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The peroxisome biogenesis factors 
posttranslationally target reticulon 
homology domain-containing 
proteins to the endoplasmic 
reticulum membrane
Yasunori Yamamoto & Toshiaki Sakisaka

The endoplasmic reticulum (ER) is shaped by a class of membrane proteins containing reticulon 
homology domain (RHD), the conserved hydrophobic domain encompassing two short hairpin 
transmembrane domains. RHD resides in the outer leaflet of the ER membrane, generating high-
curvature ER membrane. While most of the membrane proteins destined to enter the secretory 
pathway are cotranslationally targeted and inserted into ER membrane, the molecular mechanism 
how the RHD-containing proteins are targeted and inserted into the ER membrane remains to be 
clarified. Here we show that RHD-containing proteins can be posttranslationally targeted to the ER 
membrane. PEX19, a cytosolic peroxin, selectively recognizes the nascent RHD-containing proteins and 
mediates their posttranslational targeting in cooperation with PEX3, a membrane peroxin. Thus, these 
peroxisome biogenesis factors provide an alternative posttranslational route for membrane insertion of 
the RHD-containing proteins, implying that ER membrane shaping and peroxisome biogenesis may be 
coordinated by the posttranslational membrane insertion.

In eukaryotic cells, diverse types of membrane proteins destined to enter the secretory pathway are inserted into 
the endoplasmic reticulum (ER) membrane, the starting point of secretion1,2. It is widely accepted that the most 
prominent mechanism of this membrane insertion is the cotranslational pathway mediated by the cytosolic signal 
recognition particle (SRP), the ER-localized SRP receptor, and the ER-localized translocon consisting of Sec61 
complex3,4. SRP awaits emergence of the hydrophobic N-terminal signal sequence or the transmembrane domain 
(TMD) of a membrane protein from the ribosomal exit tunnel and captures it, which in turn pauses the transla-
tional elongation of the membrane protein5,6. The SRP receptor recruits the SRP-ribosome-nascent polypeptide 
chain complex to the ER membrane and hands over it to the Sec61 translocon, a protein-conducting channel, 
followed by the cotranslational insertion of the membrane protein into the ER membrane7–11.

While most of the membrane proteins take this SRP-mediated cotralslational route, evidence is accumulating 
that some classes of the membrane proteins take other posttranslational routes. Tail-anchored (TA) proteins are 
a class of membrane proteins anchored to the lipid bilayer by a single C-terminal TMD, which encodes the ER 
targeting information12,13. Since the TMD is located very close to their C-termini, the TMD is still inside the 
ribosome tunnel when the ribosomes terminate the translation of TA proteins, precluding the SRP-mediated 
cotranslational route2,14–18. Therefore, TA proteins have been shown to employ a unique machinery called the 
TRC40 pathway in mammals or the GET (Guided Entry of TA proteins) pathway in yeasts2,16–18 for the posttrans-
lational membrane insertion. After released from the ribosome, the TMD of a nascent TA protein is recognized 
by TRC40, a cytosolic ATPase19, and delivered to the ER membrane19–21. CAML and WRB, the two distinct ER 
membrane proteins, constitute the TRC40 receptor, receive the nascent TA protein from TRC40, and mediate 
the posttranslational insertion into the ER membrane22–25. An alternative backup pathway for TA proteins, called 
SND (SRP independent-targeting) pathway, has been recently identified in yeast26. The SND pathway is composed 
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of one ribosome-associated protein called Snd1 and two ER membrane proteins called Snd2 and Snd3, both of 
which form a complex with the Sec61 translocon. In agreement with the findings in yeast, hSND2 (also known 
as TMEM208), a mammalian homolog of Snd2, has been shown to associate with the Sec61 translocon27 and 
mediate insertion of TA proteins into the ER membrane27,28, indicating that the SND pathway is evolutionarily  
conserved. A recent study has shown that UBXD8, a lipid droplet-destined membrane protein, takes another 
posttranslational route29. Nascent UBXD8 is captured by farnesylated PEX1929, a cytosolic peroxisome biogenesis 
factor (also known as peroxin)30–32. PEX19 posttranslatinally targets and inserts UBXD8 into the ER membrane in 
cooperation with PEX329, an ER-localized peroxisome biogenesis factor that functions as a PEX19 receptor30–32, 
followed by localization of UBXD8 on the lipid droplet. UBXD8 has a single short hairpin TMD encoding the 
ER-targeting information in the N-terminus and inserts the short hairpin TMD into the outer leaflet of the ER 
membrane33,34. Based on these findings, the previous study has suggested that PEX19 and PEX3 provide the 
posttranslational route for the lipid droplet-destined membrane proteins having the single short hairpin TMDs29, 
although it has been never demonstrated that the lipid droplet-destined membrane proteins other than UBXD8 
indeed take the posttranslational route.

In addition to the TA proteins and UBXD8, there is the possibility that membrane proteins having TMDs 
responsible for SRP binding might also take a posttranslational route(s) in certain instances. Given that ribo-
somes translate mRNAs at high speed in mammalian cells (~6 amino acids per second)35,36, it is speculated that 
the high translation speed may cause SRP to sometimes fail to cotranslationally target the membrane proteins 
whose TMDs encoding the ER targeting information are located near the C-termini. This is also the case with 
secretory proteins and it has indeed been demonstrated that short secretory proteins whose N-terminal signal 
sequences encoding the ER targeting information are close to the C-termini can escape from SRP recognition and 
be posttranslationally targeted and inserted into the ER membrane by calmodulin37. Therefore, there may be an 
as-yet unknown posttranslational route(s) for the membrane proteins escaping from SRP recognition as a backup 
route. Of note, reticulons, the ER membrane-shaping proteins38–40, are promising clients for this possible backup 
route, because their TMDs encoding the ER targeting information are located near the C-termini as described 
below. However, it still remains unknown whether reticulons can be posttranslationally targeted and inserted into 
the ER membrane.

Reticulons are a conserved class of ER membrane-shaping proteins38–40 and comprise a family composed of 
four members, reticulon 1, reticulon 2, reticulon 3 and reticulon 441. Each family member has several splicing 
isoforms41,42. The primary structures of reticulons are characterized by reticulon homology domain (RHD) which 
encompasses two short hairpin TMDs38,41,43. The two short hairpin TMDs reside in the outer leaflet of the ER 
membrane, which in turn expands the area of the outer leaflet relative to the inner leaflet, generating high cur-
vature membrane such as ER tubules and the edges of ER sheets38–40,44. The RHD is not limited to the reticulon 
family members. We have shown that Arl6IP1 is an ER membrane protein containing the RHD and shapes the 
ER membrane in the same manner as reticulons45. FAM134B, a recently identified receptor for ER-phagy, also 
contains the RHD and deforms the ER membrane toward the ER-phagy46. The mutations in the human genes 
encoding reticulon 2, Arl6IP1 and FAM134B cause hereditary spastic paraplegia and hereditary sensory neurop-
athy47–49, emphasizing the biological importance of the RHD-containing proteins. The previous study demon-
strated that reticulon 3 was cotranslationally targeted to the ER membrane50. However, given that the RHD is 
usually located not far from the C-termini of the proteins, the RHD-containing proteins might sometimes escape 
from the SRP-mediated cotranslational targeting and take an alternative posttranslational route for membrane 
insertion as presumed above. In this study, we show that RHD-containing proteins can be posttranslationally 
targeted to the ER membrane. PEX19 selectively recognizes nascent RHD-containing proteins and mediates the 
posttranslational targeting in cooperation with PEX3, suggesting that PEX19 and PEX3 constitute an alternative 
membrane insertion machinery for the RHD-containing proteins.

Results
Posttranslational targeting of the RHD-containing proteins to the ER membrane.  To examine 
whether the RHD-containing proteins were posttranslationally targeted to the ER membrane, we employed an in 
vitro assay using semi-intact cells. HeLa cells grown on coverslips were treated with digitonin to allow selective 
permeabilization of the plasma membranes. Arl6IP1 and reticulons were chosen as representatives of the RHD-
containing proteins. 3xFLAG-tagged Arl6IP1 (3xFLAG-Arl6IP1) and reticulon 4 C (3xFLAG-Rtn4C) were syn-
thesized in vitro with rabbit reticulocyte lysates. After the translation reactions were terminated by cycloheximide, 
the reticulocyte lysate synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C was incubated with the semi-permea-
bilized HeLa cells, followed by immunostaining with the antibodies against the FLAG tag and protein disulfide 
isomerase (PDI), an ER marker protein. Compared with the reticulocyte lysate without the 3xFLAG-tagged pro-
teins, strong immunoreactive signals for the FLAG tag were detected in the reticulocyte lysates synthesizing 
3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C (Fig. 1). Importantly, the immunoreactive signals for the FLAG tag were 
well merged with those for PDI. These results indicate that Arl6IP and Rtn4C are posttranslationally targeted to 
the ER membrane.

We next assessed whether the RHD-containing proteins were posttranslationally inserted into the ER mem-
brane in our in vitro assay. The rabbit reticulocyte lysate synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C was 
incubated with the semi-permeabilized HeLa cells in the presence of cycloheximide to allow posttranslational 
targeting to the ER membrane in the same manner as described above. After being washed with buffer, the sam-
ples were incubated with 0.1 M sodium carbonate (pH11.0) to extract the peripheral membrane proteins, fol-
lowed by immunostaining with the anti-FLAG pAb and the anti-PDI mAb. Although extraction of the peripheral 
membrane proteins severely damaged the ER morphology, significant immunoreactivities for 3xFLAG-Arl6IP1 
and 3xFLAG-Rtn4C were readily detected at the ER membrane as judged by immunoreactivity for residual 
PDI (Fig. S1A). Furthermore, we biochemically assessed whether 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C were 
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resistant to sodium carbonate extraction. HeLa cells were semi-permeabilized with digitonin and suspended in 
buffer. The rabbit reticulocyte lysate synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C was incubated with the 
semi-peremabilized HeLa cell suspension in the presence of cycloheximide in a microcentrifuge tube. After being 
washed with buffer, the semi-peremabilized HeLa cells were suspended in 0.1 M sodium carbonate (pH11.0) 
and subjected to ultracentrifugation, followed by Western blotting with the anti-FLAG pAb and the anti-PDI 
mAb. Consistent with the previous study showing that sodium carbonate extracted the peripheral membrane 
proteins as well as the luminal proteins51, more than half of PDI was detected in the supernatants (Fig. S1B). 
By contrast, almost all of 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C were detected in the pellets, indicating that 
3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C were resistant to sodium carbonate extraction (Fig. S1B). These results 
suggest that the RHD-containing proteins were not peripherally associated with the ER membrane but posttrans-
lationally inserted into the ER membrane.

Identification of PEX19 as a protein that selectively binds to the nascent RHD-containing pro-
teins.  The results shown in Fig. 1 suggest that the rabbit reticulocyte lysates contain a factor(s) that mediates 
the posttranslational targeting of the RHD-containing proteins. Therefore, we next sought to purify and identify 
the targeting factor(s). The rabbit reticulocyte lysate synthesizing FLAG-tagged Arl6IP1 (FLAG-Arl6IP1) was 
incubated with the anti-FLAG mAb-immobilized agarose. To check the contamination, the rabbit reticulocyte 
lysate without synthesis of FLAG-Arl6IP1 was also incubated with the anti-FLAG mAb-immobilized agarose. 
The bound proteins were subjected to SDS-PAGE followed by silver staining. In addition to FLAG-Arl6IP1, five 
prominent bands at 120, 60, 55, 40 and 29 kDa (p120, p60, p55, p40 and p29) were specifically detected in the 
eluate from the rabbit reticulocyte lysate synthesizing FLAG-Arl6IP1 (Fig. 2A), and subjected to mass spec-
trometry analysis. p55 was identified as SRP54, a component of SRP that plays the central role in binding to the 
signal sequence or the TMD in the cotranslational targeting52. This result suggests that, in agreement with the 
previous report showing the cotranslational targeting of Rtn350, Arl6IP1 can be cotranslationally targeted by the 
SRP and inserted into the ER membrane presumably through the translocon. p120, p60, p40 and p29 were iden-
tified as Bat3 (also known as Bag6)53–55, proteasome 26 S subunit ATPase156, PEX1930–32 and ribosomal protein 
L10a57, respectively. Of these, PEX19 is recently shown to mediate the posttranslational targeting of UBXD8, the 
membrane protein destined for lipid droplets29. Therefore, the identification of PEX19 prompted us to examine 
whether the RHD-containing proteins employed PEX19 for the posttranslational targeting in a similar manner to 
the lipid droplet-destined membrane.

We examined whether PEX19 selectively recognized the RHD-containing proteins. FLAG-Arl6IP1, 
FLAG-tagged Rtn4C (FLAG-Rtn4C) and FLAG-tagged reticulon 3 A (FLAG-Rtn3A) were synthesized in vitro 

Figure 1.  Posttranslational targeting of the RHD-containing proteins to the ER membrane. The rabbit 
reticulocyte lysate synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C or the rabbit reticulocyte lysate without 
the 3xFLAG-tagged proteins was supplemented with 1 mM cycloheximide and incubated with the semi-
permeabilized HeLa cells, followed by immunostaining with the anti-FLAG pAb and the anti-PDI mAb. 
Arrowheads indicate the posttranslational targeting to the ER membrane as judged by colocalization of 
3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C with PDI. Bars, 20 µm.
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Figure 2.  Identification of PEX19 as a protein that selectively binds to the nascent RHD-containing proteins. 
(A) Purification of Arl6IP1-binding proteins from the rabbit reticulocyte lysates. The rabbit reticulocyte 
lysate synthesizing FLAG-Arl6IP1 was incubated with the anti-FLAG mAb-immobilized agarose. To check 
the contamination, the rabbit reticulocyte lysate without synthesis of FLAG-Arl6IP1 (control lysate) was also 
incubated with the anti-FLAG mAb-immobilized agarose. The bound proteins were eluted by competition with 
a large excess of free FLAG peptide and subjected to SDS-PAGE followed by silver staining. p120, p60, p55, p40 
and p29 were identified as Bat3 (also known as Bag6), proteasome 26 S subunit ATPase1, SRP54, PEX19 and 
ribosomal protein L10a, respectively, by mass spectrometry. (B) Selective binding of PEX19 to the nascent 
RHD-containing proteins. The rabbit reticulocyte lysates synthesizing FLAG-Arl6IP1, FLAG-Rtn4C, FLAG-
atlastin-1 and FLAG-syntaxin-1 were supplemented with 1 mM puromycin, followed by incubation with anti-
FLAG mAb-immobilized agarose. The bound proteins were eluted with the SDS sample buffer with boiling and 
subjected to SDS-PAGE followed by Western blotting with the anti-PEX19 pAb and the anti-FLAG pAb.
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with rabbit reticulocyte lysates as representatives of the RHD-containing proteins. Moreover, FLAG-tagged 
atlastin-1 (FLAG-atlastin-1) and FLAG-tagged syntaxin-1 (FLAG-syntaxin-1) were synthesized in vitro as a rep-
resentative of other classes of the ER membrane-shaping proteins58 and a representative of the tail-anchored 
proteins59, respectively. After the translation reactions were terminated by puromycin, the in vitro synthesized 
FLAG-tagged proteins were pulled down with the anti-FLAG mAb-immobilized agarose, followed by Western 
blotting with the anti-PEX19 pAb. PEX19 was pulled down with FLAG-Rtn4C and FLAG-Rtn3A as well as 
FLAG-Arl6IP1 (Fig. 2B and Fig. S2). On the other hand, PEX19 was not pulled down with FLAG-syntaxin-1 and 
FLAG-atlastin-1 (Fig. 2B). These results indicate that PEX19 selectively recognizes the nascent RHD-containing 
proteins.

PEX19 selectively mediates targeting of the RHD-containing proteins to the ER membrane.  
We next examined the role of PEX19 on targeting of the RHD-containing proteins to the ER membrane. The 
recent study has shown that farnesylated form of PEX19 is involved in the posttranslational targeting of UBXD829. 
Therefore, we first examined the effect of overexpression of PEX19 C296S, the farnesylation-deficient mutant60,61 
on targeting of Arl6IP1 to the ER membrane. HA-tagged Arl6IP1 (HA-Arl6IP1) was transfected into HeLa cells 
with or without FLAG-tagged PEX19 C296S (FLAG-PEX19 C296S). Consistent with our previous report45, 
overexpression of HA-Arl6IP1 showed the extensive reticular staining pattern indicative of the enhanced tubu-
lar ER network, induced the aberrant, circular structures of the ER, and excluded PDI from the peripheral ER 
tubules (Fig. 3A), indicating that membrane insertion of Arl6IP1 potently constricted the peripheral ER tubules. 
Importantly, co-overexpression of HA-Arl6IP1 and FLAG-PEX19 C296S frequently showed the diffuse staining 
of HA-Arl6IP1 (Fig. 3A,B), indicating that overexpression of PEX19 C296S induced aberrant diffuse localiza-
tion of Arl6IP1. PDI was still excluded from the peripheral ER tubules in the cells overexpressing FLAG-PEX19 
C296S, suggesting that a sufficient amount of Arl6IP1 was inserted into the ER membrane despite overexpression 
of PEX19 C296S. We next examined the effect of overexpression of wild-type PEX19. Of note, overexpression 
of FLAG-tagged wild-type PEX19 (FLAG-PEX19) exhibited the same effects as that of FLAG-PEX19 C296S 
(Fig. 3B). Therefore, these results indicate that overexpression of PEX19 interferes with targeting of a subpopula-
tion of Arl6IP1 to the ER membrane. The similar results were obtained with Rtn3A. Overexpression of HA-tagged 
Rtn3A (HA-Rtn3A) showed the extensive tubular ER network and potently constricted the peripheral ER tubules 
as characterized by exclusion of PDI from the peripheral ER tubules (Fig. S3). Co-overexpression of HA-Rtn3A 
and FLAG-PEX19 C296S or FLAG-PEX19 frequently showed the diffuse staining of HA-Rtn3A, while PDI was 
still excluded from the peripheral ER tubules in the cells overexpressing FLAG-PEX19 C296S or FLAG-PEX19 
(Fig. S3), indicating that overexpression of PEX19 interfered with targeting of a subpopulation of Rtn3A to the 
ER membrane. On the other hand, when HA-tagged VAP-A (HA-VAP-A), an ER-localized TA protein62 that is 
posttranslationally inserted by the TRC40 pathway, was transfected into HeLa cells with or without FLAG-PEX19 
C296S or FLAG-PEX19, HA-VAP-A localized at the ER membrane regardless of overexpression of PEX19 and 
PEX19 C296S (Fig. 3A,B). Overexpression of PEX19 and PEX19 C296S also did not affect the ER localization of 
TMEM33, an ER membrane protein having three TMDs which was expected to be cotranslationally inserted by 
translocon63 (Fig. S4). Collectively, these results indicate that overexpression of PEX19 specifically interferes with 
targeting of the RHD-containing proteins to the ER membrane.

We reasoned if PEX19 mediated targeting of the RHD-containing proteins to the ER membrane, depletion of 
PEX19 would cause accumulation of ER targeting-incompetent RHD-containing proteins aggregated in the cyto-
plasm. To test this possibility, we transfected the siRNAs targeting PEX19 or a negative control siRNA into HeLa 
cells. The knockdown of PEX19 was confirmed by immunoblotting (Fig. S5A). When the cells were cultured in 
the presence of MG132, a proteasome inhibitor, the dot-like immunoreactive signals for endogenous Rtn3 were 
frequently detected in the PEX19 knocked-down cells but not in the control siRNA-transfected cells (Fig. 4), 
suggesting that, in agreement with the above reasoning, aggregation of the membrane insertion-incompetent 
Rtn3 was caused in the cytoplasm by PEX19 knockdown. The dot-like immunoreactive signals were not detected 
in the absence of MG132 (Fig. S6), suggesting that the ER targeting-incompetent RHD-containing proteins were 
promptly degraded by the ubiquitin-proteasome system to avoid aggregation of the proteins in the cytoplasm.

We examined the effects of knockdown of the TRC40 pathway on the ER localization of Arl6IP1. The three 
independent siRNAs targeting CAML or WRB, both of which are the components of the TRC40 pathway22–24, 
were transfected into HeLa cells, followed by transfection of HA-Arl6IP1. Regardless of the knockdown of CAML 
or WRB, HA-Arl6IP1 localized at the ER membrane and deformed the ER membrane, indicating that the TRC40 
pathway was not involved in PEX19-mediated ER targeting (Fig. S7).

Overall, these results indicate that PEX19 selectively mediates targeting of the RHD-containing proteins to 
the ER membrane.

PEX3 is involved in the posttranslational targeting of the RHD-containing proteins to the ER 
membrane.  PEX3 is the ER membrane receptor for PEX1930–32 and has been shown to mediate the post-
translational insertion of UBXD8 into the ER membrane in cooperation with PEX1929. We therefore examined 
whether PEX3 mediated the posttranslational targeting of the RHD-containing proteins into the ER membrane 
in a manner similar to the lipid droplet-destined membrane protein. The siRNAs targeting PEX3 and those tar-
geting PEX19 were transfected into HeLa cells to allow knockdown of endogenous PEX3 and PEX19, respec-
tively. The knockdown of PEX3 was confirmed by quantitative RT-PCR (Fig. S5B). The knocked-down cells 
were semi-permeabilized with digitonin and subjected to the in vitro posttranslational targeting assay with the 
rabbit reticulocyte lysates synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C in the same manner as in Fig. 1. 
Consistent with the results in Fig. 1, the control siRNA-transfected cells showed strong immunoreactive sig-
nals for 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C at the ER, indicating that Arl6IP1 and Rtn4C were posttransla-
tionally targeted to the ER membrane (Fig. 5 and Fig. S8). Importantly, the PEX3 knocked-down cells showed 
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very weak immunoreactive signals for 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C at the ER relative to the control 
siRNA-transfected cells, indicating that the knockdown of PEX3 significantly decreased the posttranslational 
targeting. On the other hand, the immunoreactive signals for 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C in the PEX19 
knocked-down cells were comparable to those in the control siRNA-transfected cells, presumably because the 
rabbit reticulocyte lysates supplied PEX19 to Arl6IP1 and Rtn4C in the in vitro posttranslational targeting assay. 
To validate the inhibitory effect of PEX3 knockdown on posttranslational targeting of the RHD-containing pro-
teins, HA-tagged PEX3 constructs that had the silent mutations resistant to the siRNAs were transfected into the 
PEX3 knocked-down cells, followed by the in vitro posttranslational targeting assay. The PEX3 knocked-down 
cells transfected with siRNA-resistant PEX3-HA, which were identified by immunoreactivity for HA, showed 
stronger immunoreactive signals for 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C at the ER than the neighboring 

Figure 3.  PEX19 selectively mediates targeting of Arl6IP1 to the ER membrane. (A) PEX19 overexpression-
induced diffuse localization of Arl6IP1 but not VAP-A. HA-Arl6IP1 or HA-VAP-A was transfected into HeLa 
cells with or without FLAG-PEX19 C296S, followed by immunostaining with the anti-HA mAb, the anti-FLAG 
pAb and the anti-PDI mAb. Bars, 20 µm. (B) Quantification of the PEX19 overexpression-induced diffuse 
localization. 50 transfected cells were randomly chosen in (A) and the number of the cells showing the diffuse 
localization of HA-Arl6IP1 or HA-VAP-A was counted. HeLa cells were also transfected with HA-Arl6IP1 or 
HA-VAP-A and FLAG-wild-type PEX19 (FLAG-PEX19 WT) and immunostained in the same manner as in 
(A), and the number of the cells showing the diffuse localization of HA-Arl6IP1 or HA-VAP-A was likewise 
counted. The error bars represent SD of three independent experiments. Double asterisks indicate statistical 
significance (Student’s t test; **p < 0.01).
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untransfected PEX3 knocked-down cells (Fig. S9), indicating that exogenous expression of PEX3 rescued the 
inhibitory effect of PEX3 knockdown. To further validate that PEX3 is specifically involved in posttranslational 
targeting of the RHD-containing proteins to the ER membrane, we examined the effect of knockdown of another 
peroxisome biogenesis factor. Two independent siRNAs targeting PEX5, which is essential for peroxisome bio-
genesis and mediates transport of peroxisomal matrix proteins to peroxisomes31,64, were transfected into HeLa 
cells to allow knockdown of endogenous PEX5 as confirmed by quantitative RT-PCR (Fig. S5C), followed by 
the in vitro posttranslational targeting assay. The PEX5 knocked-down cells showed significant immunoreactive 
signals for 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C, which were comparable to those in the cells transfeced with 
the control siRNA (Fig. S10), indicating that the ER targeting of the RHD-containing proteins was not affected by 
PEX5 knockdown. Overall, these results indicate that PEX3 specifically mediated posttranslational targeting of 
the RHD-containing proteins to the ER membrane, and concomitantly suggest that peroxisome biogenesis was 
not directly involved in the ER targeting of the RHD-containing proteins.

Discussion
In this study, we show that RHD-containing proteins can take a posttranslational route for targeting to the ER 
membrane. PEX19 selectively recognizes the nascent RHD-containing proteins and mediates their posttrans-
lational targeting in cooperation with PEX3. It has been established that the interaction between PEX19 and 
PEX3 constitutes the membrane insertion machinery for the peroxisomal membrane proteins and the lipid 
droplet-destined membrane proteins29–32. Therefore, it is plausible that the RHD-containing proteins guided by 
PEX19 will be inserted into the ER membrane by PEX3 interaction. However, our results do not deny the cotrans-
lational route of the RHD-containing proteins, because we identified SRP54 as a protein that bound to the nascent 
RHD-containing proteins as shown in Fig. 2. Indeed, we observed that overexpression and knockdown of PEX19 
were not sufficient to completely abolish the ER localization of the RHD-containing proteins as shown in Figs 3 
and 4, raising the possibility that a significant number of the RHD-containing proteins might be cotranslation-
ally inserted into the ER membrane. Besides, the previous study demonstrated that Rtn3 was cotranslationally 
targeted to the ER membrane50. Therefore, PEX19 and PEX3 will serve as an alternative membrane insertion 
machinery for the posttranslational route.

Figure 4.  PEX19 knockdown causes cytoplasmic aggregation of endogenous reticulon 3 in the presence of 
MG132. HeLa cells were transfected with the siRNAs targeting PEX19 or the control siRNA and cultured in the 
presence of MG132, a proteasome inhibitor, followed by immunostaining with the anti-Rtn3 pAb and the anti-
PDI mAb. Boxed areas indicate the dot-like immunoreactive signals suggestive of cytoplasmic aggregation of 
endogenous Rtn3. Bars, 20 µm.
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It remains unclear why the RHD-containing proteins need the two distinct routes for the membrane insertion. 
Given that RHD is usually located near the C-termini of the proteins, SRP seems likely to sometimes fail to rec-
ognize the RHD during translation. Therefore, one possible explanation is PEX19 and PEX3 may constitutively 
provide a backup route for the RHD-containing proteins that happen to miss the cotranslational route. Since 
PEX19 and PEX3 have been characterized as essential factors for peroxisome biogenesis30–32, the posttranslational 
route will be expected to be associated with peroxisome biogenesis. Of note, most of the RHD-containing pro-
teins are the ER membrane-shaping proteins, raising that possibility that there may be functional coordination 

Figure 5.  PEX3 is involved in the posttranslational targeting of Arl6IP1 to the ER membrane. HeLa cells were 
transfected with the siRNAs targeting PEX3 or PEX19 or the control siRNA, semi-permeabilized, and subjected 
to the in vitro posttranslational targeting assay with 3xFLAG-Arl6IP1 as in Fig. 1. Arrowheads indicate the 
posttranslational targeting to the ER membrane as judged by colocalization of 3xFLAG-Arl6IP1 with PDI. Bars, 
20 µm.
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between ER membrane shaping and peroxisome biogenesis. In agreement, reticulons have been shown to be 
involved in regulation of the peroxisome biogenesis in yeasts65,66, although it remains unclear whether this is also 
the case with mammalian cells. Collectively, another possible explanation is that the RHD−containing proteins 
may preferentially take the posttranslational route to regulate the persoxisome biogenesis through shaping the 
ER membrane. In addition, given that PEX19 and PEX3 mediate the posttranslational membrane insertion of 
the lipid droplet-destined membrane proteins29, ER membrane shaping may be also associated with lipid droplet 
formation. Further studies will be required to understand how these three organelles, ER, peroxisomes and lipid 
droplets, communicate through the posttralnslational membrane insertion.

In this study, we demonstrated that the RHD-containing proteins were specific clients of PEX19 as shown 
in Fig. 2. It is widely accepted that RHD inserts the two short hairpin TMDs into the outer leaflet of membrane, 
inducing membrane curvature38–40,44. PEX19 has also been shown to mediate the posttranslational insertion of 
UBXD8 into the ER membrane29. Interestingly, UBXD8 has a single short hairpin TMD that is inserted into the 
outer leaflet of membrane, although it has no activity to induce membrane curvature. Taken together, these results 
raise an attractive possibility that PEX19 may preferentially recognize nascent short hairpin TMDs and medi-
ate the posttranslational membrane insertion for not only the RHD-containing proteins and UBXD8 but also a 
broad range of membrane proteins harboring the short hairpin TMDs in cooperation with PEX3. Therefore, the 
PEX19-PEX3 system may serve as a fundamental machinery for insertion of any membrane proteins harboring 
the short hairpin TMDs into the ER membrane.

While it has been well established that PEX19 binds and inserts peroxisomal membrane proteins into the 
peroxisome membrane in cooperation with PEX330–32, it remains unknown whether the short hairpin TMDs 
share the binding region of PEX19 with the peroxisomal membrane proteins. It also remains unclear whether 
farnesylation of PEX19 regulates binding to RHD. Further structural and biochemical analyses will be required to 
reveal the molecular mechanism how PEX19 recognizes a broad range of the short hairpin TMDs and mediates 
their membrane insertion.

In Fig. 3 and  Fig. S3, overexpression of wild-type PEX19 as well as that of PEX19 C296S induced aberrant dif-
fuse localization of HA-Arl6IP1 and HA-Rtn3A. However, these results do not necessarily indicate that farnesyla-
tion of PEX19 is dispensable for ER targeting, because we have never examined how many overepressed wild-type 
PEX19 proteins are farnesylated. Therefore, we can not exclude the possibility that a significant fraction of overex-
pressed wild-type PEX19 may not be farnesylated, leading to induction of the aberrant diffuse localization of the 
RHD-containing proteins. On the other hand, there can be another possible explanation. Overexpressed PEX19 
might catch cytoplasmic pools of HA-Arl6IP1 and HA-Rtn3A which should have been destined for proteasomal 
degradation due to a limited amount of endogenous PEX19. Indeed, cytoplasmic accumulation of endogenous 
Rtn3 was detected in the PEX19 knocked-down cells only in the presence of MG132, the proteasome inhibitor, as 
shown in Fig. 4, suggesting that the cytoplasmic pools of RHD-containing proteins are degraded and promptly 
removed by proteasome when the cells lack a sufficient amount of PEX19. Most of the PEX19–HA-Arl6IP1 and 
PEX19–HA-Rtn3A complexes might not be targeted to the ER membrane due to a limited amount of endoge-
nous PEX3, eventually allowing them to aberrantly stay in the cytosol. Further studies will be required to reveal 
involvement of farnesylation of PEX19 in ER targeting of the RHD-containing proteins and to clarify the effects 
of overexpression of PEX19.

In addition to PEX19, we purified Bat3 from the rabbit reticulocyte lysates as a protein that bound to nascent 
Arl6IP1 as shown in Fig. 2. Interestingly, the previous study has also demonstrated that Bat3 is purified from the 
rabbit reticulocyte lysates as a protein that bound to nascent UBXD829. Therefore, there is the possibility that Bat3 
may regulate the PEX19-mediated recognition of short hairpin TMDs. On the other hand, Bat3 has been shown 
to capture the TMDs of mislocalized membrane proteins to prevent undesired aggregation in the cytosol, leading 
to their degradation through ubiquitin-proteasome system54,55. Therefore, the possibility can not be also ruled 
out that Bat3 may bind to the short hairpin TMDs of ER targeting-incompetent RHD-containing proteins or 
UBXD8 toward the proteasomal degradation. In agreement, the proteasome inhibitor was required to detect the 
cytoplasmic aggregation of Rtn3 as shown in Fig. 4, suggesting ER targeting-incompetent Rtn3 was the substrate 
for the ubiquitin-proteasome system. Further biochemical analyses will be required to address these concerns.

Overall, the peroxisome biogenesis factors, PEX19 and PEX3, provide an alternative posttranslational route 
for ER targeting of the RHD-containing proteins, implying that ER membrane shaping may coordinate with 
peroxisome biogenesis through membrane insertion, and that the peroxisome biogenesis factors may serve as a 
fundamental machinery for insertion of a broad range of membrane proteins harboring short hairpin TMDs into 
the ER membrane.

Materials and Methods
Plasmids.  For in vitro translation, the cDNAs encoding human Arl6IP1, human reticulon 4C (Rtn4C), 
mouse reticulon 3A (Rtn3A), rat atlastin-1 and rat syntaxin-1 were subcloned into the pBluescript KS vectors 
under the control of the T7 promoter with the N-terminal triple FLAG tags (3xFLAG) or single FLAG tag. For 
mammalian expression, the cDNAs encoding human Arl6IP1, mouse Rtn3A, rat VAP-A, human PEX19 and the 
farnesylation-deficient mutant of human PEX19 (PEX19 C296S) were subcloned into the pCMV vectors with the 
N-terminal HA tag or FLAG tag. The cDNAs encoding human PEX3 and human TMEM33 were subcloned into 
the pCA vectors with the C-terminal HA tag. To generate the siRNA-resistant forms of PEX3, the silent muta-
tions were introduced by site-directed mutagenesis using QuikChange Lightning (Agilent Technologies) with 
the following primer sets. The sense primer for siRNA #1-resistant PEX3; 5′-ctcaatgaaactagagacatgttggaaagccct-
gacttctccacagttttgaatacctgtttaaaccgaggttt-3′. The antisense primer for siRNA #1-resistant PEX3; 5′-aaacctcggt-
ttaaacaggtattcaaaactgtggagaagtcagggctttccaacatgtctctagtttcattgag-3′. The sense primer for siRNA #2-resistant 
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PEX3; 5′-ggaggctgcagaatacattgcccaagctaggaggcagtatcattttgaaagtaaccagaggactt-3′. The antisense primer for siRNA 
#2-resistant PEX3; 5′-aagtcctctggttactttcaaaatgatactgcctcctagcttgggcaatgtattctgcagcctccc-3′.

Antibodies.  A rabbit anti-PEX19 pAb, a mouse anti-PDI mAb, a rabbit anti-Rtn3 pAb, a rat anti-HA mAb 
and a rabbit anti-FLAG pAb were purchased from Thermo Fisher Scientific (Cat. No. PA5–22129), Abcam (Cat. 
No. ab2792), Proteintech (Cat. No. 12055–2-AP), Roche (Cat. No. 11 867 423 001) and Sigma (Cat. No. F7425), 
respectively.

Preparation of semi-intact HeLa cells.  HeLa cells were grown on 12 mm coverslips and semi-permeabilized  
with digitonin as described previously23. Briefly, HeLa cells grown on coverslips were rinsed with ice-cold KHM 
buffer containing 20 mM HEPES–KOH pH7.4, 110 mM potassium acetate (KOAc), 2 mM magnesium acetate 
and permeabilized with KHM buffer supplemented with 40 µg/ml digitonin on ice for 10 min. The cells were 
washed with KHM buffer once, followed by HEPES buffer containing 90 mM HEPES–KOH pH7.4 and 50 mM 
KOAc twice. The cells were treated with micrococcal nuclease (New England BioLabs) in HEPES buffer sup-
plemented with 2.5 mM CaCl2 at room temperature for 20 min. Following washing twice with KHM buffer, the 
semi-permeabilized cells on the coverslips were subjected to the in vitro membrane targeting assay as described 
below.

In some instances, 10 nM of the silencer-select siRNAs targeting human PEX19 (Thermo Fisher Scientific; 
Cat. No. s11612, s11613), human PEX3 (Thermo Fisher Scientific; Cat. No. s16154, s16156) or human PEX5 
(Thermo Fisher Scientific; Cat. No. s11630, s11632) were transfected into HeLa cells with Lipofectamine 
RNAi MAX (Invitrogen) and cultured for 48–72 h to allow knockdown of PEX19, PEX3 or PEX5, followed by 
semi-permeabilization. Of note, these siRNAs are the same as those validated in the previous study29.

In vitro assay for posttranslational targeting of membrane proteins to the ER membrane.  
3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C were synthesized in vitro with the rabbit reticulocyte lysate-based tran-
scription–translation coupled system (TnT Quick Coupled Transcription/Translation System (Promega)) using 
pBluescript KS-3xFLAG-Arl6IP1 and pBluescript KS-3xFLAG-Rtn4C as templates, respectively, in accordance 
with the manufacturer’s manual. The translation reactions were terminated by addition of 1 mM cycloheximide. 
The semi-permeabilized HeLa cells on the coverslips were incubated with 35 µl of the rabbit reticulocyte lysates 
synthesizing 3xFLAG-Arl6IP1 or 3xFLAG-Rtn4C at 37 °C for 90 min to allow the posttranslational targeting into 
the ER membrane. After being washed with KHM buffer three times, the cells were fixed with 4% paraformal-
dehyde, followed by permeabilization with 0.2% Triton X-100. In some instances, after being washed with KHM 
buffer three times, the cells were incubated with 0.1 M sodium carbonate (pH11.0) at 4 °C for 30 min to extract 
peripheral membrane proteins and washed again with KHM buffer three times, followed by fixation and permea-
bilization. The samples were doubly immunostained with the anti-FLAG pAb and the anti-PDI mAb as described 
below in Immunohistochemistry.

Biochemical assessment of membrane insertion of the RHD-containing proteins by sodium 
carbonate extraction.  HeLa cells were grown on 6-cm dishes and semi-permeabilized with digitonin in 
the same manner as described above and suspended in KHM buffer. 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C were 
synthesized in vitro with 200 µl of the rabbit reticulocyte lysates as described above. After the translation reac-
tions were terminated by addition of 1 mM cycloheximide, the rabbit reticulocyte lysates were mixed with 25 µl 
(110 µg of the proteins) of the semi-permeablilized cell suspension in microcentrifuge tubes and rotate at 37 °C for 
90 min to allow the posttranslational targeting into the ER membrane. To remove the rabbit reticulocyte lysates 
containing uninserted 3xFLAG-Arl6IP1 and 3xFLAG-Rtn4C, the semi-permeablilized cells were collected by 
centrifugation at 1,200 × g at 4 °C for 5 min. The semi-permeablilized cells were resuspended in KHM buffer and 
centrifuged at 1,200 × g at 4 °C for 5 min. To completely remove the rabbit reticulocyte lysates, this wash step was 
repeated three times. Then the semi-permeablilized cells were suspended in 100 µl of 0.1 M sodium carbonate 
(pH11.0) and incubated at 4 °C for 30 min to extract peripheral membrane proteins, followed by untracentrifug-
ton at 100,000 × g at 4 °C for 30 min. The supernatant (extracted fraction) was subjected to TCA precipitation and 
resuspended in 120 µl of SDS sample buffer. The pellet (unextracted fraction) was resuspended in 120 µl of SDS 
sample buffer.

Immunoaffinity purification of Arl6IP1-binding proteins.  FLAG-Arl6IP1 was synthesized in vitro 
with TnT Quick Coupled Transcription/Translation System using pBluescript KS-FLAG-Arl6IP1 as a template. 
250 µl of the rabbit reticulocyte lysate synthesizing FLAG-Arl6IP1 was incubated with 30 µl of anti-FLAG M2 
mAb-conjugated agarose beads (Sigma) at 4 °C for overnight. After being washed extensively with binding buffer 
containing 20 mM Tris–HCl pH7.5, 150 mM NaCl, 2 mM MgCl2, the bound proteins were eluted with binding 
buffer supplemented with 0.3 mg/ml FLAG peptide. The samples were subjected to SDS-PAGE followed by silver 
staining. The bands of interest were cut out from the gel and digested with trypsin, followed by mass spectrometry 
analysis.

Binding of PEX19 to the RHD-containing proteins.  FLAG-Arl6IP1, FLAG-Rtn3A, FLAG-Rtn4C, 
FLAG-atlastin-1 and FLAG-syntaxin-1 were synthesized in vitro with TnT Quick Coupled Transcription/
Translation System using pBluescript KS-FLAG-Arl6IP1, pBluescript KS-FLAG-Rtn3A, pBluescript 
KS-FLAG-Rtn4C, pBluescript KS-FLAG-atlastin-1 and pBluescript KS-FLAG-syntaxin-1 as templates, respec-
tively, followed by addition of 1 mM puromycin to terminate the translation reaction. 80 µl of the rabbit retic-
ulocyte lysate was incubated with 10 µl of anti-FLAG M2 mAb-conjugated agarose beads at 4 °C for 4 h. After 
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being washed extensively with binding buffer, the bound proteins were eluted with an SDS sample buffer with 
boiling. The samples were subjected to SDS-PAGE followed by Western blotting with the anti-PEX19 pAb and 
the anti-FLAG pAb.

Immunohistochemistry.  Appropriate combinations of the mammalian expression vectors were transfected 
into the cells cultured on 12 mm coverslips with Effectene (QIAGEN). The day after transfection, the cells were 
fixed with 4% paraformaldehyde, followed by permeabilization with 0.2% Triton X-100. After blocking with PBS 
containing 1% BSA, the samples were incubated with primary Abs, followed by incubation with secondary anti-
bodies conjugated with Alexa Fluor dyes (Invitrogen) for 30 min. After being washed with PBS, they were embed-
ded and viewed using a confocal imaging system (ZEISS, LSM 510 Meta).

For knockdown of PEX19, 10 nM of the silencer-select siRNAs targeting human PEX19 were transfected into 
HeLa cells with Lipofectamine RNAi MAX. The day after transfection, medium was replaced with fresh one 
supplemented with 1 µM MG132 (Sigma), and the cells were cultured for 17 h to allow inhibition of proteasome, 
followed by immunostaining as described above.

For knockdown of CAML or WRB, 50 nM of the stealth siRNAs targeting human CAML (Thermo Fisher 
Scientific; Cat. No. CAMLGHSS188680, CAMLGHSS188681, CAMLGHSS101333) or WRB (Thermo Fisher 
Scientific; Cat. No. WRBHSS111382, WRBHSS111383, WRBHSS111384) were transfected into HeLa cells with 
Lipofectamine RNAi MAX. The day after transfection, HA-Arl6IP1 was subsequently transfected with Effectene 
and further cultured overnight to allow CAML or WRB to be fully knocked down and expression of HA-Arl6IP1, 
followed by immunostaining as described above. Of note, these siRNAs have been already validated in our pre-
vious study23.

Quantitative RT-PCR.  Total RNAs were isolated from HeLa cells transfected with siRNAs of interest using 
the Qiagen RNeasy Mini kit (QIAGEN) and reverse transcribed with SuperScript VILO (Invitrogen) into the 
cDNAs. Quantitative PCR was performed on LightCycler® 480 Real Time PCR System (Roche) using KAPA 
SYBR FAST Master Mix (KAPA BIOSYSTEMS). The quantities of PEX3 transcripts and PEX5 transcripts were 
normalized to GAPDH.

References
	 1.	 Cross, B. C., Sinning, I., Luirink, J. & High, S. Delivering proteins for export from the cytosol. Nat. Rev. Mol. Cell Biol. 10, 255–264 

(2009).
	 2.	 Shao, S. & Hegde, R. S. Membrane protein insertion at the endoplasmic reticulum. Annu. Rev. Cell Dev. Biol. 27, 25–56 (2011).
	 3.	 Osborne, A. R., Rapoport, T. A. & van den Berg, B. Protein translocation by the Sec61/SecY channel. Annu. Rev. Cell Dev. Biol. 21, 

529–550 (2005).
	 4.	 Shan, S. O. & Walter, P. Co-translational protein targeting by the signal recognition particle. FEBS Lett. 579, 921–926 (2005).
	 5.	 Keenan, R. J., Freymann, D. M., Stroud, R. M. & Walter, P. The signal recognition particle. Annu. Rev. Biochem. 70, 755–775 (2001).
	 6.	 Halic, M. et al. Structure of the signal recognition particle interacting with the elongation-arrested ribosome. Nature 427, 808–814 

(2004).
	 7.	 Gilmore, R., Walter, P. & Blobel, G. Protein translocation across the endoplasmic reticulum. II. Isolation and characterization of the 

signal recognition particle receptor. J. Cell Biol. 95, 470–477 (1982).
	 8.	 Meyer, D. I., Krause, E. & Dobberstein, B. Secretory protein translocation across membranes—the role of the ‘docking protein’. 

Nature 297, 647–650 (1982).
	 9.	 Deshaies, R. J. & Schekman, R. A yeast mutant defective at an early stage in import of secretory protein precursors into the 

endoplasmic reticulum. J. Cell Biol. 105, 633–645 (1987).
	10.	 Simon, S. M. & Blobel, G. A protein-conducting channel in the endoplasmic reticulum. Cell 65, 371–380 (1991).
	11.	 Gorlich, D., Prehn, S., Hartmann, E., Kalies, K. U. & Rapoport, T. A. A mammalian homolog of SEC. 61p and SECYp is associated 

with ribosomes and nascent polypeptides during translocation. Cell 71, 489–503 (1992).
	12.	 Kutay, U., Hartmann, E. & Rapoport, T. A. A class of membrane proteins with a C-terminal anchor. Trends Cell Biol. 3, 72–75 (1993).
	13.	 Borgese, N., Colombo, S. & Pedrazzini, E. The tale of tail-anchored proteins: coming from the cytosol and looking for a membrane. 

J. Cell Biol. 161, 1013–1019 (2003).
	14.	 Wattenberg, B. & Lithgow, T. Targeting of C-terminal (tail)-anchored proteins: understanding how cytoplasmic activities are 

anchored to intracellular membranes. Traffic 2, 66–71 (2001).
	15.	 Rabu, C., Schmid, V., Schwappach, B. & High, S. Biogenesis of tail-anchored proteins: the beginning for the end? J. Cell Sci. 122, 

3605–3612 (2009).
	16.	 Borgese, N. & Fasana, E. Targeting pathways of C-tail-anchored proteins. Biochim. Biophys. Acta 1808, 937–946 (2011).
	17.	 Hegde, R. S. & Keenan, R. J. Tail-anchored membrane protein insertion into the endoplasmic reticulum. Nat. Rev. Mol. Cell Biol. 12, 

787–798 (2011).
	18.	 Johnson, N., Powis, K. & High, S. Post-translational translocation into the endoplasmic reticulum. Biochim. Biophys. Acta 1833, 

2403–2409 (2013).
	19.	 Stefanovic, S. & Hegde, R. S. Identification of a targeting factor for posttranslational membrane protein insertion into the ER. Cell 

128, 1147–1159 (2007).
	20.	 Favaloro, V., Spasic, M., Schwappach, B. & Dobberstein, B. Distinct targeting pathways for the membrane insertion of tail-anchored 

(TA) proteins. J. Cell Sci. 121, 1832–1840 (2008).
	21.	 Schuldiner, M. et al. Exploration of the function and organization of the yeast early secretory pathway through an epistatic miniarray 

profile. Cell 123, 507–519 (2005).
	22.	 Vilardi, F., Lorenz, H. & Dobberstein, B. WRB is the receptor for TRC40/Asna1-mediated insertion of tail-anchored proteins into 

the ER membrane. J. Cell Sci. 124, 1301–1307 (2011).
	23.	 Yamamoto, Y. & Sakisaka, T. Molecular machinery for insertion of tail-anchored membrane proteins into the endoplasmic reticulum 

membrane in mammalian cells. Mol. Cell 48, 387–397 (2012).
	24.	 Yamamoto, Y. & Sakisaka, T. The emerging role of calcium-modulating cyclophilin ligand in posttranslational insertion of tail-

anchored proteins into the endoplasmic reticulum membrane. J. Biochem. 157, 419–429 (2015).
	25.	 Colombo, S. F. et al. Tail-anchored protein insertion in mammals: function and reciprocal interactions of the two subunits of the 

TRC40 receptor. J. Biol. Chem. 291, 15292–15306 (2016).
	26.	 Aviram, N. et al. The SND proteins constitute an alternative targeting route to the endoplasmic reticulum. Nature 540, 134–138 

(2016).



www.nature.com/scientificreports/

1 2SCientifiC REPOrTS |  (2018) 8:2322  | DOI:10.1038/s41598-018-20797-0

	27.	 Haßdenteufel, S. et al. hSnd2 protein represents an alternative targeting factor to the endoplasmic reticulum in human cells. FEBS 
Lett. 591, 3211–3224 (2017).

	28.	 Casson, J. et al. Multiple pathways facilitate the biogenesis of mammalian tail-anchored proteins. J. Cell Sci. 130, 3851–3861 (2017).
	29.	 Schrul, B. & Kopito, R. R. Peroxin-dependent targeting of a lipid-droplet-destined membrane protein to ER subdomains. Nat. Cell 

Biol. 18, 740–751 (2016).
	30.	 Agrawal, G. & Subramani, S. De novo peroxisome biogenesis: Evolving concepts and conundrums. Biochim. Biophys. Acta 1863, 

892–901 (2016).
	31.	 Kim, P. K. & Hettema, E. H. Multiple pathways for protein transport to peroxisomes. J. Mol. Biol. 427, 1176–1190 (2015).
	32.	 Fujiki, Y., Matsuzono, Y., Matsuzaki, T. & Fransen, M. Import of peroxisomal membrane proteins: the interplay of Pex3p- and 

Pex19p-mediated interactions. Biochim. Biophys. Acta 1763, 1639–1646 (2006).
	33.	 Mueller, B., Klemm, E. J., Spooner, E., Claessen, J. H. & Ploegh, H. L. SEL1L nucleates a protein complex required for dislocation of 

misfolded glycoproteins. Proc. Natl. Acad. Sci. USA 105, 12325–12330 (2008).
	34.	 Lee, J. N. et al. Identification of Ubxd8 protein as a sensor for unsaturated fatty acids and regulator of triglyceride synthesis. Proc. 

Natl. Acad. Sci. USA 107, 21424–21429 (2010).
	35.	 Boström, K. et al. Pulse-chase studies of the synthesis and intracellular transport of apolipoprotein B-100 in Hep G2 cells. J. Biol. 

Chem. 261, 13800–13806 (1986).
	36.	 Ingolia, N. T., Lareau, L. F. & Weissman, J. S. Ribosome profiling of mouse embryonic stem cells reveals the complexity and dynamics 

of mammalian proteomes. Cell 147, 789–802 (2011).
	37.	 Shao, S. & Hegde, R. S. A calmodulin-dependent translocation pathway for small secretory proteins. Cell 147, 1576–1588 (2011).
	38.	 Voeltz, G. K., Prinz, W. A., Shibata, Y., Rist, J. M. & Rapoport, T. A. A class of membrane proteins shaping the tubular endoplasmic 

reticulum. Cell 124, 573–586 (2006).
	39.	 Hu, J. et al. Membrane proteins of the endoplasmic reticulum induce high-curvature tubules. Science 319, 1247–1250 (2008).
	40.	 Shibata, Y., Hu, J., Kozlov, M. M. & Rapoport, T. A. Mechanisms shaping the membranes of cellular organelles. Annu. Rev. Cell Dev. 

Biol. 25, 329–354 (2009).
	41.	 Yang, Y. S. & Strittmatter, S. M. The reticulons: a family of proteins with diverse functions. Genome Biol. 8, 234, https://doi.

org/10.1186/gb-2007-8-12-234 (2007).
	42.	 Grumati, P. et al. Full length RTN3 regulates turnover of tubular endoplasmic reticulum via selective autophagy. Elife 6, e25555, 

https://doi.org/10.7554/eLife.25555 (2017).
	43.	 Park, S. H. & Blackstone, C. Further assembly required: construction and dynamics of the endoplasmic reticulum network. EMBO 

rep. 11, 515–521 (2010).
	44.	 Zurek, N., Sparks, L. & Voeltz, G. Reticulon short hairpin transmembrane domains are used to shape ER tubules. Traffic 12, 28–41 

(2011).
	45.	 Yamamoto, Y., Yoshida, A., Miyazaki, N., Iwasaki, K. & Sakisaka, T. Arl6IP1 has the ability to shape the mammalian ER membrane 

in a reticulon-like fashion. Biochem. J. 458, 69–79 (2014).
	46.	 Khaminets, A. et al. Regulation of endoplasmic reticulum turnover by selective autophagy. Nature 522, 354–358 (2015).
	47.	 Kurth, I. et al. Mutations in FAM134B, encoding a newly identified Golgi protein, cause severe sensory and autonomic neuropathy. 

Nat. Genet. 41, 1179–1181 (2009).
	48.	 Montenegro, G. et al. Mutations in the ER-shaping protein reticulon 2 cause the axon-degenerative disorder hereditary spastic 

paraplegia type 12. J. Clin. Invest. 122, 538–544 (2012).
	49.	 Novarino, G. et al. Exome sequencing links corticospinal motor neuron disease to common neurodegenerative disorders. Science 

343, 506–511 (2014).
	50.	 He, W., Shi, Q., Hu, X. & Yan, R. The membrane topology of RTN3 and its effect on binding of RTN3 to BACE1. J. Biol. Chem. 282, 

29144–29151 (2007).
	51.	 Fujiki, Y., Hubbard, A. L., Fowler, S. & Lazarow, P. B. Isolation of intracellular membranes by means of sodium carbonate treatment: 

application to endoplasmic reticulum. J. Cell Biol. 93, 97–102 (1982).
	52.	 Luirink, J. & Sinning, I. SRP-mediated protein targeting: structure and function revisited. Biochim. Biophys. Acta 1694, 17–35 

(2004).
	53.	 Mariappan, M. et al. A ribosome-associating factor chaperones tail-anchored membrane proteins. Nature 466, 1120–1124 (2010).
	54.	 Hessa, T. et al. Protein targeting and degradation are coupled for elimination of mislocalized proteins. Nature 475, 394–397 (2011).
	55.	 Shao, S., Rodrigo-Brenni, M. C., Kivlen, M. H. & Hegde, R. S. Mechanistic basis for a molecular triage reaction. Science 355, 298–302 

(2017).
	56.	 Zwickl, P. & Baumeister, W. AAA-ATPases at the crossroads of protein life and death. Nat. Cell Biol. 1, E97–E98 (1999).
	57.	 Klinge, S., Voigts-Hoffmann, F., Leibundgut, M. & Ban, N. Atomic structures of the eukaryotic ribosome. Trends Biochem. Sci. 37, 

189–198 (2012).
	58.	 Hu, J. & Rapoport, T. A. Fusion of the endoplasmic reticulum by membrane-bound GTPases. Semin. Cell Dev. Biol. 60, 105–111 

(2016).
	59.	 Südhof, T. C. & Rizo, J. Synaptic vesicle exocytosis. Cold Spring Harb. Perspect. Biol. 3, a005637, https://doi.org/10.1101/cshperspect.

a005637 (2011).
	60.	 Vastiau, I. M. et al. Farnesylation of Pex19p is not essential for peroxisome biogenesis in yeast and mammalian cells. Cell. Mol. Life 

Sci. 63, 1686–1699 (2006).
	61.	 Emmanouilidis, L. et al. Allosteric modulation of peroxisomal membrane protein recognition by farnesylation of the peroxisomal 

import receptor PEX19. Nat. Commun. 8, 14635, https://doi.org/10.1038/ncomms14635 (2017).
	62.	 Murphy, S. E. & Levine, T. P. VAP, a Versatile Access Point for the Endoplasmic Reticulum: Review and analysis of FFAT-like motifs 

in the VAPome. Biochim. Biophys. Acta 1861, 952–961 (2016).
	63.	 Urade, T., Yamamoto, Y., Zhang, X., Ku, Y. & Sakisaka, T. Identification and characterization of TMEM33 as a reticulon-binding 

protein. Kobe J. Med. Sci. 60, E57–E65 (2014).
	64.	 Smith, J. J. & Aitchison, J. D. Peroxisomes take shape. Nat. Rev. Mol. Cell Biol. 14, 803–817 (2013).
	65.	 David, C. et al. A combined approach of quantitative interaction proteomics and live-cell imaging reveals a regulatory role for 

endoplasmic reticulum (ER) reticulon homology proteins in peroxisome biogenesis. Mol. Cell. Proteomics 12, 2408–2425 (2013).
	66.	 Mast, F. D. et al. Peroxins Pex30 and Pex29 Dynamically Associate with Reticulons to Regulate Peroxisome Biogenesis from the 

Endoplasmic Reticulum. J. Biol. Chem. 291, 15408–15427 (2016).

Acknowledgements
We thank the Integrated Center for Mass Spectrometry, Kobe University Graduate School of Medicine, for mass 
spectrometry analysis. This work was supported by JSPS KAKENHI Grant Numbers, 15K07000, 25293071, and 
16K15218.

Author Contributions
Y.Y. and T.S. designed the study. Y.Y. performed the experiments. Y.Y. and T.S. analyzed the data and wrote the 
manuscript.

http://dx.doi.org/10.1186/gb-2007-8-12-234
http://dx.doi.org/10.1186/gb-2007-8-12-234
http://dx.doi.org/10.7554/eLife.25555
http://dx.doi.org/10.1101/cshperspect.a005637
http://dx.doi.org/10.1101/cshperspect.a005637
http://dx.doi.org/10.1038/ncomms14635


www.nature.com/scientificreports/

13SCientifiC REPOrTS |  (2018) 8:2322  | DOI:10.1038/s41598-018-20797-0

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20797-0.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-20797-0
http://creativecommons.org/licenses/by/4.0/

	The peroxisome biogenesis factors posttranslationally target reticulon homology domain-containing proteins to the endoplasm ...
	Results

	Posttranslational targeting of the RHD-containing proteins to the ER membrane. 
	Identification of PEX19 as a protein that selectively binds to the nascent RHD-containing proteins. 
	PEX19 selectively mediates targeting of the RHD-containing proteins to the ER membrane. 
	PEX3 is involved in the posttranslational targeting of the RHD-containing proteins to the ER membrane. 

	Discussion

	Materials and Methods

	Plasmids. 
	Antibodies. 
	Preparation of semi-intact HeLa cells. 
	In vitro assay for posttranslational targeting of membrane proteins to the ER membrane. 
	Biochemical assessment of membrane insertion of the RHD-containing proteins by sodium carbonate extraction. 
	Immunoaffinity purification of Arl6IP1-binding proteins. 
	Binding of PEX19 to the RHD-containing proteins. 
	Immunohistochemistry. 
	Quantitative RT-PCR. 

	Acknowledgements

	Figure 1 Posttranslational targeting of the RHD-containing proteins to the ER membrane.
	Figure 2 Identification of PEX19 as a protein that selectively binds to the nascent RHD-containing proteins.
	Figure 3 PEX19 selectively mediates targeting of Arl6IP1 to the ER membrane.
	Figure 4 PEX19 knockdown causes cytoplasmic aggregation of endogenous reticulon 3 in the presence of MG132.
	Figure 5 PEX3 is involved in the posttranslational targeting of Arl6IP1 to the ER membrane.




