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SUMMARY
We previously discovered in mouse adipocytes an lncRNA (the homolog of human LINC00116) regulating adipogenesis that contains a

highly conserved coding region. Here, we show human protein expression of a peptide within LINC00116, and demonstrate that this

peptide modulates triglyceride clearance in human adipocytes by regulating lipolysis and mitochondrial b-oxidation. This gene has pre-

viously been identified asmitoregulin (MTLN).We conclude thatMTLNhas a regulatory role in adipocytemetabolismas demonstrated by

systemic lipid phenotypes in knockoutmice.We also assert its adipocyte-autonomous phenotypes in both isolatedmurine adipocytes as

well as human stem cell-derived adipocytes. MTLN directly interacts with the b subunit of the mitochondrial trifunctional protein, an

enzyme critical in the b-oxidation of long-chain fatty acids. Our human and murine models contend that MTLN could be an avenue

for further therapeutic research, albeit not without caveats, for example, by promoting white adipocyte triglyceride clearance in obese

subjects.
INTRODUCTION

Computational annotation of coding genes in the human

genome is complicated by myriad non-functional small

open reading frames (smORFs) created by random in-frame

linking of start and stop codons (Collins and Mansoura,

2001;Venter et al., 2001). For this reason, algorithmspredict-

ing coding genes use a minimum of 100 codons, because

existing tools cannot discern translated from non-protein-

encoding smORFs, resulting in the misclassification of

some small coding genes as long non-coding RNAs

(lncRNAs). More recently, codon substitution frequency

has beenused topredict protein-encoding transcriptswithin

lncRNA catalogs (Cabili et al., 2011; Guttman and Rinn,

2012). These analyses suggest the putative existence of thou-

sands of smORF-encoded peptides (SEPs) in the human pro-

teome,manywith functional significance inhumanbiology

(Anderson et al., 2015; D’Lima et al., 2017; Lee et al., 2015;

Matsumoto et al., 2017). Proteomics data suggest that hun-

dreds of these SEPsmay be expressed byhuman cells (Slavoff

et al., 2013). Here, we characterizedMTLN, an adipocyte-ex-

pressed SEP encoded by LINC00116. MTLN has twice previ-

ously been described as a mitochondrial regulator of fatty

acid oxidation through themitochondrial trifunctional pro-

tein (Makarewich et al., 2018; Stein et al., 2018). Both groups

focused on murine muscle, showing changes in mitochon-

drial respiration upon MTLN knockout (KO). MTLN also

regulates C2C12 myoblast differentiation through
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enhancing mitochondrial respiration (Lin et al., 2019).

One of the proteins MTLN interacts with is Cyb5r3, which

isonepotentialway it is regulating lipidmetabolism(Chugu-

nova et al., 2019).

However, MTLN is also present in adipose tissue, an

important locus of energy homeostasis with high rates of

fatty acid metabolism. Adipose tissue comprises an endo-

crine organ responsible for the storage of excess nutrients

in the form of triglycerides (TGs) andmobilization of these

energy stores as free fatty acids (FFAs) (Pope et al., 2016).

Adipocytes liberate FFAs and glycerol from intracellular

TG stores in response to starvation by amechanism known

as lipolysis and secrete these products into the bloodstream

for use as fuel by other tissues. Mitochondria catabolize

FFAs to produce ATP in a process known as b-oxidation

(Roberts et al., 2014). It is postulated that induction of

uncoupled mitochondrial respiration in adipocytes (a pro-

cess referred to as adipocyte browning) could serve as a

therapeutic approach to obesity (Moisan et al., 2015). An

orthogonal approach would be to augment clearance of

fatty acids by mitochondrial b-oxidation. We have

explored MTLN’s function in lipolysis and b-oxidation

using human pluripotent stem cell (hPSC)-derived adipo-

cytes (Lee and Cowan, 2014) as well as murine models.

This approach is very powerful due to the ease with

which one can differentiate hPSCs into any desired tissue,

and the possibility of genetic manipulation. In addition,

any study into human disease or biology is well served
ecommons.org/licenses/by-nc-nd/4.0/).
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by using a human model system. We have exploited these

features to study MTLN in human adipocytes with

normal, heightened, or abrogated MTLN expression.

This approach revealed the mechanism by which MTLN

regulates b-oxidation through its physical presence in

mitochondria.
RESULTS

Identification of MTLN in Human Adipocytes

The mouse non-coding RNA 1500011K16Rik, Lnc-RAP5 in

the original study, exerts control over lipid accumulation in

differentiating mouse pre-adipocytes (Sun et al., 2013).

This lncRNA harbors the putative 56-codonMTLN smORF,

raising the possibility that the effect on adipocyte function

could be driven by either the lncRNA or the encoded SEP.

This smORF is conserved in the human homolog of

1500011K15Rik, known as LINC00116 (Figure 1A). Nucleo-

tide and amino acid pairwise identity of this smORF among

placental mammals (89.8% and 94.8%, respectively)

together with a strong PhyloCSF score (562.72) suggested

that the smORF encodes a protein (Lin et al., 2011). This

high degree of codon-level conservation is not observed

in the immediate flanking regions or elsewhere within

the host lncRNA. Evolutionary conservation of the smORF

is demonstrated further by 483 annotated expressed

sequence tags from 33 vertebrate species that map directly

over the human smORF (Figure 1B).

To evaluate expression of this smORF in a human adipo-

cyte model, we differentiated hPSC-derived mesenchymal

progenitor cells (MPCs) to white adipocytes (hPSC-adipo-

cytes) (Figure 1C). LINC00116 mRNA expression continu-

ally increases over 30 days of adipogenesis (Figure 1D).

After confirming expression of the LINC00116 mRNA in

hPSC-adipocytes, we sought to verify translation of the

MTLN peptide. Mass spectrometry of whole-cell lysate

from hPSC-adipocytes identified two tryptic peptides

(2.34 and 1.27 kDa) derived from MTLN (Figures 1E, S1C,

and S1D). In an orthogonal approach, we used CRISPR/

Cas9-mediated genome editing to knock in a FLAG tag at
Figure 1. Identification of a Conserved SEP Expressed by Adipocy
(A) Alignment of LINC00116’s conserved smORF and its homologs fro
(B) A total of 483 expressed sequence tags (ESTs) from 33 distinct vert
the number of ESTs by species is shown. Xeno-ESTs are derived from
vertebrates (UCSC ‘‘xenoEst’’ track).
(C) Protocol for differentiation of hPSC-adipocytes. Adipogenesis beg
(D) qRT-PCR analysis of LINC00116 mRNA levels throughout adipogen
(E) Primary sequence of the MTLN peptide. Peptides identified by ma
molecular weights in yellow.
(F) Immunoblot of whole-cell lysate from MTLN-FLAG knockin hPS
hPSC-adipocytes. b-Actin was used as the loading control.
Data are means ± SD. Related to Figure S1.
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the C terminus of the endogenous MTLN gene in the hu-

man embryonic stem cell line HUES9 (Figures S1A and

S1B). Immunoblotting for the endogenous MTLN-FLAG

or an exogenous lentivirus-delivered MTLN-FLAG identi-

fied a peptide of >10 kDa, which is not present in parental

wild-type (WT) control cells (Figures 1F, S1E, and S1F).

Together, these data verify that MTLN is a bona fide SEP

encoded by the conserved smORF in LINC00116.
MLTN Knockout Regulates Blood Lipid Levels in Mice

To directly address the physiological role ofMTLN in meta-

bolic regulation, we generatedMTLN loss-of-function mice

by targeting the mouse homolog of MTLN harbored by

1500011K16Rik using CRISPR/Cas9-mediated genome

editing (Figure S2A). The resultant MTLN�/� mouse strain

carries a 5-base pair deletion at the N terminus of the

MTLN smORF (Figure S2B). This mutation does not affect

expression of the lncRNA transcript 1500011K16Rik in

liver, brown adipose tissue, or gonadal white adipose tissue

(Figure 2A).

High-fat diets (HFDs) are used to assessmetabolic dysfunc-

tion in mice, and adipose phenotypes are often uncovered

and exacerbated by this feeding regimen. MTLN�/� mice

were challenged with HFD to assess the effects of MTLN

depletion on lipid handling. During HFD, circulating TG

levels were decreased in both male and female MTLN�/�

mice compared withWT littermates (Figure 2B). Serum total

cholesterol and FFAs also were decreased in female andmale

MTLN�/� mice, respectively (Figures 2C and 2D). Despite

these differences in blood lipid concentrations, there was

no change in body weight betweenMTLN�/� andWT litter-

mates (Figure S2C).Onnormal chowdiet, globaldepletionof

MTLN reduced serum total cholesterol level in female mice

(Figure S2E), buthadno effect on circulatingTG (Figure S2D)

or FFA (Figure S2F).
MTLN Regulates TG Accumulation andMetabolism in

Murine and Human Adipocytes

HFD experiments using MTLN�/� mice demonstrated that

circulating lipid levels are affected by global MTLN
tes
m 18 placental mammals, including translation of the SEP.
ebrate species map over the human MTLN smORF. The distribution of
translated BLAT alignments of ESTs in GenBank from non-human

ins with MPCs on day 21 of the protocol.
esis. n = 3 independent biological replicate experiments.
ss spectrometry analysis of hPSC-adipocytes with their respective

C-adipocytes and lentivirus-delivered MTLN-FLAG-overexpressing
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depletion. To investigate the adipocyte-autonomous ef-

fects of MTLN, we isolated murine pre-adipocytes from

WTandMTLN�/�mice. Loss ofMTLN led to amild decrease

in differentiation efficiency as measured by PPARg2,

although overexpression of MTLN had no effect (Figures

2E and 2F).MTLN did have a significant effect on TG accu-

mulation, leading to increased lipid in the KO, and reduced

TGs in the MTLN-overexpressing (OE) cells (Figure 2G).

Consistent with this phenotypeMTLN also affected forsko-

lin-activated lipolysis in murine adipocytes, which was

lower in the KO and higher in the OE cells (Figures 2H

and S2K). These results suggest that MTLN has an adipo-

cyte-autonomous effect on lipid handling.

To investigate the human-specific effects of MTLN, we

createdMTLNKOhPSCsby leveragingCRISPR/Cas9genome

editing (Figure S2G). The resulting four KO hPSC clones

contain homozygous frameshift mutations in the MTLN

smORF (Figure S2H). Overexpression of MTLN (Figure S1F)

persisted after lentiviral transduction of MPCs and differen-

tiation to adipocytes.MTLN KO did not affect transcription

of the endogenous LINC00116 transcript (Figure S2I). We

used MTLN KO and MTLN OE cells to study the effect of

MTLN on lipid metabolism in differentiated human

adipocytes.

We assessed human adipocyte differentiation efficiency

by measuring the percentage of nuclei positive for the

mature adipocyte marker CCAAT/enhancer binding
Figure 2. MTLN Regulates Blood Lipid Levels and Adipocyte Lipid
(A) qRT-PCR analysis of 1500011K16Rik in primary mouse liver, brow
litter-matched mice, 3 technical replicates each.
(B–D) Serum triglycerides (B), total cholesterol (C), and free fatty aci
(E) Immunofluorescence imaging of murine pre-adipocytes stained fo
(F) High-content imaging quantification of the percentage of PPARg
(G) Quantification of triglyceride accumulation in differentiated mu
replicates from one differentiation.
(H) Concentration of glycerol released into the medium of differen
conditions. n = 6 for WT, 3 for KO, 3 for OE.
(I) Immunofluorescence imaging of genome-edited hPSC-adipocyte
(green), neutral lipids (red), and nuclei (blue). Scale bars, 100 mm.
(J) High-content imaging quantification of the percentage of C/EBP-a
for KO and OE.
(K) Quantification of triglyceride accumulation in hPSC-adipocytes. n
(L) Concentration of glycerol released into the medium of hPSC-adipo
WT, 42/42 for KO, 66/90 for OE basal/stimulated.
(M) Immunofluorescence imaging of genome-edited SGBS adipocytes
Scale bars, 500 mm.
(N) High-content imaging quantification of the percentage of C/EB
parental, GFP, and MTLN OE, 12 for MTLN KO and scrambled guide RNA
(O) Quantification of triglyceride accumulation in SGBS adipocytes. n
(P) Concentration of glycerol released into the medium of SGBS adipocy
and OE.
Data are means ± SD. *p % 0.05, **p % 0.01, ***p % 0.001, ****p
include both untransduced and control vector overexpression cells. A
replicate averaged for the imaging, and all lipid accumulation and gl
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protein alpha (Figure 2I). There was no significant differ-

ence in human adipocyte differentiation efficiency

betweenWT, KO, orMTLNOE cells (Figure 2J). In contrast,

MTLN had a significant effect on TG accumulation (Fig-

ure 2K) and lipolysis (Figures 2L and S2L).MTLNKO caused

increased accumulation of TG, whereas MTLN OE resulted

in a decrease in intracellular TG. In accord with this pheno-

type, basal lipolysis was lower in MTLN KO hPSC-adipo-

cytes and increased in MTLN OE hPSC-adipocytes. During

stimulation of lipolysis with forskolin,MTLN KO hPSC-ad-

ipocytes liberate fewer FFAs into the medium than WT or

MTLN OE hPSC-adipocytes. The lipid accumulation and

lipolysis phenotypes are strikingly similar between murine

and human adipocytes.

Cumulatively, these results suggest that MTLN does not

affect human adipogenesis but affects a lipolytic pheno-

type in human white adipocytes. To validate these

findings, we replicated this set of experiments in an immor-

talized human pre-adipocyte cell line that readily differen-

tiates into mature adipocytes: Simpson-Golabi-Behmel

syndrome (SGBS) cells. We targeted the MTLN ORF using

CRISPR/Cas9 to make MTLN KO SGBS cells (Figure S2J).

In agreement with the hPSC-adipocyte phenotypes,

MTLN KO or MTLN OE had no effect on SGBS differentia-

tion efficiency (Figures 2M and 2N). TG accumulation in

SGBS adipocytes was reduced by MTLN OE and increased

by MTLN KO (Figure 2O). Lipolytic phenotypes of MTLN
Metabolism
n adipose tissue (BAT), and gonadal adipose tissue (gWAT). n = 3

ds (D) in mice fed a high-fat diet for 6 weeks, one matched cohort.
r PPARg2 (red) and nuclei (blue). Scale bars, 100 mm.
2-positive nuclei in differentiated murine pre-adipocytes. n = 6.
rine pre-adipocytes. n = 16 for WT, 8 for KO, 7 for OE biological

tiated murine pre-adipocytes under basal or forskolin-stimulated

s stained for C/EBP-a (CCAAT/enhancer binding protein alpha)

-positive nuclei in differentiated hPSC-adipocytes. n = 20 for WT, 40

= 33 for WT, 54 for KO, 75 for OE.
cytes under basal or forskolin-stimulated conditions. n = 30/21 for

stained for C/EBP-a (green), neutral lipids (red), and nuclei (blue).

P-a-positive nuclei in differentiated SGBS adipocytes. n = 9 for
control.
= 9 for WT, 3 for KO, 12 for OE.
tes under basal or forskolin-stimulated conditions. n = 3 for WT, KO,

% 0.0001; one- or two-way ANOVA. Unless specified, ‘‘WT’’ groups
ll n values are independent biological replicates, with 25 fields per
ycerol release done in technical duplicate. Related to Figure S2.



KO and MTLN OE SGBS adipocytes were also consistent

with hPSC-adipocytes (Figure 2P). The consistent pheno-

types of MTLN KO and OE adipocytes in both murine

and human models implied that the MTLN peptide might

localize to the lipid droplet or mitochondria, the sites of

lipolysis and fatty acid oxidation.

MTLN Localizes to the Mitochondria and Regulates

Mitochondrial Respiration

We determined the localization of MTLN using MTLN-HA

and MTLN-FLAG OE hPSC-adipocytes by immunofluores-

cent confocal microscopy as well as transmission electron

microscopy with immunogold labeling. Immunofluores-

cent labeling indicated that MTLN co-localizes with the

mitochondrial marker hexokinase-1 (HK1) and the mito-

chondrial ATP synthase subunit beta (ATP5B) (Figures 3A

and S3A–S3C). The immunogold-labeled MTLN was found

at the mitochondrial membrane (Figures 3B and S3D–S3F).

To verify these measures of subcellular localization, we per-

formed cell fractionation to purify mitochondria from the

nuclear and cytoplasmic fractions. HK1, ATP5B, and

MTLN-FLAG all localized together in the mitochondrial

fraction, whereas only histone H3 was present in the nu-

clear fraction (Figure 3C). We have been unable to generate

an antibody to MTLN, and therefore, have only visualized

the overexpressed MTLN constructs. Although neither

the FLAG- nor HA-tag have been reported to localize to

the mitochondria, we cannot fully exclude an effect of

the tag on MTLN localization. However, our findings are

consistent with previous publications localizing MTLN to

the inner mitochondrial membrane (Makarewich et al.,

2018; Stein et al., 2018).

Themitochondrial localization ofMTLN and its effect on

lipolysis and TG accumulation suggest that the peptide

might affect cellular energetic pathways. To test this

hypothesis, we assayed glycolysis, glucose-driven mito-

chondrial respiration, and fatty acid oxidation (FAO) in

hPSC-adipocytes. Consistent with our previous lipolysis as-

says, both basal and maximal FAO were decreased in the

KO and increased in the MTLN OE cells (Figures 3D and

S3I). To compensate for this energetic imbalance, the KO

displayed increased glycolysis, while the OE cells showed

reduced glycolysis (Figures 3E and S3G). The KO also

showed higher glycolytic capacity, while the OE showed

increased glycolytic reserve. Non-FAO mitochondrial

oxidative respiration was decreased in MTLN OE hPSC-ad-

ipocytes and increased in the KO (Figures S3H and S3J).

Despite these dramatic changes in mitochondrial meta-

bolism, we saw no evidence of adipocyte browning or

increased mitochondrial content (Figures S3K and S3L).

These results dovetail well with previous reports, but add

a layer of complexity due to the specific regulation of fatty

acid metabolism in adipocytes (Makarewich et al., 2018;
Stein et al., 2018). The suppressive effect of MTLN on

glycolysis and oxidative respiration and the increase in

FAO suggests that MTLN causes adipocytes to favor fatty

acid b-oxidation for energy production. The protein con-

stituents of the mitochondrial b-oxidation pathway are

well known, so we hypothesized that MTLN interacts

with known b-oxidation pathway proteins.
Interaction of MTLN with Key Regulators of

Mitochondrial Metabolism

We affinity-purified MTLN-FLAG and interacting proteins

from MPCs and hPSC-adipocytes to identify protein

binding partners interacting with the peptide. Mass spec-

trometry analysis suggested that MTLN itself was the

most highly enriched protein in both cell types, confirm-

ing the specificity of our purification strategy (Figure 4A).

Gene ontology analysis of the eluted proteins’ subcellular

compartmentalization identified the mitochondrion as

the most highly enriched cellular compartment associated

with MTLN, secondary to translation machinery inherent

to our overexpression strategy (Figure 4B). Biological

processes significantly associated with MTLN-interacting

proteins included fatty acid metabolism and oxidative

phosphorylation, among other lipid and metabolite

handling processes (Figure S4A). We verified the co-immu-

noprecipitation of exogenously expressed mitochondrial

trifunctional enzyme, subunit beta (HADHB) and the

endogenous ATP synthase beta subunit (ATP5B) using

immunoblotting (Figures 4B, 4C, and S4B–S4D). The mito-

chondrial trifunctional enzyme interaction had been

described earlier, but the found interaction with ATP5B

seems to be a novel or adipocyte-specific process (Makare-

wich et al., 2018; Stein et al., 2018). As with our visualiza-

tion experiments, our approach does have the drawback

of only using MTLN-FLAG overexpression, not the endog-

enous gene. We compared these with samples not express-

ing MTLN-FLAG. Therefore, we followed up by restricting

our analysis to adipocytes, where endogenous MTLN is

more highly expressed, we see an even stronger bias toward

mitochondrial localization and processes. This approach

also removed the background inherent to our overexpres-

sion strategy. On the other hand, MTLN-protein interac-

tions specific to adipocytes in our dataset almost solely

localize to mitochondrial compartments (Figure 4E). Simi-

larly, all the proteins found this way are directly involved in

mitochondrial or metabolic processes (Figure 4F). The

involvement of MTLN in mitochondrial compartments

and metabolic processes, and the direct interaction be-

tween MTLN and ATP5B, as well as other lipid-handling

proteins, such as the b subunit of the mitochondrial tri-

functional enzyme, strengthen our conclusion that

MTLN regulates lipid handling in adipocytes.
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Figure 3. MTLN Localizes to the Mitochondrion and Affects Energetics Regulation
(A) Confocal microscopy showing MTLN-HA (red), ATP5B (green), neutral lipids (purple), and nuclei (blue) in differentiated hPSC-adi-
pocytes. Scale bar, 20 mm.
(B) Immunogold labeling of MTLN-HA in differentiated hPSC-adipocytes.
(C) Subcellular fractionation of differentiated hPSC-adipocytes. Whole-cell lysate is blotted as input material.
(D) Basal and maximal fatty acid oxidation of hPSC-adipocytes. n = 35.
(E) Comparison of glycolysis, glycolytic capacity, and reserve in hPSC-adipocytes. n = 30. Bars represent mean values ±SD.
*p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001; two-way ANOVA. All n values are independent biological replicates. Related to
Figure S3.
DISCUSSION

Our experiments point toward the MTLN SEP of

LINC00116 as an important functional element in b-oxida-

tion of fatty acids in human adipocytes. This situatesMTLN
596 Stem Cell Reports j Vol. 14 j 590–602 j April 14, 2020
among the rapidly expanding class of SEPs encoded by

lncRNAs, supporting the hypothesis that there are many

functional small peptides yet to be discovered.MTLN local-

izes to the mitochondria and affects energetics and lipid

metabolism in human adipocytes, mice, and isolated



Figure 4. MTLN Interacts with the Mitochondrial Energetics Machinery
(A) Mass spectrometric profiling of co-immunoprecipitated proteins bound to MTLN-FLAG in undifferentiated MPCs and hPSC-adipocytes.
Red, MTLN; blue, ATP5B and HADHB. Trendline represents the linear regression of these data using a non-linear model. Data based on two
independent biological replicates each of MPCs and WAT. Data in Supplemental Table 2.
(B) DAVID gene ontology analysis of the cellular compartment categorization of co-immunoprecipitated proteins bound to MTLN-Flag.
Orange, mitochondrial localization; white, protein translation machinery; gray, other. Modified Fisher exact p value, EASE score. Data in
Supplemental Table 3.
(C) Immunoblot of HADHB co-immunoprecipitated with MTLN-FLAG. Whole-cell lysate is shown as input material.
(D) Immunoblot of ATP5B co-immunoprecipitated with MTLN-FLAG. Whole-cell lysate is shown as input material.

(legend continued on next page)
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murine adipocytes. Interaction with HADHB and accumu-

lation of TGs in MTLN KO hPSC-adipocytes implicates

MTLN in long-chain fatty acid catabolism. HADHB cata-

lyzes the final step in long-chain FAO, thought to be the

rate-limiting step (Li and Schulz, 1988; Olowe and Schulz,

1982). Our data suggest MTLN augments the rate of

b-oxidation of long-chain fatty acids, possibly through

direct interaction with HADHB. It does so at the expense

of other energy-producing pathways, including glycolysis

and non-FAO mitochondrial respiration. In this model,

decreased intracellular fatty acids would decrease feedback

inhibition of lipolysis (Fain and Shepherd, 1975), resulting

in the lipolytic phenotype observed in our in vitro systems.

Ongoing research will determine the mechanism by which

MTLN modulates the rate of b-oxidation, how the peptide

is trafficked to the mitochondria, and how MTLN overex-

pression affects systemic phenotypes in mice.

Our data suggest that there is regulation ofMTLN’s func-

tion through certain environmental conditions. MTLN

does not have an effect on browning adipocytes from our

data; therefore, we speculate it is not regulated by cold

exposure. However, it appears that nutritional status has

a profound effect on MTLN’s function. Our Seahorse data

show that oxidative phosphorylation is specifically

enhanced under nutrient starvation conditions, when the

adipocytes are utilizing endogenous lipids for FAO. This

phenomenon may be very interesting for further study

into the fuel source preference of MTLN activity.

Aside from the endogenous expression, most of our

experiments have been performed with tagged overexpres-

sion ofMTLN. We were not able to generate an antibody to

the endogenous peptide; hence, this was our only viable

approach. It is hoped that future work can follow up on

our data and confirm the peptide interactions using the

endogenous MTLN.

The pool of undiscovered functional SEPs remains fertile

ground for drug discovery anddevelopment. hPSCs are a per-

fect model to study the role of these novel genes in a human

system as they are amenable to functional screening, genetic

manipulation,aswell asdifferentiation intoanydesiredtissue

tomechanisticallyunderstandaSEP’spurpose.This studycan

serve as a blueprint for functional discovery of uncharacter-

ized SEPs, of which there are now predicted to be a plethora.

The small size of SEPs lends them to repurposing as pep-

tide therapies, particularly if they are secreted and function
(E) DAVID gene ontology analysis of the cellular compartment catego
hPSC-adipocytes but not MPCs. Orange, mitochondrial localization;
exact p value, EASE score.
(F) Gene ontology analysis describing the biological pathways enrich
hPSC-adipocytes but not in MPCs. Orange, mitochondrial processes; w
and processes are colored through personal interpretation of DAVID t
Related to Figure S4.
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in an endocrine fashion to modulate systemic phenotypes

(Lee et al., 2015). MTLN’s apparent function recommends

its application as a gene therapy for clearance of excess

lipids in adipose tissue. Obesity is on the rise in developed

and developing countries, with 500 million cases world-

wide (Malik et al., 2013). Gene therapies delivering MTLN

to white adipose could combat this global trend, serving

as a biological trigger for the catabolism of FFAs by b-oxida-

tion. However, further research is warranted as care needs

to be taken that this does not lead to the unfavorable

metabolic state of deleterious increased plasma TG levels.
EXPERIMENTAL PROCEDURES

Mouse Models
All procedures used in animal experiments were in accordance and

with approval from the pertinent Institutional Animal Care and

UseCommittees at HarvardUniversity.MTLNKOmicewere gener-

ated via CRISPR/Cas9 technology in the Genome Modification

Facility at Harvard University. Both male and femaleMTLN global

KO mice and WT littermates were used in this study. They were

housed three to five mice per cage with free access to water and

normal chow diet or HFD (60/FAT, TD.06414). Blood was collected

from tail tips after 16-h fasting, and plasma was further isolated.

Cell Lines
HUES9 embryonic stem cells were cultured as described previously

(Cowan et al., 2004) in mTeSR growth medium (STEMCELL Tech-

nologies). Adipocyte differentiation of embryonic stem cells was

performed as described previously (Lee and Cowan, 2014).

Genome editing in the HUES9 cell line was performed following

a published protocol (Peters et al., 2013) using the guide RNA

and screening primer sequences in Supplemental Table 1. Cell lines

were tested for mycoplasma contamination and were not contam-

inated during this study.

The SGBS cell line was a gift from Dr. Martin Wabitsch’s lab and

cultured as described previously (Wabitsch et al., 2001). Fully

confluent SGBS cells were differentiated to adipocytes using

adipogenic medium: DMEM (Corning) supplemented with 7.5%

Knockout Serum Replacement, 1% penicillin/streptomycin, 0.5%

non-essential amino acids, 1 mM dexamethasone, 10 mg/mL

insulin, and 0.5 mM rosiglitazone for 21 days. To generate

Cas9-positive SGBS cells, lentivirus was packaged using the Lenti-

Cas9-Blast plasmid available Addgene. After application of

lentivirus, Cas9-positive SGBS cells were selected using 10 mg/mL

blasticidin for 5 days. Guide RNAs were cloned into the Lenti-

Guide-Puro plasmid and lentivirus was packaged according to a
rization of co-immunoprecipitated proteins bound to MTLN-Flag in
white, protein translation machinery; gray, other. Modified Fisher

ed in the co-immunoprecipitated proteins bound to MTLN-Flag in
hite, protein translation and overexpression; gray, other. Pathways
erms. Modified Fisher exact p value, EASE score.



published protocol (Lee and Cowan, 2014). Three guide RNA len-

tiviruses were pooled and applied to SGBS-Cas9 cells. These cells

were then selected with puromycin (2 mg/mL) for 4 days. Selected

cells were then differentiated according to the above protocol.

Isolation and Differentiation of Pre-adipocytes from

Mouse White Adipose Tissue
Inguinal fat pads from6- to8-week-oldmicewere carefully dissected,

cut into small pieces, and digested with 1 mg/mL collagenase A at

37�C for 45 min. The cell suspension was then filtered through a

100-mm cell strainer followed by centrifugation at 150 3 g for

5 min. The cell pellet was resuspended with complete medium

(DMEM/F12with 10% fetal bovine serum [FBS], 1%penicillin/strep-

tomycin) and plated in gelatin-coated 10-cm plates. For differentia-

tion 50,000 cells were seeded per well of a 24-well plate. The next

day, induction medium (complete medium with 1 mM dexametha-

sone, 5 mg/mL insulin, 0.5 mM IBMX, and 5 mM rosiglitazone) was

added. On day 4, maintenance medium (complete medium with

1 mg/mL insulin and 5 mM rosiglitazone) was added and the cells

further differentiated for 11 days before performing the assays.

RNA Isolation, cDNA Synthesis, and qPCR
RNA was extracted from adherent cells using TRIzol reagent

reagent according to the manufacturer’s instructions (Thermo

Scientific). cDNA synthesis was performed using qScript cDNA

SuperMix according to the manufacturer’s instructions (Quanta

Biosciences). qPCR of LINC00116, MTLN, UCP1, CPT1, RPLP0,

1500011K16Rik, and RPL27was performed using primer sets listed

in Table 1 in conjunction with Fast SYBR Green Master Mix

(Thermo Scientific). Expression data are presented after calculating

the relative expression compared with the housekeeping gene

RPLP0 or Rpl27, using the equation relative quantification

(RQ) = 100/(2̂ (Target Gene Ct – RPLP0 Ct)).

Immunofluorescence
Cells were washed in phosphate-buffered saline (PBS) and then

fixed in ice-cold methanol at �20�C for 15 min. Cells were then

washed three times with PBS, and blocked for 1 h at room temper-

ature with 5% (w/v) bovine serum albumin (BSA), Fraction V

(Millipore), 0.1% Triton X-100 (Sigma) in PBS. Primary antibodies

were incubated overnight at 4�C. Cells were then washed three

times in PBS, and incubated with secondary antibodies conjugated

to fluorophores for 1 h at room temperature. Nuclei were labeled

with Hoechst (Thermo Scientific) and neutral lipids were stained

with the LipidTOX Red or LipidTOX Deep Red (Thermo Scientific)

fluorescent dye for 30 min at room temperature. Antibodies and

dyes with working dilutions are listed in Table 1.

TG Quantification
Cells were washed in PBS, scraped in PBS supplemented with 5%

Nonidet P40 Substitute (Sigma). Cells were lysed by two 30-s cycles

of sonication on high power using a BioRuptor sonicator (Diage-

node). Debris was pelleted at 14,000 3 g for 10 min at 4�C, then
soluble protein concentration was measured using the bicincho-

ninic acid assay following the manufacturer’s instructions

(Thermo Scientific). In both a commercial standard (Abcam) and

experimental samples, TGs were solubilized by two cycles of heat-
ing to 95�C for 2 min followed by vortexing. TG concentrations

were measured using the Infinity Triglycerides Reagent (Thermo

Scientific) as per the manufacturer’s instructions. Concentrations

were normalized to protein concentration and differentiation

efficiency, and plotted as TGs/adipocyte.

Lipolysis Assay
Differentiated adipocytes were starved for 4 h in serum-free

no-glucose DMEM, and treated with or without forskolin for an

additional 4 h at 37�C. Medium was collected, and cells were

harvested as described above for quantification of TG content.

Concentration of FFAs and glycerol in conditioned medium was

quantified using the Lipolysis Assay Kit (ZenBio, Durham, NC)

according to the manufacturer’s instructions. Concentrations

were normalized to TG and protein concentration of whole-cell

lysate and differentiation efficiency, and plotted as FFA release/

adipocyte or glycerol release/adipocyte.

Expression Plasmid Construction
The evolutionarily conserved MTLN peptide sequence was down-

loaded from NCBI and synthesized in vitro (Eurofins Genomics)

for cloning with a multi-site gateway cloning strategy (Thermo

Scientific). A lentiviral packaging vector, a donor plasmid carrying

the EF1 alpha promoter, and a donor plasmid carrying the MTLN

peptide tagged with a C-terminal 33 FLAG or 33 HA peptide

were recombined in a three-way cloning reaction.

Cell Fractionation
Nuclei were isolated fromfivemillion cells using a 2%Nonidet P40

Substitute (Sigma Aldrich) solution, otherwise following a pub-

lished protocol (Nabbi and Riabowol, 2015). Mitochondria were

then pelleted by centrifugation at 17,000 3 g for 15 min at 4�C.

Western Blotting
Bis-Tris polyacrylamide gels (4%–12%) were run using LDS sample

buffer with MOPS running buffer (Thermo Scientific). Cells were

lysedusingRIPAbuffer, cell debriswaspelleted at 14,0003 g, and sol-

uble protein concentrations weremeasured as described above. Pro-

tein sampleswere supplementedwith a final concentration of 5mM

dithiothreitol beforeheatingat 95�Cfor 5min. After polyacrylamide

gel electrophoresis using a Mini-Cell apparatus (Thermo Scientific),

proteins were transferred to a nitrocellulose membrane in transfer

buffer (25 mM Tris, 192 mM glycine, 10% methanol) for 1 h by

applying 100 V of constant voltage at 4�C. Primary and secondary

antibodies and working dilutions are detailed in Table 1.

Transmission Electron Microscopy
MTLN OE or WT hPSC-adipocytes were detached from the dish

with a cell scraper. The cell suspension was layered on top of a

200-mL cushion of 4% paraformaldehyde (PFA)/0.1% glutaralde-

hyde (in 0.1M sodium phosphate buffer [pH 7.4]) in an Eppendorf

tube and pelleted for 3 min at 3,000 rpm. The supernatant was

removed carefully, fresh 4% PFA/0.1% glutaraldehyde mixture

was added without resuspending the pellet. After 2 h of fixation

at room temperature the fixative was replaced with PBS without

disturbing the pellet. PBS then was replaced with 2.3 M sucrose
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in PBS (containing 0.2 M glycine to quench free aldehyde groups)

for 15 min. The pellet then was flash frozen in liquid nitrogen.

Samples were sectioned at �120�C, and the sections were trans-

ferred to formvar- and carbon-coated copper grids. Grids were

floated on PBS until immunogold labeling was carried out. Gold

labeling was carried out at room temperature on a piece of paraf-

ilm. All antibodies and protein A-gold were diluted in 1% BSA.

The diluted antibody solution was centrifuged for 1 min at

14,000 rpm before labeling to avoid possible aggregates. Grids

were floated on drops of 1% BSA in PBS for 10 min to block for

non-specific labeling, transferred to 5-mL drops of primary anti-

body, and incubated for 30 min. The grids were then washed in 4

drops of PBS for a total of 15 min, transferred to 5 mL drops of pro-

tein A-gold for 20 min, washed in 4 drops of PBS for 15 min and 6

drops of double distilled water. Contrasting/embedding of the

labeled grids was carried out on ice in 0.3% uranyl acetete in 2%

methyl cellulose for 10 min. Grids were picked up and the excess

liquid was removed by streaking on filter paper (Whatman grade

1), leaving a thin coat ofmethyl cellulose. The gridswere examined

in a JEOL 1200EX and images were recorded with an AMT 2k CCD

camera.
Extracellular Flux Analysis
A Seahorse XF24 Analyzer (Seahorse Bioscience) was used to assess

oxygen consumption and extracellular acidification rates. MPCs

(40,000) were plated in each well 2 days before induction of adipo-

genesis by the above protocol. The mitochondrial stress test,

glycolysis stress test, and the XF Palmitate-BSA FAO Substrate kits

were used according to the manufacturer’s protocol. Carbonyl

cyanide m-chlorophenylhydrazone was used at 0.5 mM final con-

centration in the mitochondrial stress test, and at 2 mM final con-

centration in the FAO assay. Rate measurement cycles consisted of

2 min of mixing, 1 min of waiting, and 5 min of measurement.
Co-immunoprecipitation
Differentiated adipocytes were lysed in Pierce IP Buffer (Thermo

Scientific) supplemented with protease and phosphatase inhibi-

tors (Roche Life Science). Cell debris was pelleted at 20,000 3 g

for 15 min at 4�C. After removal of the lipid supernatant, 10 mg

of protein from the infranatant was incubated overnight on an

end-over-end rotator at 4�C with antibodies directed against the

FLAG-tag (conjugated to magnetic beads, Sigma Aldrich, 20 mL of

packed gel volume), ATP synthase, beta subunit (10 mg, Abcam,

ab128743), or the C-terminal Myc tag of HADHB (10 mg, Abcam,

ab9106) (Table 1). Pre-immune immunoglobulin immunoprecipi-

tations (IPs) were performed as controls with equal quantities of

protein, using magnetic bead-conjugated mouse immunoglobulin

G (IgG) (Cell Signaling Technology) or rabbit IgG (Santa Cruz). Af-

ter overnight incubation, ATP synthase and HADHB IP reactions

and rabbit IgG control reactions were incubated with protein

A-conjugated magnetic beads (25 mL, Thermo Scientific) for 1 h

at room temperature on an end-over-end rotator. Bead-protein

complexes were pelleted on a magnetic stand and washed with

Tris-buffered saline ten times. Proteinwas eluted from the beads us-

ing 100 mL of 0.1 M glycine (pH 3.0). Samples were equilibrated to

neutral pH by addition of 1 M triethylammonium bicarbonate

(TEAB) buffer (pH 8.0) to a final concentration of 100 mM TEAB.
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Co-immunoprecipitation Proteomics
Each sample was submitted for a single liquid chromatography-

tandem mass spectrometry experiment that was performed on

an LTQ Orbitrap Elite (Thermo Fischer) equipped with a Waters

nanoACQUITY HPLC pump. Peptides were separated onto a 100-

mm inner diameter microcapillary trapping column packed first

with approximately 5 cm of C18 ReproSil resin (5 mm, 100 Å, Dr.

Maisch,Germany) followed by an analytical column�20 cmof Re-

proSil resin (1.9 mm, 200 Å, Dr. Maisch). Separation was achieved

by applying a gradient from 5% to 27% acetonitrile in 0.1% formic

acid over 90 min at 200 nL min�1. Electrospray ionization was

enabled by applying a voltage of 1.8 kV using a homemade elec-

trode junction at the end of the microcapillary column and

sprayed from fused silica pico tips (New Objective). The LTQ Orbi-

trap Elite was operated in the data-dependent mode for the mass

spectrometry methods. The mass spectrometry survey scan was

performed in the Orbitrap in the range of 395–1,800 m/z at a res-

olution of 63 104, followed by the selection of the 20most intense

ions (TOP20) for collision-induced dissociation (CID)-tandem

mass spectrometry fragmentation in the ion trap using a precursor

isolation width window of 2 m/z, automatic gain control (AGC)

setting of 10,000, and a maximum ion accumulation of 200 ms.

Singly charged ion species were not subjected to CID fragmenta-

tion. Normalized collision energy was set to 35 Vand an activation

time of 10 ms, AGC was set to 50,000, and the maximum ion time

was 200ms. Ions in a 10-ppmm/zwindow around ions selected for

tandem mass spectrometry were excluded from further selection

for fragmentation for 60 s.

Statistical Analysis of qPCR, Mouse Cohort,

Differentiation Efficiency, TG Assay, Lipolysis Assay,

and Extracellular Flux Analyzer Data
Prism 5 (GraphPad) was used to create charts and perform statisti-

cal analyses in all figures. Student’s t test (paired), one- (three-

group) or two-way ANOVA (three or more groups, multiple

conditions) was used to compare KO and OE genotypes or treat-

ment conditions to the WT group.

Gene Ontology Analyses
Co-immunoprecipitated proteins were analyzed using DAVID

(Huang da et al., 2009). Ion area values of background control IP

sampleswere subtracted fromMTLN-Flag IP sample values to deter-

mine MTLN-Flag-specific enrichment of protein interactants.

Analysis of Proteomics Data
Raw data were submitted for analysis in Proteome Discoverer

2.1.0.81 (Thermo Scientific) software. Assignment of tandem

mass spectrometry spectra was performed using the Sequest HT al-

gorithmby searching the data against a protein sequence database,

including all entries from the Human UniProt database (SwissProt

16,768 and TrEMBL 62,460 [total of 79,228 protein forms], 2015)

and other known contaminants, such as human keratins and com-

mon lab contaminants. Sequest HT searches were performed using

a 20-ppm precursor ion tolerance and requiring each peptide N/C

terminus to adhere with trypsin protease specificity while allowing

up to two missed cleavages. Cysteine carbamidomethyl (+57.021)

was set as static modification while methionine oxidation



(+15.99492 Da) was set as variable modification. Tandem mass

spectrometry spectra assignment false discovery rate of 1% on pro-

tein level was achieved by applying the target-decoy database

search. Filtering was performed using a Percolator (64 bit version,

reference 6). For quantification, a 0.02-m/z window centered on

the theoretical m/z value of each the six reporter ions and the

intensity of the signal closest to the theoretical m/z value was

recorded. Reporter ion intensities were exported in result files of

Proteome Discoverer 2.1 searches as Excel tables. All fold changes

were analyzed after normalization between samples based on total

unique peptide ion signals.
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Supplemental Figure 1. MTLN-Flag methodology, related to Figure 1. a) Schematic of the 

experimental procedure for knocking in a FLAG-tag at the c-terminus of MTLN in hPSCs. b) Partial 

sequence of the MTLN smORF, FLAG knock-in ssODN, and guide RNA used to generate knock-

ins. The resultant DNA and peptide sequence after genome editing is also shown. c) Mass 

spectrometry spectrum identifying the 2.34 kDa peptide of MTLN. d) Mass spectrometry spectrum 

identifying the 1.27 kDa peptide of MTLN. e) Schematic of the MTLN-FLAG and MTLN-HA 

expression constructs inserted into a lentiviral packaging vector. f) Immunoblot demonstrating 

overexpression of lentiviral MTLN-FLAG in MPCs, MPCs differentiated into hPSC-adipocytes 

(WAT), or hPSC-adipocytes transduced with MTLN-FLAG after differentiation (WAT+MTLN Day 

16).  

Supplemental Figure 2. Supplemental data describing mouse and in vitro models of MTLN 

function, related to Figure 2. a) Experimental design for the creation of MTLN-/- mice and HFD 

treatment. b) Schematic of the murine 1500011K16Rik ncRNA gene and MTLN smORF. The 

guide RNA is underlined, the protospacer-adjacent motif (PAM) is in red. Knockout mutation 

sequence indicated below. c) Body weight of mice on chow or HFD (10.5 weeks). d-f) Serum 

concentrations of TG (d), total cholesterol (e), and FFA (f) on chow diet. g) Experimental design 

for knocking out MTLN in hPSCs. h) Schematic of the human LINC00116 gene and MTLN 

smORF. The guide RNA is underlined, the PAM is in red. Knockout line indel sequences indicated 

below. i) qRT-PCR analysis of MTLN expression in differentiated hPSC-adipocytes. n=18 for WT, 

30 for KO, 48 for OE. j) Pool of guide RNA sequences used in SGBS knockout experiments. k) 

Concentration of FFAs released into the medium of differentiated murine pre-adipocytes under 

basal or forskolin stimulated conditions. n=6 for WT, 3 for KO and OE. l) Concentration of FFAs 

released into the medium of hPSC-adipocytes under basal or forskolin stimulated conditions. 

n=30/21 for WT, 42/42 for KO, 66/90 for OE basal/stimulated. Data are means ± SD. * = p ≤ 

0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, one- or two-way ANOVA. All n's are 

independent biological replicates performed in technical duplicate.   



Supplemental Figure 3. Extended data related to subcellular localization and energetic 

effects of MTLN, related to Figure 3. a) Confocal microscopy depicting ATP5B (green), neutral 

lipids (pink), and nuclei (blue) in hPSC-adipocytes. The left panel is an exposure-matched control 

OE vector as a negative control indicating HA antibody background staining. The right panel is an 

exposure-matched secondary antibody-only image as a negative control indicating background 

fluorescence. Scale bar, 20 µm. b) Confocal microscopy showing MTLN-HA (red), ATP5B (green), 

neutral lipids (purple), and nuclei (blue) in differentiated hPSC-adipocytes in triplicate replicating 

experiments. Scale bar, 20 µm. c) Confocal microscopy showing MTLN-FLAG (red), HK1/ATP5B 

(green), neutral lipids (purple), and nuclei (blue) in hPSC-adipocytes. The right panel is an 

exposure-matched secondary antibody-only image as a negative control indicating background 

fluorescence. Scale bar, 20 µm. d) Anti-HA immunogold-labeled hPSC-adipocytes with a control 

OE vector serves as a negative control for transmission electron microscopy studies. e) 

Immunogold labeling of MTLN-HA in differentiated hPSC-adipocytes. Replicate experiments at 

three magnification levels are shown. f) Immunogold labeling of MTLN-FLAG in differentiated 

hPSC-adipocytes. Arrows point to gold particles localized at the mitochondrial membrane. g) 

ECAR of hPSC-adipocytes during serial stimulation with glucose, oligomycin, and 2-

deoxyglucose. n=30. h) OCR of hPSC-adipocytes during serial stimulation with oligomycin, 

CCCP, and antimycin A/rotenone. n=30. i) OCR of hPSC-adipocytes during starvation followed 

by serial stimulation with palmitate, oligomycin, CCCP, and antimycin A/rotenone. n=35. j) 

Comparison of basal and ATP-linked respiration, as well as maximal and spare respiratory 

capacity of hPSC-adipocytes. n=30. k) UCP1 and CPT1 mRNA expression analysis of MTLN KO, 

WT, and MTLN OE hPSC-adipocytes. n=9. l) ND1 and ND5 mtDNA quantity analysis of MTLN 

KO, WT and MTLN OE hPSC-adipocytes. n=6 for WT and KO, 9 for OE. Data are means ± SD. 

* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, one- or two-way ANOVA. All n's are independent 

biological replicates performed in technical duplicate.



Supplemental Figure 4. Extended data related to biological pathway analysis and MTLN 

interactions, related to Figure 4. a) Gene ontology analysis describing the biological pathways 

enriched in the co-immunoprecipitated proteins bound to MTLN-Flag. Orange: mitochondrial 

processes. White: protein translation and overexpression. Grey: Other. Modified Fisher Exact P-

Value, EASE Score. Data in Supplemental Table 4. b-d) uncropped immunoblots used in  

Figure 4.  



Supplemental Table 4. Kegg Pathway Analysis of Immunoprecipitated Proteins, 
Related to Supplementary Figure 4a. 
Term PValue FDR 
Ribosome 2.81E-25 3.29E-22 
Oxidative phosphorylation 2.94E-07 3.43E-04 
Fatty acid metabolism 1.01E-06 0.001177483 
Pyruvate metabolism 8.15E-06 0.009534287 
Alzheimer's disease 1.26E-05 0.014744305 
Parkinson's disease 1.61E-05 0.01885183 
Valine, leucine and isoleucine degradation 2.03E-05 0.023750611 
Biosynthesis of unsaturated fatty acids 3.56E-05 0.041635892 
Citrate cycle (TCA cycle) 5.27E-05 0.061626906 
Huntington's disease 5.76E-05 0.067281384 
Propanoate metabolism 6.76E-05 0.078968375 
Proteasome 2.19E-04 0.255326078 
Fatty acid elongation in mitochondria 2.56E-04 0.298580235 
Glycolysis / Gluconeogenesis 3.24E-04 0.378657897 
Tryptophan metabolism 0.001928104 2.231394172 
beta-Alanine metabolism 0.002633853 3.03670699 
Butanoate metabolism 0.003878293 4.441943803 
Spliceosome 0.011819171 12.97912799 
PPAR signaling pathway 0.012556727 13.73555596 
Pathogenic Escherichia coli infection 0.014189132 15.38839481 
Limonene and pinene degradation 0.023492963 24.26852227 
Glutathione metabolism 0.025034765 25.65491006 
Fatty acid biosynthesis 0.027528922 27.84859109 
Aminoacyl-tRNA biosynthesis 0.037197044 35.80420646 
Lysine degradation 0.048336348 43.97110827 
Cardiac muscle contraction 0.063839579 53.76136456 
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