figure 3C). TNF-a showed similar trends
of a knockdown-mediated increase in mRNA expression in response to
these inflammatory mediators, but this was not statistically significant
(Figure 3C). Interestingly, MME knockdown cells exposed to IL1b, a
pro-inflammatory cytokine postulated (but not proven) to be a target of
MME [33,59], did not have higher expression of CCL2 or IL6 compared
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Figure 3: Knockdown of MME increases the expression of pro-inflammatory
markers IL6 and CCL2 in subcutaneous white preadipocytes. Immortalized hu-
man neck white subcutaneous preadipocytes were transiently transfected with siRNA
targeting MME and harvested for RNA or protein. (A) qPCR of transfected cells shows a
significant reduction of MME mRNA after 72 h post-transfection of 100 pmol siRNA
targeting MME. (B) Western blot on protein lysates collected at 24-hrs and 72-hrs after
transfection showed efficient knockdown of MME protein by 24 h. (C) Transient
transfection with MME siRNA was performed for 24 h followed by serum-starvation for
24 h. Then, treatment with IL1b (5 ng/mL), Substance P (100 nM), or Amyloidb ag-
gregates (20 mM) was performed for 24 h before RNA extraction and qPCR of IL6,
CCL2, and TNFa. Knockdown of MME increases expression of pro-inflammatory
markers IL6 and CCL2 in response to substance P and Amyloidb aggregates. Aster-
isks indicate p � 0.05 by Student’s t-test. N ¼ 3. Bars indicate mean � s.e.m. qPCR
expression calculated by deltadeltaCT to the reference gene: HPRT.
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to controls. These results suggest that MME in subcutaneous pre-
adipocytes serves to limit the pro-inflammatory response to its
degradation targets substance P and amyloidb.
To further explore the role of MME in the inflammatory response, we
compared primary human abdominal subcutaneous and omental
(visceral) preadipocytes to stimulation of IL1b, substance P, or amy-
loidb in the absence or presence of the MME inhibitor Omapatrilat [60].
Omapatrilat alone did not significantly affect the mRNA expression of
inflammatory markers CCL2 and IL6 (Supplementary Figure 1).
Compared to subcutaneous preadipocytes, the omental preadipocytes
showed a trend of increased mRNA expression of CCL2 and IL6 in
response to IL1b (Supplementary Figure 1). Substance P did not show
any statistically significant changes in CCL2 and IL6 mRNA expression
with or without Omapatrilat (Supplementary Figure 1). Interestingly,
amyloidb with Omapatrilat decreased the mRNA expression of CCL2
and IL6 relative to amyloidb alone in subcutaneous preadipocytes
(Supplementary Figure 1). This decrease in inflammatory response
may be related to the anti-inflammatory effects Omapatrilat previously
shown in vivo [61].

3.4. MME perturbs insulin signaling in white preadipocytes and
regulates the expression of the insulin receptor subunits
MME is known to have crosstalk with insulin and IGF1 signaling by
regulating signaling through PTEN/PI3K/AKT in a Casein Kinase 2
(CSNK2) dependent manner, as demonstrated in in HEK293 cells [34].
However, the effects of MME on the insulin receptor tyrosine kinase
have not been studied. To determine the effects on insulin receptor and
downstream insulin signaling, immortalized HN subcutaneous white
preadipocytes were transduced with MME siRNA for 48-hours before
insulin signaling experiments (Figure 4A). Protein levels of MME were
reduced by 99% (p < 0.05) in the knockdown cells (Figure 4B). This
resulted in a 2-fold increase in the levels of insulin receptor a (IRa)
subunit as determined by western blotting (Figure 4C). Interestingly,
the level of Insulin receptor b (IRb) subunit showed a trend to decrease
with MME knockdown (Figure 4D). This was paralleled by an even
more marked decrease in insulin stimulation of insulin receptor
phosphorylation (pIR) at the Tyr1150/1151 site in the receptor kinase
domain in the knockdown (Figure 4E). Total IRS1 and AKT protein
levels were slightly increased after insulin stimulation, while phos-
phorylation of IRS1 at Tyr612 and AKT at Ser473 were decreased by
30% and 99% in the MME knockdown (Figure 4FeI). Total ERK and
ERK phosphorylation in response to insulin stimulation were un-
changed in the knockdown (Figure 4JeK).
To determine the contribution of the enzymatic activity of MME to these
changes in insulin signaling, immortalized HN subcutaneous white
preadipocytes were treated with Omapatrilat, an MME enzymatic in-
hibitor (Supplementary Figure S6), for 48 h before insulin stimulation.
Interestingly, Omapatrilat treatment resulted in a w2-fold increase in
MME protein levels (p < 0.05) (Figure 4B), but there was no change in
protein levels of the insulin receptor a- or b-subunits (Figure 4CeD).
Similarly, there was no change in the protein levels of the downstream
proteins IRS1, AKT, and ERK (Figure 4F,H,J). Likewise, insulin-
stimulated phosphorylation the insulin receptor and IRS1 were un-
changed (Figure 4E,G). However, phosphorylation of AKT and ERK was
slightly increased compared to untreated insulin-stimulated control
(Figure 4I,K).
To further explore the role of MME on insulin signaling, immortalized
HN subcutaneous white preadipocytes were transiently transduced
with either MME (full length 750 amino acid protein) or GFP driven by
CMV promoter for 48-hours before insulin signaling (Figure 5A).
Knockdown with siRNA was also performed in parallel to confirm
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Figure 4: Knockdown of MME perturbs insulin signaling and increases IRa but not IRb. Immortalized human neck white subcutaneous preadipocytes were transiently
transfected with siRNA targeting MME, non-targeting siRNA, or Omapatrilat for 48 h. Cells were starved for 24 h before a 20-minute insulin stimulation (100 nM) followed by protein
isolation and western blot. (A) Western blot of knockdown of MME or treatment with Omapatrilat in immortalized subcutaneous preadipocytes. (BeK) Densitometric analysis of
protein levels. The levels of unphosphorylated proteins were grouped by treatment (Control, MME KD, or Ompatrilat). The levels of phosphorylated proteins were grouped by
treatment and insulin stimulation (black ¼ no insulin, grey ¼ 20 min after 100 nM insulin). Omapatrilat ¼ dual ACE/MME pharmacological inhibitor. Asterisks indicate p � 0.05 by
Student’s t-test. N ¼ 3 or 6. Bars indicate mean � s.e.m.
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reproducibility. Again, knockdown of MME increased the IR a-subunit
expression (1.4-fold) but also showed a trend to decrease both pIR and
AKT phosphorylation (Figure 5A). Overexpressing MME, on the other
hand, did not affect IRa protein levels (Figure 5BeC). This was par-
alleled by a decrease in basal pIR levels (Figure 5D). Total IRS1, AKT,
and ERK levels were unchanged in the overexpression, while the
phosphorylation of both IRS1 and AKT increased in the MME over-
expression compared to the control GFP overexpression without insulin
stimulation (Figure 5EeI). Taken together, these results demonstrate
that MME is involved in insulin signaling, and that MME can regulate
insulin signaling at the level of the insulin receptor, at least in part, by
modulating the levels of IR protein and altering the ratio of a and b
subunits.

3.5. MMEKO preadipocytes have impaired insulin signaling
MMEKO mice were previously found to have an age-dependent obesity
phenotype, with relatively young mice (age < 15 weeks) having a very
mild to no phenotype and old mice (age > 36 weeks) having marked
obesity under chow diet [28,30]. In our colony, at 20 weeks, MMEKO
mice on chow diet showed no difference in body weight compared to
C57BL/6 controls (Supplementary Figure 2A). A glucose tolerance test
(GTT) at that time showed no difference from control (Supplementary
Figure 2B). However, an insulin tolerance test (ITT) showed a more
marked reduction in circulating blood glucose in response to an i.p.
injection of insulin in the MMEKO (Supplementary Figure 2C), indicating
increased insulin sensitivity in MMEKO mice compared to controls.
To investigate whether there were any early cellular changes in insulin
response, subcutaneous (inguinal) and visceral (epididymal) pre-
adipocytes of 12-week old control and MMEKO mice were subjected to
in vitro insulin treatment (Figure 6A). As expected, the levels of MME
were markedly lower in the MMEKO mice and epididymal pre-
adipocytes compared to WT and subcutaneous preadipocytes
(Figure 6B). Consistent with our in vitro knockdown studies, the levels
of IRa were increased in the MMEKO preadipocytes, although in the
subcutaneous preadipocytes (but not perigonadal preadipocytes) IRb
levels were also increased (Figure 6CeD). Again, this was also met
with a reduction in insulin-stimulated pIR and pAKT in MMEKO pre-
adipocytes, especially in the subcutaneous WAT depot (Figure 6EeG).
As before, levels of total ERK and pERK in the MMEKO preadipocytes
compared to WT were largely unchanged (Figure 6HeI).

3.6. MME may regulate the internalization and cellular localization
of the insulin receptor
Insulin receptor internalization is one of the major methods to modulate
insulin signaling and can lead to either recycling or degradation of the
insulin receptor [62]. Thus, we examined the acute internalization of
the insulin receptor after insulin stimulation in knockdown or over-
expression of MME protein levels. Total surface proteins in immor-
talized HN subcutaneous white preadipocytes were labeled with biotin
after insulin stimulation. Immunoblotting was used to assess the
internalization of the insulin receptor at 0, 30, and 120 min post insulin
stimulation in control and knockdown cells (Figure 7A). The level of
MME protein was decreased by 99% in the knockdown (Figure 7B).
Insulin receptor phosphorylation (pIR) increased as a function of time in
both the knockdown and control (Figure 7C). As before, the MME
knockdown showed a trend of higher basal pIR (0 min) and lower
insulin-stimulated pIR (120 min) (Figure 7C). The levels of biotinylated
insulin receptor (biotin-IRb) showed a decreasing trend in the MME
knockdown at 30 min and 120 min (Figure 7D). These results suggest
that a reduction in MME expression caused an increase in insulin
receptor internalization.
MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is an open acces
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To complement the MME knockdown, insulin receptor internalization
was assessed after the overexpression of MME or GFP control
(Supplementary Figure 3A). The overexpression of MME showed the
most robust changes at 0 min and 120 min compared to the GFP
control (Supplementary Figure 3B). As in the knockdown, insulin re-
ceptor phosphorylation showed a time-dependent increase with no
statistically-significant difference in the MME and GFP overexpressing
cells at any time points (Supplementary Figure 3C). Interestingly, the
levels of biotin-IRb showed that the MME overexpressing cells had a
similar time-dependent pattern as the MME knockdown cells
(Supplementary Figure 3D).
To determine whether MME overexpression may affect insulin receptor
subcellular localization, we performed subcellular fractionation in
immortalized HN subcutaneous white preadipocytes overexpressing
GFP, MME, or a catalytically-deficient MME (MMEX). These proteins
were overexpressed and the cell lysates fractionated into cytosplasmic,
membrane, nuclear, chromatin, and cytoskeletal protein fractions
using a kit and differential centrifugation. As expected, cells over-
expressing WT MME or MMEX showed the highest expression of MME
protein in the membrane fraction, with lesser amounts in the cyto-
plasmic and nuclear fraction (Supplementary Figure 4). The levels of IR
a-subunit were highest in the membrane fraction, although expression
could be detected in the cytoplasmic and nuclear fraction as well. The
overexpression of either MME or MMEX as compared to GFP over-
expression did not significantly affect IRa localization in any subcellular
fraction (Supplementary Figure 4). Thus, changing the level of MME
does not significantly alter insulin receptor subcellular localization.

3.7. MME and insulin receptor do not co-immunoprecipitate
To determine whether MME may directly interact with the insulin re-
ceptor, we performed immunoprecipitation of MME and Insulin Re-
ceptor (IR) FLAG tagged on the C-terminus of the IRb subunit
transduced into immortalized murine brown IR/IGF1R double knockout
preadipocytes [44]. Under normal growth (in media containing 10%
fetal bovine serum), MME was not detected in the immunoprecipitate
of FLAG-tagged IR, although phosphorylated IRS1 was detected as a
positive control (Figure 8A). Similarly, in cells which had been serum-
starved followed by 15-min insulin stimulation, MME could not be
detected in the immunoprecipitate of the FLAG-tagged IR
(Supplementary Figure 5). These results suggest that MME and the
insulin receptor do not have a direct protein-protein interaction.
To assess whether MME and the insulin receptor might have any more
indirect interaction, we analyzed the human protein-protein inter-
actome (PPI) as defined in the Biological General Repository for
Interaction Datasets (BioGRID) [63]. Again, the human PPI showed no
direct interaction between MME and the insulin receptor (INSR). The
calculated shortest paths showed that there may be at least two in-
termediate proteins in between MME and INSR (Figure 8B). For
example, one possible path (i.e. protein complex) between MME and
INSR would be through Caveolin 1 (CAV1) and Flotillin 2 (FLOT2), both
of which are involved in endocytosis. Taken together, these results
suggest that instead of a direct interaction, MME may affect insulin
receptor by a protein complex involving at least two intermediate
proteins.

4. DISCUSSION

Adipose tissue shows remarkable regional differences in multiple
phenotypic characteristics including inflammatory response, insulin
sensitivity, and metabolic behavior. Here, we show that MME is
among the most significant differentially expressed genes between
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Figure 5: Overexpression of MME does not show a reciprocal perturbation on insulin signaling compared to the MME knockdown. Immortalized human neck white
subcutaneous preadipocytes were transiently transduced with either MME (full-length 750 amino acid protein) or GFP driven by CMV promoter for 48 h before insulin signaling.
Knockdown was performed by a transient transduction of siRNA targeting MME or GFP 48 h before insulin signaling. Cells were starved for 24 h before a 20-minute insulin
stimulation followed by protein isolation and western blot. (A) Western bot of knockdown and overexpression of MME showed marked changes in the insulin signaling cascade. (Be
I) Densitometric analysis of protein levels. The levels of unphosphorylated proteins were grouped by treatment (Control, MME KD, MME OE, or GFP). The levels of phosphorylated
proteins were grouped by treatment and insulin stimulation (black ¼ no insulin, grey ¼ 20 min after 100 mM insulin). Asterisks indicate p � 0.05 by 2-way repeated measures
ANOVA followed by a Tukey’s test. N ¼ 3 or 6. Bars indicate mean � s.e.m.
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Figure 6: Subcutaneous and perigonadal MMEKO preadipocytes show impaired insulin signaling. MMEKO and control (wild-type C57BL/6) mice aged 12 weeks were
sacrificed for in vitro insulin signaling. The stromal vascular cells (preadipocytes) from the subcutaneous (inguinal) and visceral (perigonadal) adipose depots were isolated. Cells
were serum-starved for 4 h before a 20-minute insulin stimulation followed by protein isolation and western blot. (A) Western blot of protein of subcutaneous and perigonadal
MMEKO preadipocytes showed impaired response among different insulin-signaling proteins. (BeI) Densitometric analysis of protein levels. The levels of unphosphorylated proteins
were grouped by adipose depot (PG ¼ Perigondal, SC ¼ Subcutaneous) and genotype (black ¼ Control, grey ¼ MMEKO). The levels of phosphorylated proteins were grouped by
adipose depot, genotype, and insulin stimulation (e ¼ no insulin, þ ¼ 20 min after 100 mM insulin). Asterisks indicate p � 0.05 by Student’s t-test. N ¼ 3. Bars indicate
mean � s.e.m.

MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

31

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Actin

MME

pIR/pIGF1R

biotin-IRβ

0 min 30 min 120 min
MMEKDControl MMEKDControl MMEKDControl

Group
Control
MMEKD

0.2

0.4

0.6

0.8

1.0

0 30 120

pIR

0.6

0.8

1.0

0 30 120

p ~ 0.18

biotin-IRβ

MME Knockdown
B

C D

A

0.0

0.5

1.0

Control MMEKD

Time
0
30
120

MME
*

Figure 7: Knockdown of MME may increase the rate of internalization of the insulin receptor. Immortalized human neck white subcutaneous preadipocytes were transiently
transduced with either siRNA targeting MME (MMEKD) or non-targeting siRNA (Control) for 48 h before insulin signaling and receptor internalization experiments. Cells were starved
for 24 h before a 0, 30-min, or 120-minute insulin stimulation followed by surface-receptor labeling (biotinylation), protein isolation, and Western blot. (A) Western blot of MME, pIR,
biotin-IRb, and actin in the MME knockdown. (BeC) Densitometric analysis of protein levels. Proteins were grouped by treatment (Control ¼ black, MMEKD ¼ red) and time (0, 30,
or 120 min after 100 mM insulin stimulation). Asterisks indicate p � 0.05 by 2-way ANOVA followed by a Tukey’s test. N ¼ 3. Bars indicate mean � s.e.m.
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subcutaneous and visceral preadipocytes, both in humans and
mice. More importantly, we provide novel evidence that MME
modulates the inflammatory response and insulin signaling
cascade in white preadipocytes. In particular, reducing MME
expression increases the expression of pro-inflammatory genes in
subcutaneous white preadipocytes. Similarly, we find that pertur-
bations in MME expression differentially regulate the insulin re-
ceptor subunits. Thus, knockdown of MME increases the
expression of IRa subunit but not IRb subunit. This is associated
Figure 8: MME does not form a protein complex with the insulin receptor. Immortal
with either pCMV-MME alone or pCMV-MME and pCMV-IR-3XFLAG for 48 h before protein
lysate and the immunoprecipitation of IR-FLAG in IR/IGFR double-knockout brown preadipo
and INSR. The shortest paths in between MME (bottom node) and INSR (top node) was de
from ENCODE was plotted on the nodes. One possible path is INSR-CAV1-FLOT2-MME, w
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with an increase in basal and decrease in insulin-stimulated IR
signaling. These results suggest that MME is not only a marker of
subcutaneous versus visceral preadipocytes but also a regulator of
adipose insulin signaling and inflammatory response.
MME has been shown to have at least three distinct transcripts in
humans producing the same 750-bp protein product [64]. The most
recent human genome build (GrCh38) has up to 18 different transcripts
(coding, non-coding, and predicted) from the MME locus. In rats, these
mRNA species have been shown to have tissue-specific expression
ized IR/IGFR double-knockout murine brown preadipocytes were transiently transduced
isolation and immunoprecipitation followed by western blot. (A) Western blot of protein
cytes in serum-fed media. N ¼ 2 (B) Protein-protein interaction network between MME
termined in the PPI as defined in BioGRID. RNA-seq from subcutaneous adipose tissue
hich are proteins found on endocytic vesicles.
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driven by different promoters resulting in unique 5’ untranslated re-
gions [52]. Truncated transcripts of MME have been reported in pre-
vious studies [55,56]. A truncated form of MME missing exon 16 was
identified in human lung tissue and reported to have significantly
impaired enzymatic activity [56]. There are also differences in glyco-
sylation of MME in different tissues resulting in tissue-specific differ-
ences in molecular weight of MME ranging from 85 to 110 kDa [65].
Our data show differential exon-usage in MME between human sub-
cutaneous and omental preadipocytes in the extracellular N-terminal
peptidase domain (exons 12 and 14), suggesting distinct tissue-
specific regulation of MME isoforms.
In terms of its protease activity, MME has a broad range of substrates
being able to target glucagon, bradykinin, GLP1, and several other
classes of circulating small molecules [25]. MME has been shown to
target free insulin B-chain [32], although whether MME could target
and degrade the insulin receptor is unknown. Our data suggest that
MME is affecting some aspect of INSR trafficking such that the alpha
subunit accumulates, whereas the beta subunit does not. Several
factors can contribute to this observation. One is that the alpha subunit
has a longer half-life than the beta subunit in the presence of insulin
[66]. Another is that the glycosylation state of the receptor affects not
only western blot detection but also the processing and degradation of
the receptor [67]. Lastly, previous research has shown that glucose
deprivation causes aberrant glycosylation of the insulin proreceptor
that results in an accumulation of the beta subunit but not the alpha
subunit [68].
MME may be part of a larger class of extracellular proteases important
in regulating insulin signaling. For example, b-secretase 2 (BACE2),
another extracellular protease that shares at least one common sub-
strate with MME (amyloid precursor protein), has been shown to
regulate insulin receptor (IRb) internalization in pancreatic b-cells [69].
Furthermore, mice with functionally-inactive BACE2 show increased b-
cell mass and increased circulating insulin levels [70]. Interestingly,
the closely related homolog BACE1 does not affect insulin receptor
internalization [69]. Thus, the MME-dependent regulation of insulin
signaling may share a mechanism similar to BACE2, where proteolytic
cleavage of INSR is modulated.
The effects of MME on insulin signaling are potentially responsible for
its documented effects on adipogenesis. For example, MME over-
expression has been shown to potentiate adipogenesis by activating
the AKT-PI3K pathway [35]. Preadipocytes sorted by MME expression
predicts adipogenic capacity: preadipocytes with low MME expression
have lower lipid accumulation after adipogenesis and vice versa [50].
Furthermore, depot-specific differences in MME expression are pre-
sent in both the preadipocytes and adipocytes [50]. Mice with knockout
of MME do not show defects in adipose tissue development, at least up
to 20 weeks of age [30]. However, MMEKO mice on chow diet develop
obesity, which is evident around 36 weeks of age [28]. In 20 week-old
MMEKO, we observed that a reduction in MME expression increased
basal insulin receptor phosphorylation and decreased insulin-
stimulated receptor phosphorylation. It is possible that this altered
insulin response already at 20 weeks of age contributed to the
consequent development of obesity with age.
Elevated circulating levels of soluble MME are associated with
increased BMI and HOMA-IR [30]. Also, pharmacological treatment of
rats with MME inhibitors has been associated with increased insulin
sensitivity [71], consistent with our data in which the MMEKO mice are
more insulin sensitive than their littermate controls as assessed by an
ITT with a low insulin dose (0.1 mU/gBW). This may be due to
increased circulating MME-degraded hormones such as bradykinin
[71,72]. MME has also been shown to be secreted on exosomes from
MOLECULAR METABOLISM 22 (2019) 21e36 � 2019 Published by Elsevier GmbH. This is an open acces
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adipose-derived stem cells [36]. Thomou et al. have shown that
exosomes released from adipose tissue may regulate gene expression
in distal tissues [73]; while this activity has been shown to be related to
exosomal miRNAs, this may also be related to exosomal-bound MME.
In effect, subcutaneous-adipose-derived circulating MME may have
distal regulatory effects on peripheral tissue. Thus, MME may have a
distinct cellular role to regulate insulin signaling at the level of the
insulin receptor and a somewhat distinct systemic effect to regulate
whole-body insulin sensitivity by degrading several small peptide
hormones. Determining how to modify each of these hierarchical roles
will be crucial in therapeutic interventions for adipose-associated
diseases mediated through MME.
In regards to regional variation in metabolic behavior of adipose tissue,
subcutaneous adipose tissue transplantation has been shown to
reprogram visceral adipose tissue to have subcutaneous-like phenotypic
behavior, whereas visceral-to-subcutaneous transplantation does not
promote a more detrimental phenotype [7,74]. MME, as a membrane-
bound protease, can modify the local milieu in a substrate-specific
manner in an adipose transplantation, whereas the absence of MME
would not worsen the depot. Thus, MMEmay also be involved in adipose
tissue reprogramming by degrading the appropriate hormones to pro-
mote a metabolically-beneficial phenotype.
Although we have focused on MME as one of the central differences
between subcutaneous and visceral preadipocytes, the gene expression
in both human and mouse datasets showed several other distinct dif-
ferences. For example, another differentially expressed gene, 4-
aminobutyrate aminotransferase (ABAT), has been shown to be differ-
entially expressed between brown and white adipocytes [75] and may be
involved in the maintenance of mitochondria [76], which are much higher
in brown than inwhite adipocytes. Thus, ABATmay also be involved in the
metabolic differences within different types of white adipocytes, such as
between subcutaneous and visceral adipocytes. Similarly, the remaining
differentially expressed genes, Integrin beta 8 (ITGB8) and Junction
Adhesion Molecule A (F11R), may play an as-of-yet unidentified role in
the phenotypic differences between depot-specific adipocytes.
In summary, we have shown that MME has distinct roles in white
preadipocytes. Functionally in a systemic context, MME can target a
broad class of inflammatory cytokines, thus its high expression in
subcutaneous preadipocytes may serve to decrease inflammatory
responses while this protective effect may not occur in visceral pre-
adipocytes due to low expression of MME. More importantly, we have
shown that MME can regulate receptor trafficking, suggesting a
cellular role in insulin signaling. Thus, MME in preadipocytes and
adipose tissue may serve as a potential therapeutic target to modulate
insulin sensitivity and inflammatory response in an adipose depot-
specific manner.
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