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INTRODUCTION

Mutations in TANGO?2 (transport and Golgi organization 2
homolog) were recently described as a cause of a
childhood-onset neurometabolic disease (OMIM #
616878)."* The clinical course is characterized by recurrent
metabolic crises with severe rhabdomyolysis, encephalopa-
thy, seizures, lactic acidosis, hypoglycemia, and cardiac
arrhythmias. Episodes are typically triggered by febrile
infections, leading to irreversible brain damage and neuro-
logical deterioration. Prognosis is unfavorable with signifi-
cant disability and early death in many of the affected
individuals. So far, no therapeutic options are available.

Very little is known about TANGO?2 from a fundamen-
tal standpoint. The gene name refers to a genetic screen
that was conducted in Drosophila and reported nearly
15 years ago.” The hits in this screen were given the name
TANGO for transport and Golgi organization. The screen
identified 20 genes whose depletion by RNA interference
resulted in a defect in secretion of a marker protein that
utilizes the endomembrane system. The hits in this screen
were then assigned to four different groups depending on
whether they had an effect (classes A-C) or not (class D)
on Golgi membranes. The relevance of the screen to pro-
tein sorting was solidified by the identification of a SNARE
protein (Usel) and by a subsequent study demonstrating
that TANGOI1 functions in collagen secretion at the level
of the endoplasmic reticulum (ER).* TANGO2 was placed
into the class A grouping of genes whose products affect
the localization of Golgi enzymes, resulting in their redis-
tribution to the ER. It is noteworthy that this study exam-
ined only a single Golgi enzyme (mannosidase II), so the
overall morphology of the Golgi following depletion of this
protein is not known. Interestingly, knockdown of genes
involved in fatty acid and cholesterol metabolism also
resulted in a class A phenotype suggesting that these path-
ways may influence membrane traffic.

The little that is known about mammalian TANGO2
comes from reports of individuals with TANGO2 deficiency
and from a single study of several mouse proteins including
the TANGO2 homolog called T10. The mouse study used
crude membrane fractionation to demonstrate that T10
was a mitochondrial protein that was readily released from
this organelle upon sonication, suggesting that it is not a
membrane protein.” Studies on humans harboring variants

undetermined role in mitochondria physiology. The phenotype of affected indi-
viduals can be partially explained by this dual involvement of the protein.

cardiac arrhythmia, Golgi, membrane traffic, mitochondria, rhabdomyolysis, TANGO2

in TANGO2 have revealed subtle or no effects on Golgi
morphology or membrane trafficking."*®’ One study
addressed localization of the protein but concluded that it
does not localize to either the Golgi or the mitochondria.®
Interestingly, some of these reports suggest the protein
plays a role in mitochondrial physiology but it is unclear
how the protein is affecting this organelle.

The controversy regarding TANGO2 localization and
function is also reflected by the clinical picture, which
combines features of a fatty acid metabolism disorder
and a mitochondrial disease. The combination of meta-
bolic crises with severe rhabdomyolysis, hypoglycemia
and cardiac arrhythmia seen in individuals with
TANGO?2 variants is reminiscent of carnitine palmitoyl-
transferase 2 deficiency.®Neurological deterioration with
regression and seizures as well as episodes with lactic aci-
dosis are suggestive of a respiratory chain disorder. As a
consequence, counseling of affected families regarding
treatment options and nutrition management is
extremely difficult.

Based on these discrepancies, we aimed to gain further
insights into the cellular localization of human TANGO2
and to determine which cellular processes are affected by
the loss of the protein. Our data revealed that, while the
majority of TANGO?2 is found within the cytoplasm, a por-
tion is found to associate with mitochondria. The mito-
chondrial localization is dependent upon an amino-
terminal sequence on the protein, and loss of TANGO2
affects overall mitochondrial morphology. In addition, our
data demonstrate that a defect in ER-to-Golgi traffic in cells
that are devoid of TANGO2 can be rescued by the wild
type protein. Collectively, our data suggest that TANGO2
affects two cellular processes and we discuss how each
may explain the complex clinical phenotype.

2 | METHODS

2.1 | Fibroblasts used in this study

The fibroblasts used in this study were derived from indi-
viduals harboring variants in TANGO2 that were previ-
ously described." In the present study, subjects 1-3
(S1-S3) have the following variants, respectively: homozy-
gous c.418C>T (resulting in a premature stop codon);
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homozygous c.(56+1_57-1)_(*1_?)del; exon 3-9 del and
exon 6 del.

2.2 | Immunoblotting

Cells were lysed using CelLytic M reagent with protease
inhibitors (Sigma-Aldrich, St. Louis, MO) for the gels in
Figures 1 and S1, or with a lysis buffer containing 50 mM
Tris, pH 7.2, 150 mM NacCl, 0.5 mM EDTA, 1 mM DTT,
0.5% Triton X-100 [vol/vol], protease inhibitor cocktail
(Roche) and PhosStop (Roche) for the gel in Figure 2. A
total of 30-40 pg of whole cell lysate was loaded and sepa-
rated in either a 12% Bis/Tris polyacrylamide gel using
MES running buffer or a 12% Tris/glycine gel. After elec-
trophoresis, the gels were transferred to nitrocellulose
membranes. Membranes were blocked with 3% skim
milk powder in TBS with 0.1% Tween 20 for 1 hour and
incubated with primary antibodies that recognized:
TANGO2 (rabbit; Proteintech, Rosemont, IL); GAPDH
(mouse; ThermoFisher, Waltham, MA); p115 (mouse;
kind gift from Dr. Martin Lowe, University of Manches-
ter); TOM20 (mouse; Santa Cruz Biotechnologies); tubu-
lin (mouse; Sigma, St. Louis, MO); TRAP-a (rabbit; kind
gift from Manu Hegde, MRC Laboratory). Incubations
were performed overnight at 4°C. After washing, mem-
branes were incubated with horseradish peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG (Amersham,
Little Chalfont, UK) as secondary antibodies for 1 hour at
room temperature and then treated with either BM
Chemiluminescence blotting substrate (Roche, Basel,
Switzerland), Evolution Borealis plus Western Blot Detec-
tion System (Montreal Biotech Inc., Canada) or Mil-
liporeSigma Immobilon Western Chemiluminescent HRP
Substrate (ThermoFisher Scientific, USA).

2.3 | Small interfering RNA (siRNA)

For siRNA depletion of TANGO2, cells were transfected
using 22 nM SilencerSelect siRNA (Tango2 ID s43376,
Tango2 ID s43378; Ambion) or a negative control siRNA
(siRNA #2 [negative control]; Ambion) and Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer's pro-
tocol on 6-well plates (100 000 cells/well). sSiRNA was added
on days 1, 4, and 7 of cell culturing. On day 9, cells were
lysed. Western blotting was performed as described above.

2.4 | Stable cell line generation

Stable TANGO2-RFP neomycin-resistant and Mito-YFP
hygromycin-resistant cell lines were generated in HeLa

\, SSEM WI ]_Eyj_3

cells. Briefly, HeLa cells were plated in 10 cm dishes at 60%
confluency. The following day the cells were transfected
with 2 pg of plasmid DNA using JetPRIME transfection
reagent (Polyplus Transfection, New York, NY). Twenty-
four hours post-transfection, 500 pg/mL G418 (Invitrogen,
Carlsbad, CA) or 200 pg/mL Hygromycin was added to the
medium for selection. Two days later the cell cultures were
sub-cultured at lower densities. Resistant monoclonal cell
lines were isolated 10 days following selection.

25 |
assay

Retention using selective hooks

The retention using selective hooks (RUSH) assay was per-
formed as previously described.” Briefly, cells were trans-
fected by electroporation with a plasmid expressing one of
the Golgi-localized enzymes (sialyl transferase-GFP fused
to streptavidin binding protein or mannosidase II-RFP
fused to streptavidin binding protein). In both cases, the
plasmid also expressed KDEL-tagged streptavidin for ER
retention, thus retaining the reporter proteins in the
ER. Release of the reporter from the ER was accomplished
by addition of 40 pM biotin and live cells were monitored
by fluorescence microscopy. Quantification was performed
as described in Milev et al.'° Images were obtained on a
Nikon Livescan sweptfield confocal microscope with a x40
objective lens (NA 0.95).

2.6 | Immunofluorescence
microscopy

Cells were grown in DMEM medium supplemented with
10% fetal bovine serum. Fixation and staining of the cells
were performed as previously described'' Cells were
imaged on a Nikon C2 laser scanning confocal micro-
scope with a x60 objective lens (NA 1.49). Secondary
antibodies were goat anti-mouse AlexaFluor488 and goat
anti-rabbit AlexaFluor647 (Life Technologies, Carls-
bad, CA).

2.7 | Mitochondrial morphology
measurements

Cells were fixed and stained with mouse anti-TOM20 IgG
(Santa Cruz Biotechnologies) and imaged as above. A
custom macro script for Image J patterned after that of
Valente et al'?> was used to measure the parameters
shown in Figure 3. Values are displayed with the SE of
the mean. Briefly, the investigator delineates the bound-
aries of cells based on the TOM20 signal, then
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thresholding is performed and the resulting thresholded
objects were analyzed on a per-cell basis.

2.8 | Molecular biological techniques
and antibodies

Standard techniques for DNA amplification and cloning
were employed. The canonical TANGO2 isoform
(Uniprot ID Q6ICL3-1) was cloned into the plasmids
pmRFP1-N1 and pmRFP1-C1 (Addgene, Watertown,
MA) using HindIII and BamHI restriction endonuclease
sites. The DNA sequence encoding the amino-terminal
40 residues of TANGO2 was synthesized by Integrated
DNA Technologies (Coralville, IA).

2.9 | Subcellular fractionation

Fractionation of fibroblasts into mitochondrial and cyto-
solic fractions was performed as described."*The final
mitochondrial pellet was resuspended in the same vol-
ume as the cytosol and equal volumes were loaded onto
an SDS-polyacrylamide gel for western analysis.

2.10 | Assessing mitochondrial and
cytosolic TANGO?2 levels

Quantitative analysis of the ratio of mitochondrial compared
to non-mitochondrial fluorescence intensity was performed
for RFP-fused TANGO?2 constructs transfected into HeLa
cells stably expressing Mito-YFP. Fluorescence intensities for
mitochondrial and cytoplasmic areas were measured using
an Imagel] macro and the ratio of mitochondrial compared
to non-mitochondrial intensity was plotted. Briefly, an
observer outlined individual cells and their nuclei on a
summed Z-projection, a mask of mitochondria was made by
selecting a single cell and performing Otsu's threshold detec-
tion method upon it. The cytosol was then defined as the
user-outlined cell minus the nucleus and the mitochondria.
The mean intensity and area of each of these regions was
then measured in the summed Z-projection.

3 | RESULTS

3.1 | The absence of TANGO?2 affects
membrane traffic without affecting Golgi
morphology

Given that TANGO2 was reported to function in mem-
brane trafficking yet variants in the gene lead to clinical

features that are reminiscent of a mitochondrial defect,
we sought to clarify where the protein functions in a cell.
For these studies we used fibroblasts derived from three
different individuals harboring TANGO?2 variants' (also
see Section 2.1).

The cells used do not express detectable amounts of
TANGO?2 (Figures 1A and S1). We first examined the
morphology of the Golgi by staining the cells for several
Golgi makers including p115 and mannosidase II. We
included the latter Golgi enzyme since it was reported
that in Drosophila, mannosidase II redistributes to the
ER upon deletion of TANGO2.> We did not detect any
difference in localization of the two Golgi marker pro-
teins in any of the fibroblasts from the affected individ-
uals compared to control (Figure 1B). A closer
assessment using three-dimensional reconstruction of the
Golgi from Z-stacks did not reveal any obvious morpho-
logical differences in the Golgi between control and
affected individuals (Figure S2).

We next examined the transport of protein from the
ER to the Golgi using the RUSH assay.” In this assay, a
fluorescently labeled cargo protein (two different Golgi
enzymes were used) is retained in the ER and released
upon addition of biotin. The accumulation of the cargo in
the Golgi is then followed over time and quantified.
While control showed a steady increase in Golgi fluores-
cence over the time course of the assay, fibroblasts from
all three affected individuals showed a striking delay in
transport of both cargo proteins to the Golgi (Figures 1C-
F and S3). Importantly, expression of wild type canonical
TANGO2 (Uniprot ID Q6ICL3-1) was able to rescue the
membrane trafficking defect of the ST-GFP cargo, indi-
cating that it is due to the absence of the TANGO?2 pro-
tein. Collectively, our data suggest that while the absence
of TANGO2 does not affect Golgi morphology, it does
result in a significant delay in ER-to-Golgi transport.

3.2 | A portion of TANGO?2 localizes to
mitochondria

Given that TANGO2 was affecting ER-to-Golgi transport
yet did not affect Golgi morphology, we sought to deter-
mine the localization of the protein. The commercially
available antibody that we used was not sufficient to give
a reproducible result by immunofluorescence staining,
consistent with what was stated by others.® Therefore, we
tagged the protein with monomeric red fluorescent pro-
tein (mRFP1) at both the carboxy- (TANGO2-RFP) and
amino-terminus (RFP-TANGOZ2). We first fractionated
the cells into mitochondrial-enriched and cytosolic frac-
tions. It should be noted that each fraction also contained
other cellular compartments such as the ER (marked by
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FIGURE 1 Fibroblasts from subjects with TANGO2 variants show a TANGO2-dependent defect in ER-to-Golgi traffic. A, Lysates of
fibroblasts derived from subjects 1-3 as well as three different controls were prepared and probed for TANGO2 and GAPDH (as a loading
control) by western analysis. TANGO2 bands are indicated to the left of the panel. Bands with an asterisk (¥) are cross-reactive polypeptides

since they do not disappear upon RNA interference. B, Fibroblasts from subjects 1-3 as well as control were fixed and stained with anti-
mannosidase II (red channel) or anti-p115 (green channel), as indicated. Hoechst (blue channel) was included to reveal the nucleus. The
scale bars represent 10 pm. C-F, The RUSH assay was performed with ST-GFP on control fibroblasts (black curves) and fibroblasts from

subjects 1, C; 2, D; 3, E, or with mannosidase II-mCherry on all three subjects, F. In panels C-E, the blue curves represent the untransfected
fibroblasts while the red and green curves represent fibroblasts that were transfected with either TANGO2-RFP or RFP-TANGO2,
respectively. Representative images from the movies are shown in Figure S3

TRAP-a) and the Golgi (marked by p115). We probed the
fractions for the presence of TANGO2 (endogenous) and
transfected TANGO2-RFP or RFP-TANGO?2, along with
markers for each fraction (tubulin for the cytosol, and
TOM20 for the mitochondria). As shown in Figure 2A,

although the vast majority of endogenous TANGO2 was
found in the cytosol, a small but reproducible amount
was found in the mitochondrial-enriched fraction. The
results were similar for the TANGO2-RFP and RFP-
TANGO?2, though more of the fusion protein was found
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FIGURE 2 A portion of TANGO?2 localizes to mitochondria. A, HeLa cells either untransfected or expressing TANGO2-RFP or RFP-
TANGO?2 were lysed and the resulting lysate (P) was fractionated into a mitochondrial-enriched fraction (M) and a cytosolic fraction (C).
Samples were normalized to volume and then probed by western analysis for the indicated proteins. The band with an asterisk (¥) in the
TANGO?2 (endogenous) blot is a cross-reactive polypeptide since it does not disappear upon RNA interference (not shown). B, HeLa cells
were transfected with either TANGO2-RFP or RFP-TANGO?2. The cells were fixed and stained for RFP using anti-mCherry IgG and for
TOM20. The scale bars represent 10 pm. C, HeLa cells stably expressing mitochondrial-localized yellow fluorescent protein (mito-YFP) were
transfected with either TANGO2-RFP, RFP-TANGO2, TANGO2A40-RFP or RFP fused to the first 40 amino acids of TANGO2 (40AA-RFP)
as indicated. The cells were examined by live-cell imaging for the RFP constructs (red channel) or mitochondria (green channel). The scale
bars represent 10 pm. D, The percentage of cells from panel (C) that showed localization of the red signal with mitochondria (represented by
a green signal in the images) was determined. E, A Pearson's coefficient was determined for the cells in panel (C) to measure the degree of
overlap between the mitochondrial and TANGO?2 signals. N values are displayed above each bar in panels (D) and (E). **** indicates

P < .0001 and * indicates P = .01

in the mitochondrial fraction, suggesting that the fusion In order to determine if the small amounts of fluores-
protein might be more stable than the endogenous cently tagged TANGO2 were residing on membranes or
protein. were from cytosolic contaminants, we examined their
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FIGURE 3 Mitochondrial
morphology is altered in cells devoid of
TANGO2. Fibroblasts from subjects 1-3
as well as control were fixed and stained
with anti-TOMZ20 to reveal
mitochondria. Measurements were
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localization by fluorescence microscopy. When expressed
in HeLa cells TANGO2-RFP showed a distinct fluores-
cence pattern that did not resemble either the ER or the
Golgi (Figure 2B). When co-stained with the mitochon-
drial marker TOM20 we found extensive co-localization
between the two proteins, suggesting that some of the
TANGO2 protein localized to the mitochondria
(Figure 2B). In contrast, RFP-TANGO2 showed diffuse
cellular staining with no detectable mitochondrial locali-
zation (Figure 2B) nor any significant overlap with the
ER marker (Figure S4). Taken together with the cellular
fractionation, we conclude that a portion of TANGO2
localizes to the mitochondria but not to a significant
degree with the ER or Golgi.

Since TANGO2-RFP but not RFP-TANGO?2 localized
to the mitochondria, this suggested that a determinant in
the amino terminus of the protein was responsible for
the mitochondrial localization which was blocked in the
RFP-TANGO2 construct. Careful examination of the

amino-terminal region of TANGO2 revealed a short
stretch of ~30 amino acids that were predicted by
MitoProt IT** to have a high probability of being a mito-
chondrial targeting sequence. To verify that this stretch
of amino acids was important for mitochondrial localiza-
tion, we compared the mitochondrial localization of
TANGO2-RFP to a construct lacking the first 40 amino
acids (TANGO2A40-RFP) in HeLa cells. Nearly 80% of
cells expressing TANGO2-RFP showed mitochondrial
localization of the construct while only ~5% of cells
expressing RFP-TANGO2 showed mitochondrial localiza-
tion (Figure 2A,C,D). Removal of the amino-terminal
40 amino acids from TANGO2-RFP (TANGO2A40-RFP)
resulted in a significant reduction in cells that showed
mitochondrial localization to levels approximating those
of RFP-TANGO2 (Figure 2C,D). Appending these
40 amino acids to RFP resulted in a significant increase
in the number of cells displaying fusion protein that
localized to the mitochondria but not to the levels seen



MILEV ET AL.

for TANGO2-RFP (Figure 2C,D). A Pearson's coefficient,
examining the degree of colocalization between the fluo-
rescently tagged TANGO?2 proteins and the mitochondria
showed similar results (Figure 2E). We also assessed the
amount of fluorescently tagged TANGO2 that was
mitochondrially localized in the cells by examining the
ratio of the signal on mitochondria compared to that
within the cytosol (Figure S5). The results were consis-
tent with mitochondrial localization of TANGO2-RFP
compared to the TANGO2A40-RFP construct. These
results suggest that the 40 amino-terminal residues of
TANGO?2 are necessary, but not sufficient, for mitochon-
drial localization of the protein.

3.3 | Mitochondrial morphology is
altered in cells devoid of TANGO2

Since some TANGO?2 protein localized to the mitochon-
dria, we asked whether there were any detectable
changes in mitochondrial morphology in cells derived
from the individuals with TANGO?2 variants compared to
control. The cells were stained for TOM20 to reveal the
mitochondrial network (Figure 3A). A script was then
created to allow for the measurement of various mito-
chondrial parameters in the software Image J including
mean area, percentage of mitochondria area compared to
the whole cell, mitochondria perimeter, and mitochon-
dria number per cell (Figure 3B-E). There was a signifi-
cant decrease in mean mitochondria area in fibroblasts
from all three individuals with TANGO2 variants com-
pared to control (Figure 3B). Similarly, significant
decreases in percentage of total cell area occupied by
mitochondria, perimeter of the mitochondria and
increase in the number of mitochondria per cell were
also seen in all three individuals compared to control
(Figure 3C-E). Therefore, these measurements suggest a
change in mitochondrial morphology in cells devoid of
TANGO?2 and are consistent with the localization of the
protein to mitochondria.

4 | DISCUSSION

Here we provide evidence suggesting that TANGO?2 plays
a role in two distinct cellular processes: ER-to-Golgi traf-
fic and mitochondrial morphology. The effect on mito-
chondrial morphology suggests that the protein may
affect an as yet undetermined function at this organelle.
The fibroblasts used in this study all harbor TANGO2
variants that either result in a homozygous deletion of
exons 3-9, a compound heterozygous variant consisting
of deletion of exons 3-9 with a p.Cys2Alafs*35 variant,

and a homozygous p.Argl40* variant. While originally
identified in a Drosophila screen for genes whose prod-
ucts function in the endomembrane system, TANGO2
was proposed to function in Golgi organization.® How-
ever, a role in this process outside of the Drosophila
model system was never demonstrated. Several studies
attempted to show such a function but results have been
enigmatic (Table 1). Consistent with one study that
showed no redistribution of mannosidase II to the ER in
individuals with either a deletion encompassing exons
4-6 or harboring a p.His94Thrfs*3 frameshift variant,® we
also did not see a change in localization of this Golgi
enzyme nor in the Golgi matrix marker p115 in fibro-
blasts from the three individuals studied here, expanding
this result to three other TANGO2 genotypes. It remains
to be seen if these findings also hold true for other
TANGO?2 variants including missense variants.

While the mitochondrial localization was not
completely unexpected given the clinical features of indi-
viduals with TANGO2 variants (see below), it is an area
that has been clouded by conflicting results, especially in
light of its purported role in membrane traffic. The Dro-
sophila protein was reported to localize to the cytosol and
the Golgi and depletion of the protein caused a redistri-
bution of a Golgi enzyme back to the ER. We found no
evidence of Golgi localization for the human protein but
did show a significant TANGO2-dependent delay in ER-
to-Golgi traffic. Another study examined retrograde
transport from the Golgi to the ER and found a slight
delay in this pathway in fibroblasts derived from individ-
uals with a hemizygous p.Phe5del variant,” though
TANGO?2 dependence was not demonstrated. A decrease
in ER and Golgi surface area and an increase in ER stress
was reported in a different study in individuals with a
homozygous p.Gly154Arg variant.” Interestingly, in most
cases where a protein that functions in ER-to-Golgi traffic
is depleted, there is usually a profound change in the
morphology of the Golgi. TANGO2 seems to be unique in
that its absence disrupts this pathway yet the Golgi
appears morphologically normal by light microscopy.
This might be indicative of a role at ER membranes that
indirectly influences ER-to-Golgi traffic. In this scenario
TANGO2 may be transiently recruited to membranes
much like other proteins involved in membrane traffic
such as N-ethylmaleiminde sensitive factor (NSF) and
soluble NSF attachment protein receptor (SNAP), thus
accounting for our inability to detect the protein at ER or
Golgi membranes.

On the other hand, a study that examined three
TANGO?2 isoforms including the canonical one did not
find evidence for either Golgi or mitochondrial localiza-
tion, concluding that the protein was cytosolic.® It is note-
worthy that the former study did in fact report an
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increase in mitochondrial localization of nearly four-fold
for the GFP-tagged canonical form compared to GFP
alone. Although Kremer and co-workers did not localize
the protein, they did report a decrease in palmitate-
dependent oxygen consumption, concluding that there
may be a defect in electron transfer to the mitochondrial
respiratory chain.' This conclusion was supported by a
direct assay of mitochondrial respiratory complexes that
showed a mild decrease in the activity of several of the
complexes®’ as well as changes in the levels of some of
the complexes.” In a single study of mouse TANGO2
(referred to as T10), mitochondrial localization was dem-
onstrated.” Of note is the fact that the first 30 amino acids
of mouse TANGO?2 are identical to the human canonical
isoform. Our findings show a clear mitochondrial locali-
zation for TANGO2, mitochondrial morphological
changes and a significant delay in ER-to-Golgi traffic
with these specific TANGO2 variants. This study unifies
the disparate localization and functional findings of ear-
lier studies and suggests that there are at least two pools
of TANGO?2 that independently or jointly play a role in
both ER-to-Golgi traffic and mitochondrial organization
and perhaps function. An intriguing possibility is that
TANGO2 may affect cellular energy levels which are
predicted to affect membrane traffic. We noted an exacer-
bation of the trafficking defect in the fibroblasts upon
12 hours of glucose starvation (MPM and MS,
unpublished observation), consistent with this notion.
This result is also consistent with the diet-induced meta-
bolic crises seen in some individuals with TANGO2
variants.

Although TANGO?2 does not appear in MitoCarta2.0,
a catalog of reported mitochondrial proteins,17 its
absence can be explained in a number of ways. First, the
levels of TANGO2 may be such that it has escaped detec-
tion thus far. In this respect it is notable that TANGO2
was not detected in a comparative proteomic analysis of
control and TANGO2-deficient fibroblasts.” Second, its
mitochondrial localization may be regulated depending
on cellular conditions. Third, it may peripherally associ-
ate with the organelle and fall off during some prepara-
tions. The latter notion may explain the difference we
see by cellular fractionation, where only small amounts
are seen in the mitochondrial fraction, compared to fluo-
rescence microscopy where a substantial portion of the
TANGO2-RFP signal readily overlaps with mitochon-
dria. Finally, we examined the amino-terminal 40 resi-
dues of the canonical isoform of TANGO2. There are a
number of other TANGO2 isoforms that differ at the
amino-terminus and are not predicted to have a mito-
chondrial targeting sequence and these forms may be

the predominant forms in cells, a notion that needs fur-
ther analysis.

The dual role of TANGO2 in membrane traffic and at
the mitochondria is consistent with the complex pheno-
type seen in individuals with TANGO2 variants. On the
one hand, these individuals suffer from recurrent
rhabomyolysis.'®* A similar phenotype was recently
reported for individuals harboring TRAPPC2L variants."®
TRAPPC2L is a component of the TRAPP complex®® that
has a well-established role in membrane traffic, particu-
larly in ER-to-Golgi traffic.?** On the other hand, indi-
viduals with TANGO2 variants also present with
recurrent metabolic crises, muscle weakness, cardiac
arrhythmia, and laboratory findings consistent with
defects in mitochondrial fatty acid oxidation,'® a process
that could have profound effects on cellular energy levels.
These features show some overlap with individuals suf-
fering from deficiency in either carnitine palmitoyl trans-
ferase 2 or VLCAD,**? cellular processes that are carried
out in mitochondria.

In summary, our study harmonizes findings in the
burgeoning field of TANGO?2 biology and highlights the
need to study the function of this protein in both mito-
chondrial physiology and ER-to-Golgi traffic. Under-
standing which residues in the protein affect these
cellular processes will also allow better predictions of the
expected phenotypes. Present work is now focused on
identifying the protein interaction network for TANGO2
as well as a proteomic profiling of cells devoid of the pro-
tein to better understand the role that TANGO2 plays in
these processes.
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Suppl. Figure 2
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Suppl. Figure 3
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Suppl. Figure 4
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Suppl. Figure 5
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