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The pathways of secretory cargo export at
the endoplasmic reticulum

Vivek Malhotra

Palade’s original model proposed that secretory cargo is transported between
stable compartments via vesicles. However, recent findings challenge this
view, suggesting that secretory pathway compartments are dynamic, with
cargo itself dictating whether transfer occurs via vesicles or through the
continuity and maturation of compartmental structures. At the heart of this
process is TANGO1, a key component of a molecular machine that works in
concert with COPII proteins to construct export routes tailored to the size and
quantity of secretory cargo.

George Palade’s pioneering observations in rat pancreatic acinar cells
revealed that newly synthesized proteins in the endoplasmic reticu-
lum (ER) are transported to the Golgi apparatus, where they accu-
mulate in large granules before being released to the extracellular
space. He also noted the presence of small vesicles near the ER and
Golgi cisternae. Drawing on these observations, Palade proposed
that vesicular intermediates shuttle cargo between distinct com-
partments of the secretory pathway, specifically along a route from
the ER to the Golgi apparatus and then to the plasma membrane1.
Subsequent studies provided critical support for Palade’s hypothesis
on vesicle-mediated protein traffic. Roth and Porter demonstrated
that yolk protein uptake in mosquito oocytes involved specialized
membrane vesicles2. This was followed by the discovery by Brown,
Goldstein, and Anderson that LDL-LDL receptor complexes are
packaged into small, coated vesicles, which bud from the plasma
membrane and undergo endocytosis3. These findings offered con-
ceptual proof of vesicle-mediated trafficking of cargo between
membrane-bound compartments. The later identification of Clathrin,
COPI, and COPII vesicles further elucidated the mechanisms under-
lying vesicle-mediated transport within both endocytic and secretory
pathways4–7.

It is estimated that approximately one-thirdof the humangenome
encodes proteins that enter the ER, with the vast majority of these
newly synthesized proteins exiting the ER on their journey to final
destinations, either within the cell or for secretion into the extra-
cellular space. Understanding the pathways andmechanisms by which
cells export newly synthesized proteins—ensuring their delivery in the
correct quantities and at the appropriate times—is of fundamental
importance.

A nagging concern
The size of a COPII vesicle, with a 60 nm diameter, which transports
secretory cargo from the ER to the Golgi complex, raises questions
about how cells transport some of its most abundant and bulkiest
cargo molecules, such as collagens, mucins, and lipoprotein particles.
Humans, for instance, produce 28 different types of collagen, con-
stituting 15–20% of the dry protein weight of the human body8,9.
Additionally, humans secrete approximately a liter of mucin daily10,
and plasma cells can secrete thousands of antibody molecules
per second11,12. Thus, how are cargoes that are too large to fit into
COPII-coated vesicles, or those secreted in exceptionally large
amounts, exported from the ER?

TANGO1
A genome-wide screen in Drosophila S2 cultured cells identified genes
required for the secretion of an artificially engineered signal sequence-
bearing horseradish peroxidase (ss-HRP)—a protein for which no spe-
cific receptor is expected for its exit from the ER through the secretory
pathway. This screen identified the SEC genes previously known to be
required for protein secretion13, but of particular interest were genes
that had not yet been assigned a function in the yeast secretory
pathway and those that affected the organization of Golgi
membranes14. Collectively, these genes were given the acronym
TANGO, for Transport ANd Golgi Organization14. One of these TANGO
genes was selected for further analysis and became known as TANGO1.
Identification of new metazoan genes that affected the secretion and
morphology of the Golgi complex was logical because, such cells face
different challenges, particularly relating to the secretion of proteins
that comprise the extracellular matrix. Secretory mechanisms may
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have, therefore, added novel components or changed modules. Also,
in metazoans, the spatial organization of ER and Golgi membranes is
linked to the balance of traffic between these compartments. For
example, blocking transport from the ER with compounds such as
Brefeldin A (BFA) causes a rapid relocation of Golgi membranes into
the bulk of the ER15. Treatmentwith Ilimaquinone (IQ) causes complete
vesiculation of the Golgi apparatus16. The effects of both BFA and IQ
are readily reversible. The dynamic nature of these secretory com-
partments is further exemplified during mitosis in mammalian cells.
The Golgi membranes undergo extensive fragmentation during mito-
sis, and the Golgi apparatus in the daughter cells is rebuilt from the
Golgi membrane fragments, growing in size by acquiring additional
material from the ER in post-mitotic cells17,18. An understanding of the
activities that control the organization of the ER-Golgi interface and
the organization of the respective compartments of the secretory
pathway remains a challenge.

TANGO1 is required for secretion of collagens and
other large molecules
Depletion of TANGO1 protein prevents the export of collagen VII from
the ER19. Subsequent studies revealed that the deletion of the TANGO1
gene in flies, zebrafish, and mice inhibits the secretion of several
collagens20–23. Additionally, the loss of a TANGO1-like protein in worms
results in the retention of vitellogenin in the ER24. A TANGO1 paralog
called TALI, working in conjunction with TANGO1, is required for the
export of ApoB-containing lipid particles from the ER25,26. In zebrafish,
the loss of both TANGO1 and TALI is lethal, while the loss of either
protein leads to the tissue-specific retention of certain bulky cargoes22.
To date, two different types ofmutations in human TANGO1 have been
identified. One class produces a splice variant that, when expressed in
cells already producing the endogenous full- length TANGO1, reduces
collagen export. Patientswith thismutation exhibit features associated
with collagenopathies, as well as mental retardation23. The other class
of mutation results in a complete loss of the protein, leading to fetal
death at 14 weeks post-fertilization in humans27. Together, these
findings confirm the essential role of TANGO1 and its isoforms in the
export of collagens and ApoB-containing lipid particles from the ER.

The structure of TANGO1
TANGO1 is a transmembrane protein that resides in specialized
domains within the otherwise contiguous ER called exit sites
(ERES). At the ERES, TANGO1 assembles into a ring-like structure,
but how TANGO1 localizes to these ER exit sites is not yet known.
TANGO1 consists of three major parts, each playing a distinct role
in its organization and function. The cytoplasmic-facing portion
of TANGO1 comprises three distinguishable domains. At the C-
terminus, a proline-rich domain binds to the COPII proteins Sec23
and Sec16. This is followed by a coiled-coil domain that interacts
with a TANGO1 paralog called cTAGE5. Another coiled-coil
domain, located proximal to the ER membrane, binds to
TANGO1 itself, promoting oligomerization. This domain also
contains a short stretch of 45 residues that binds to the NAG-
RINT1-ZW10 (NRZ) tethering complex, thereby linking TANGO1 to
the membranes of the ER- Golgi intermediate compartment
(ERGIC)28,29. Within the membrane, TANGO1 has a full trans-
membrane domain (TM) followed by a short loop in the ER lumen,
which is likely inserted into the inner ER membrane leaflet (IM).
The primary function of the TM-IM is to provide a tight seal
within the ER membrane, compartmentalizing the ER at the exit
site30. The luminal part of TANGO1 is mostly unstructured, except
for a few short coiled-coil domains and an SH3-like domain. The
SH3-like domain binds collagens via a protein called Hsp4731,
although not all collagens bind to Hsp47, and Hsp47 is not
expressed in flies and yet secrete collagen. TANGO1 has also been
shown to bind directly to collagen IV32. Additionally, TANGO1 and

TALI are required for the secretion of ApoB-containing lipid
particles, and TANGO1 is essential for the secretion of
mucins25,26,33. While the exact mechanism by which TANGO1/TALI
recognizes these other cargoes remains unknown, it is likely that
TANGO1, either directly or indirectly (through specific adapters),
has the capacity to collect bulky secretory cargoes.

Coated vesicles and tunnels for cargo export
from the ER
While small COPII-coated vesicles are clearly essential for the export of
secretory cargo from the ER in yeast, at least one report suggests that
earlyGolgi cisternaemaydirectly contact the ER, potentially extracting
cargo through a “hug and kiss” mechanism rather than relying solely
on COPII-coated vesicles formation and release34. It has been a difficult
challenge to visualize COPII-coated vesicles in animal cells. It is possi-
ble that these vesicles shed their coats soon after dissociating from the
ER, which could explain the frequent observation of numerous
uncoated vesicles near the ER.

Nevertheless, small COPII vesicles cannot exportbulky,metazoan-
specific cargoes. Recent work from several groups indicates that the
trafficking of such large, vital secretory products likely occurs through
long tubules or tunnels35–38. Tubules filled with cargo, including small
molecules, like TNF-alpha, have been observed attached to the ER36.
Another possibility is that ERGICmembranes fuse with the membrane
ringed by TANGO139, creating a tunnel between the ER and the ERGIC.
Modeling and simulations of TANGO1’s function estimate that such a
tunnel could propel collagen between the ER and ERGIC at a rate of 1
nanometer/sec in the anterograde direction, consistent with observed
physiological demand40.

Two distinct classes of ER exit sites
Recent studies have shown that optically trapping TANGO1 and Sec23
at ER exit sites arrests all cargo exports from the ER. Interestingly,
bulky collagens, such as collagen VII and collagen I, are arrested at only
40% of ER exit sites (ERES), while small molecules like signal sequence
-Green Fluorescent protein (ss-GFP) and pancreatic adenocarcinoma
upregulated factor (PAUF) are retained at nearly 80% of these sites.
This finding suggests that although small molecules can exit through
most portals, the export of collagens is more restricted and limited to
less than half of the total exit sites41.

Such observations imply the existence of at least two distinct exit
routes: one supports the export of small secretory cargo via COPII-
coated vesicles, and another is dedicated to the export of bulky cargo
through tunnels. The use of these exit routes likely depends on the cell
type and the cargo load. For example, dermal fibroblasts that secrete
large amounts of collagen might predominantly use tunnels. Con-
versely, a B-cell, which typically secretes few if any larger cargoes,
could utilize small COPII-coated exit sites, but might switch to tunnels
when primed to secrete copious amounts of antibodies, using sites
specifically dedicated to the export of large or abundant cargoes
(Fig. 1). It remains to be demonstrated that the two categories of exit
sites are in fact molecularly distinct.

The fate of long tubules or tunnels once packed
with large cargoes
It is reasonable to assume that once a long tubule is packed with large
cargoes, it is severed from the ER exit site (ERES) by a mechanism
similar to that used for cutting small COPII-coated vesicles. Recycling
cargoes are then extracted from this tubule, which is a composite of
the ERES and ER-Golgi intermediate compartment (ERGIC), and
returned to the ERGIC or ER via COPI-coated vesicles. This scenario
likely explains the presence of COPI coats on long tubules observed
emanating from the ER as visualized using light microscopy36. The
remaining tubule subsequently fuses with the cis-Golgi cisterna. In this
model, COPII-coated vesicles budding from one class of exit sites
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deliver their content to the ERGIC. A pool of ERGIC then fuses with the
ERES, and the ERES-ERGIC composite is cleaned up by COPI-mediated
recycling.

ERGIC: the cellular bank of membranes
ERGIC is characterized by the presence of specific recycling recep-
tors, such as ERGIC-53. ERGIC receives membranes from the Golgi
cisterna via COPI-coated vesicles, and the ER via COPII vesicles.
ERGIC is typically visible as a collection of tubules and vesicles,
likely representing uncoated COPI and COPII vesicles that are in
transit and destined to fuse, forming larger tubules. These ERGIC
tubules and vesicles then fuse with the ERES to generate saccules for
the trafficking of bulky cargoes38. ERGIC membranes are also repor-
ted to function in providing membranes for the production of
autophagosomes42. A new emerging theme is the involvement of
ERGIC membranes in the trafficking of proteins that are secreted
without entering the conventional ER-Golgi pathway. For example,
interleukin 1ß is reported to translocate into ERGIC membranes as
the entry point for its pathway of secretion from cells42,43. Interest-
ingly, recent research has shown that even in a unicellular eukaryote
like yeast, there is an equivalent of the ERGIC, which likely shares the
same origin and function as its metazoan counterpart44. Thus, ERGIC
emerges as a cellular bank that builds credit, in terms of membranes,
by receiving COPI and COPII vesicles. This pool of ERGIC membranes
is then supplied to cellular processes for producing secretory and
degradative intermediates.

Targeting TANGO1 for skin scarring and fibrosis
pathologies
Collagen hypersecretion is a significant issue in wound response,
leading to scarring and tissue fibrosis. Membrane-permeant peptides
that target the TANGO1-cTAGE5 interface have been shown to reduce
collagen secretion in primary human dermal fibroblasts, and in col-
lagen-hypersecreting, fibrotic cells from patients with scleroderma.
Moreover, in a zebrafish model of wound healing, these peptides
reduce collagen deposition and slow the migration of granulocytes.
Interestingly, the peptides predominantly inhibit the secretion of
collagens and extracellular matrix (ECM) components such as fibro-
nectin and laminin, while membrane metalloproteinase 1 is hyperse-
creted. These findings strongly suggest that TANGO1 and its binding
partner cTAGE5 can be targeted to alleviate collagen-related human
pathologies, such as scarring and fibrosis45. Additionally, the data
support the recent proposal that small and large cargoes prefer

different routes for their export from the ER41, although it is equally
possible that the small secreted molecules simply don’t require
TANGO and cTAGE5 machinery.

What’s next?
While significant progress has been made, many key questions remain
unanswered. Nonetheless, recent advances indicate that our current
understanding of the secretory pathway differs from Palade’s original
model of stable compartments communicating solely through vesicle
trafficking between those depots. In reference to the ER-Golgi body
segment of the secretory pathway, the following critical questions
remain unresolved:
1. How is the ER compartmentalized into exit sites?
2. Howare exit sites selectedby cargo, orwhat distinguishes ERES or

their choice of cargo for export?
3. Is TANGO1 specifically involved in the export of bulky proteins,

and is the defect in the secretion of certain small proteins due to
TANGO1’s role in organizing the ER exit site?

4. How does TANGO1 pack cargo into exiting tunnels, and how are
these tunnels sensed as fully packed with cargo?

5. How are tunnels loaded with cargo detached from the ERES and
moved forward while leaving TANGO1 at the exit site?

6. What is the fate of the ER-ERGIC composite saccule containing the
large cargo? Does it fuse with the first cisterna of the Golgi
apparatus, or does it continue to mature and ultimately fuse with
the plasma membrane?

7. The loss of TANGO1 results in the abnormal export of TMED
receptors to the cell surface—locations where they are typically
not present46. This suggests that TANGO1 plays a critical role in
maintaining the proper localization and function of theseproteins
by regulating their intracellular transport. How different regions
of TANGO1 work together as a coordinated system to organize
and execute these functions remains to be further explored.

8. To what extent do conventional, COPII vesicles contribute to
protein export from the ER?

9. The regulation of ERES-specific proteins by kinases and mechan-
ical forces is an emerging area of interest. However, the precise
timing, location, and mechanisms by which these processes are
employed in response to physiological conditions remain to be
clarified47–54.

In summary, TANGO1 acts as a molecular machine that orches-
trates several crucial processes: it constructs ER exit sites, facilitates
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Fig. 1 | Cargo dictates the composition of the secretory pathway. In metazoans,
the secretion of large cargoes in substantial quantities cannot be managed by
standard COPII vesicles alone. Data suggest that export sites at the ER are segre-
gated, with ~40% of the sites dedicated to the export of bulky molecules like col-
lagens. The transport in bulk of large cargoes, such as collagens, mucins, lipoprotein
particles, and antibodies, ismediated by tunnels. Once a tunnel isfilledwith cargo, its

connection to the ER exit site (ERES) is severed. It remains unclear whether this
cargo-filled saccule fuses with the cis-Golgi cisterna ormatures until it consists solely
of cargo destined for secretion. Inmost cell types, both types of exit sites are utilized:
small cargoes are exported via COPII vesicles, while large cargoes like collagens are
transported via tunnels (left panel). However, depending on the cell type, theremay
be a preference for one type of exit site over the other (middle and right panels).
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the export of large cargo from the ER, and helps retain specific pro-
teinswithin the ERby regulating their trafficking pathways. Notably, no
TANGO1-like molecules are found beyond the ER exit sites, under-
scoring the importance of this step in sorting, packaging, and
exporting cargo along the secretory pathway in accordance with cel-
lular physiology.

References
1. Caro, L. G. & Palade, G. E. Protein synthesis, storage, and discharge

in the pancreatic exocrine cell. An autoradiographic study. J. Cell
Biol. 20, 473–495 (1964).

2. Roth, T. F. & Porter, K. R. Yolk protein uptake in the oocyte of the
mosquito Aedes aegypti L. J. Cell Biol. 20, 313–332 (1964).

3. Anderson, R. G., Brown, M. S. & Goldstein, J. L. Role of the coated
endocytic vesicle in the uptake of receptor-bound low density
lipoprotein in human fibroblasts. Cell 10, 351–364 (1977).

4. Pearse, B. M. F. Coated vesicles from pig brain: purification and
biochemical characterization. J. Mol. Biol. 97, 93–98 (1975).

5. Barlowe, C. et al. COPII: a membrane coat formed by Sec proteins
that drive vesicle budding from the endoplasmic reticulum.Cell 77,
895–907 (1994).

6. Malhotra, V., Serafini, T., Orci, L., Shepherd, J. C. & Rothman, J. E.
Purification of a novel class of coated vesicles mediating biosyn-
thetic protein transport through the Golgi stack. Cell 58,
329–336 (1989).

7. Pearse, B. M. & Bretscher, M. S. Membrane recycling by coated
vesicles. Annu. Rev. Biochem. 50, 85–101 (1981).

8. Tarnutzer, K., Siva Sankar, D., Dengjel, J. & Ewald, C. Y. Collagen
constitutes about 12% in females and 17% in males of the total
protein in mice. Sci. Rep. 13, 4490 (2023).

9. Kadler, K. E., Baldock, C., Bella, J. & Boot-Handford, R. P. Collagens
at a glance. J. Cell Sci. 120, 1955–1958 (2007).

10. Powell, D. W. in Membrane Transport Processes in Organized
Systems (eds. Andreoli, T. E., Hoffman, J. F., Fanestil, D. D. &
Schultz, S. G.) Ch. 10 (Springer, 1987).

11. Helmreich, E., Kern, M. & Eisen, H. N. The secretion of antibody by
isolated lymph node cells. J. Biol. Chem. 236, 464–473 (1961).

12. Hibi, T. & Dosch, H. M. Limiting dilution analysis of the B cell com-
partment in human bone marrow. Eur. J. Immunol. 16, 139–145
(1986).

13. Novick, P., Field, C. & Schekman, R. Identification of 23 com-
plementation groups required for post-translational events in the
yeast secretory pathway. Cell 21, 205–215 (1980).

14. Bard, F. et al. Functional genomics reveals genes involved inprotein
secretion and Golgi organization. Nature 439, 604–607 (2006).

15. Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S. & Klausner, R.
D. Rapid redistribution of Golgi proteins into the ER in cells treated
with brefeldin A: evidence for membrane cycling from Golgi to ER.
Cell 56, 801–813 (1989).

16. Takizawa, P. A. et al. Complete vesiculation of Golgi membranes
and inhibition of protein transport by a novel sea sponge metabo-
lite, ilimaquinone. Cell 73, 1079–1090 (1993).

17. Lucocq, J. M. & Warren, G. Fragmentation and partitioning of the
Golgi apparatus during mitosis in HeLa cells. EMBO J. 6,
3239–3246 (1987).

18. Pecot, M. Y. & Malhotra, V. Golgi membranes remain segregated
from the endoplasmic reticulumduringmitosis inmammalian cells.
Cell 116, 99–107 (2004).

19. Saito, K. et al. TANGO1 facilitates cargo loading at endoplasmic
reticulum exit sites. Cell 136, 891–902 (2009).

20. Lerner, D. W. et al. A Rab10-dependent mechanism for polarized
basement membrane secretion during organ morphogenesis. Dev.
Cell 24, 159–168 (2013).

21. Liu, M. et al. Tango1 spatially organizes ER exit sites to control ER
export. J. Cell Biol. 216, 1035–1049 (2017).

22. Clark, E. M. & Link, B. A. Complementary and divergent functions of
zebrafish Tango1 and Ctage5 in tissue development and home-
ostasis. Mol. Biol. Cell 32, 391–401 (2021).

23. Lekszas, C. et al. Biallelic TANGO1 mutations cause a novel syn-
dromal disease due to hampered cellular collagen secretion. Elife
9, e51319 (2020).

24. Mo, J. H. et al. A distant TANGO1 family member promotes vitel-
logenin export from the ER in C. elegans. iScience 28, 111860
(2025).

25. Santos, A. J. M., Nogueira, C., Ortega-Bellido, M. & Malhotra, V.
TANGO1 and Mia2/cTAGE5 (TALI) cooperate to export bulky pre-
chylomicrons/VLDLs from the endoplasmic reticulum. J. Cell Biol.
213, 343–354 (2016).

26. Pitman, J. L., Bonnet, D. J., Curtiss, L. K. & Gekakis, N. Reduced
cholesterol and triglycerides inmice with amutation in Mia2, a liver
protein that localizes to ER exit sites. J. Lipid Res. 52, 1775–1786
(2011).

27. Guillemyn, B., Nampoothiri, S., Syx, D., Malfait, F. & Symoens, S.
Loss of TANGO1 leads to absence of bonemineralization. JBMRPlus
5, e10451 (2021).

28. Santos, A. J. M., Raote, I., Scarpa, M., Brouwers, N. & Malhotra, V.
TANGO1 recruits ERGIC membranes to the endoplasmic reticulum
for procollagen export. Elife 4, e10982 (2015).

29. Raote, I. et al. TANGO1 builds a machine for collagen export by
recruiting and spatially organizing COPII, tethers and membranes.
Elife 7, e32723 (2018).

30. Raote, I. et al. TANGO1 membrane helices create a lipid diffusion
barrier at curved membranes. Elife 9, e57822 (2020).

31. Ishikawa, Y., Ito, S., Nagata, K., Sakai, L. Y. & Bächinger, H. P. Intra-
cellular mechanisms of molecular recognition and sorting for
transport of large extracellular matrix molecules. Proc. Natl Acad.
Sci. USA 113, E6036–E6044 (2016).

32. Arnolds, O. & Stoll, R. Characterization of a fold in TANGO1 evolved
fromSH3domains for the export of bulky cargos.Nat. Commun. 14,
2273 (2023).

33. Zhang, L. et al. O-glycosylation regulates polarized secretion by
modulating Tango1 stability. Proc. Natl Acad. Sci. USA 111,
7296–7301 (2014).

34. Kurokawa, K., Okamoto, M. & Nakano, A. Contact of cis-Golgi with
ER exit sites executes cargo capture and delivery from the ER. Nat.
Commun. 5, 3653 (2014).

35. Shomron, O. et al. COPII collar defines the boundary between ER
andER exit site anddoes not coat cargocontainers. J. Cell Biol.220,
e201907224 (2021).

36. Weigel, A. V. et al. ER-to-Golgi protein delivery through an inter-
woven, tubular network extending from ER. Cell 184,
2412–2429.e16 (2021).

37. Raote, I. & Malhotra, V. Protein transport by vesicles and tunnels. J.
Cell Biol. 218, 737–739 (2019).

38. Raote, I. & Malhotra, V. Tunnels for protein export from the endo-
plasmic reticulum. Annu. Rev. Biochem. 90, 605–630 (2021).

39. Raote, I. et al. TANGO1 assembles into rings around COPII coats at
ER exit sites. J. Cell Biol. 216, 901–909 (2017).

40. Bunel, L., Pincet, L., Malhotra, V., Raote, I. & Pincet, F. A model for
collagen secretion by intercompartmental continuities. Proc. Natl
Acad. Sci. USA 121, e2310404120 (2024).

41. Saxena, S. et al. Endoplasmic reticulumexit sites are segregated for
secretion based on cargo size. Dev. Cell https://doi.org/10.1016/j.
devcel.2024.06.009 (2024).

42. Ge, L., Melville, D., Zhang, M. & Schekman, R. The ER-Golgi inter-
mediate compartment is a key membrane source for the LC3 lipi-
dation step of autophagosome biogenesis. Elife 2, e00947 (2013).

43. Sun, Y. et al. A dual role of ERGIC-localized Rabs in TMED10-
mediated unconventional protein secretion. Nat. Cell Biol. 26,
1077–1092 (2024).

Perspective https://doi.org/10.1038/s41467-025-57408-2

Nature Communications |         (2025) 16:2138 4

https://doi.org/10.1016/j.devcel.2024.06.009
https://doi.org/10.1016/j.devcel.2024.06.009
www.nature.com/naturecommunications


44. Tojima, T., Suda, Y., Jin, N., Kurokawa, K. & Nakano, A. Spatio-
temporal dissection of the Golgi apparatus and the ER-Golgi inter-
mediate compartment in budding yeast. Elife 13, e92900 (2024).

45. Raote, I. et al. TANGO1 inhibitors reduce collagen secretion and
limit tissue scarring. Nat. Commun. 15, 3302 (2024).

46. Yang, K., Feng, Z. & Pastor-Pareja, J. C. p24-Tango1 interactions
ensure ER-Golgi interface stability and efficient transport. J. Cell
Biol. 223, e202309045 (2024).

47. Subramanian, A. et al. Auto-regulation of secretory flux by sensing
and responding to the foldedcargoprotein load in the endoplasmic
reticulum. Cell 176, 1461–1476.e23 (2019).

48. Phuyal, S., Romani, P., Dupont, S. & Farhan, H. Mechanobiology of
organelles: illuminating their roles in mechanosensing and
mechanotransduction. Trends Cell Biol. 33, 1049–1061 (2023).

49. Gallo, R., Rai, A. K., McIntyre, A. B. R., Meyer, K. & Pelkmans, L.
DYRK3 enables secretory trafficking by maintaining the liquid-like
state of ER exit sites. Dev. Cell 58, 1880–1897.e11 (2023).

50. van Leeuwen, W. et al. Stress-induced phase separation of ERES
components into Sec bodies precedes ER exit inhibition in mam-
malian cells. J. Cell Sci. 135, jcs260294 (2022).

51. Wang, X. et al. Manganese regulation of COPII condensation con-
trols circulating lipid homeostasis. Nat. Cell Biol. 25, 1650–1663
(2023).

52. Malhotra, V. Tailored assemblies of COPII proteins in secretion. J.
Cell Biol. 223, e20240401 (2024).

53. Saito, K. &Maeda,M. Not just a cargo receptor for large cargoes; an
emerging role of TANGO1 as an organizer of ER exit sites. J. Bio-
chem. 166, 115–119 (2019).

54. Maeda, M., Komatsu, Y. & Saito, K. Mitotic ER exit site disassembly
and reassembly are regulated by the phosphorylation status of
TANGO1. Dev. Cell 55, 237–250.e5 (2020).

Acknowledgements
I extend my heartfelt gratitude to Jeremy Thorner and Ishier Raote for
their invaluable assistance in refining this text. I thank Agustin Lujan
(Malhotra Lab, CRG) for providing Fig. 1 in this document. I acknowledge
financial support from the following sources: Ministerio de Economía y
Competitividad (IJCSEV-2012-0208, BFU2013-649 44188-P, and
CSD2009-00016 to V.M.) and the European Research Council (ERC)

under the European Union’s Horizon 2020 research and innovation
program (grant agreement No 951146).

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Vivek Malhotra.

Peer review information Nature Communications thanks Min Zhang,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Perspective https://doi.org/10.1038/s41467-025-57408-2

Nature Communications |         (2025) 16:2138 5

http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	The pathways of secretory cargo export at the endoplasmic reticulum
	A nagging concern
	TANGO1
	TANGO1 is required for secretion of collagens and other large molecules
	The structure of TANGO1
	Coated vesicles and tunnels for cargo export from the ER
	Two distinct classes of ER exit sites
	The fate of long tubules or tunnels once packed with large cargoes
	ERGIC: the cellular bank of membranes
	Targeting TANGO1 for skin scarring and fibrosis pathologies
	What’s next?
	References
	Acknowledgements
	Competing interests
	Additional information




