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Transmembrane proteins are membrane-anchored proteins
whose topologies are important for their functions. These prop-
erties enable regulation of certain transmembrane proteins by
regulated intramembrane proteolysis (RIP) and regulated alter-
native translocation (RAT). RIP enables a protein fragment of a
transmembrane precursor to function at a new location, and
RAT leads to an inverted topology of a transmembrane protein
by altering the direction of its translocation across membranes
during translation. RIP mediated by site-1 protease (S1P) and
site-2 protease (S2P) is involved in proteolytic activation of
membrane-bound transcription factors. In resting cells, these
transcription factors remain in the endoplasmic reticulum (ER)
as inactive transmembrane precursors. Upon stimulation by sig-
nals within the ER, they are translocated from the ER to the
Golgi. There, they are cleaved first by S1P and then by S2P, lib-
erating their N-terminal domains from membranes and ena-
bling them to activate genes in the nucleus. This signaling
pathway regulates lipid metabolism, unfolded protein responses,
secretion of extracellular matrix proteins, and cell proliferation.
Remarkably, ceramide-induced RIP of cAMP response ele-
ment-binding protein 3-like 1 (CREB3L1) also involves RAT. In
resting cells, RIP of CREB3L1 is blocked by transmembrane 4 L6
family member 20 (TM4SF20). Ceramide inverts the orientation
of newly synthesized TM4SF20 in membranes through RAT,
converting TM4SF20 from an inhibitor to an activator of RIP of
CREB3L1. Here, I review recent insights into RIP of membrane-
bound transcription factors, focusing on CREB3L1 activation
through both RIP and RAT, and discuss current open questions
about these two signaling pathways.

Regulated intramembrane proteolysis (RIP) is a signal trans-
duction mechanism that generates regulatory molecules from
transmembrane proteins through proteolysis. Such cleavage
liberates cytoplasmic domains from transmembrane precur-
sors, allowing the cleaved fragments to function at a new loca-
tion (1, 2). RIP is catalyzed by four different families of pro-
teases that cleave within a transmembrane domain: site-2
protease (S2P), <y-secretase, signal peptide peptidase, and
rhomboid (2). Except for rhomboid, the intramembrane prote-
olysis catalyzed by these proteases does not occur until the bulk
of the protein on the extracytoplasmic (lumenal or extracellu-
lar) side is removed by a primary cleavage catalyzed by a differ-
ent protease (2—6). RIP is known to activate hundreds of trans-
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membrane proteins, influencing processes as diverse as cellular
differentiation, lipid metabolism, and immune defense (2).
Among these proteins, a family of membrane—bound transcrip-
tion factors are activated by S2P in mammalian cells to transmit
signals from the endoplasmic reticulum (ER) to the nucleus to
regulate gene expression

ER is the subcellular organelle where transmembrane and se-
cretory proteins are produced (7) and the majority of lipids are
synthesized (8). To carry out these functions properly, ER must
communicate with the nucleus to ensure that genes required
for these functions are expressed at appropriate levels. One of
the mechanisms to transmit signals from the ER to nucleus
is through proteolytic activation of membrane-bound tran-
scription factors. These transcription factors are produced as
inactive membrane-bound precursors in the ER. After stimula-
tion by specific signals generated from the ER, they are trans-
ported from the ER to Golgi, where their luminal domains are
cleaved by site-1 protease (S1P). This cleavage enables a second
cleavage catalyzed by S2P, which liberates their N-terminal
transcription activation domain from membranes, allowing it
to enter the nucleus, where it activates target genes (9-13) (Fig.
1). All of these membrane-bound transcription factors share
the following features: 1) they contain an N-terminal domain
capable of functioning as a transcription factor; 2) they contain
an S1P recognition motif RXX(R/L) in the lumen in which the
last amino acid of the motif is the cleavage site for S1P (14, 15);
and 3) they contain a helical destabilization motif required for
S2P-catalyzed cleavage, such as NP, NXXP, or PXXP sequence
in the transmembrane helix C-terminal to the cleavage site (13,
16, 17). However, RIP of these transcription factors is stimu-
lated by different signals generated in the ER to activate their
unique set of target genes.

Remarkably, recent studies on RIP of cAMP response ele-
ment-binding protein 3-like 1 (CREB3L1), one of the mem-
brane-bound transcription factors activated by S1P/S2P, revealed
another mechanism that regulates transmembrane proteins. This
mechanism, which is designated as regulated alternative translo-
cation (RAT), leads to inverted topology of newly synthesized
transmembrane 4 L6 family member 20 (TM4SF20), a poly-
topic transmembrane protein. This topological inversion
turns TM4SF20 from an inhibitor to an activator for RIP of
CREB3L1 (18).

In this review, I will first provide an overview on several
membrane-bound transcription factors activated by S1P/S2P
to illustrate how RIP transmits signals from the ER to the
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Figure 1. Graphic illustration of RIP mediated by S1P and S2P. Cholesterol deprivation triggers RIP of SREBP to activate genes required for cholesterol syn-
thesis and uptake. Accumulation of unfolded proteins in the ER stimulates RIP of ATF6« to activate genes facilitating protein folding in the ER. Fasting-induced
VLDL assembly triggers RIP of CREB3L3 to activate fasting-induced genes, including activators for LPL that hydrolyze VLDL particles. Cytokines of the TGF-
family and ceramide induce RIP of CREB3L1 to stimulate expression of genes that inhibit cell proliferation and that activate assembly of collagen-containing
matrix. Chondrocyte differentiation stimulates RIP of CREB3L2 to activate genes encoding COPIl components. The luminal C-terminal fragment of CREB3L2
released from S1P-catalyzed cleavage is secreted out of cells to stimulate proliferation of neighboring cells.

nucleus to regulate gene expression. I will then focus on
CREB3L1 as an example to illustrate how the membrane-
bound transcription factor is activated through RIP and RAT.
Finally, I will discuss questions that need to be resolved to
understand these signaling pathways more thoroughly.

Transcription factors activated through RIP
SREBPs

Sterol regulatory element—binding proteins (SREBPs) are the
master regulators that control cholesterol and fatty acid home-
ostasis in mammalian cells (19-21). Whereas SREBP-1a and
SREBP-1c are the products of one gene generated from differ-
ent promoters, SREBP-2 is encoded by a different gene. Unlike
any other transcription factors activated by S1P/S2P that con-
tain a single transmembrane helix, SREBPs are inserted into
membranes with two transmembrane helices in a hairpin fash-
ion, with both the N- and C-terminal ends facing cytosol (Fig.
1). The N-terminal domains of SREBPs are basic helix-loop-he-
lix-leucine zipper transcription factors, whereas the C-terminal
domains mediate association with a membrane protein called
SREBP cleavage—activating protein (SCAP) (22) (Fig. 24). In
cells depleted of cholesterol, SCAP is incorporated into COPII-
coated vesicles, the vehicle that transports proteins from ER to
Golgi (23) (Fig. 24). The translocation of the SCAP/SREBPs
complex from ER to Golgi allows SREBPs to be cleaved by S1P

10272  J Biol. Chem. (2020) 295(30) 1027110280

followed by S2P (11, 24, 25) (Fig. 1). These cleavages liberate
the N-terminal domains of SREBPs from membranes, allowing
them to enter the nucleus, where they activate transcription of
all genes required for cholesterol synthesis and uptake (26) (Fig.
1). In cells loaded with cholesterol, the sterol is accumulated in
ER membranes. Upon exceeding 5% of total ER lipids (molar
basis), cholesterol in the ER binds to SCAP (27-29), a reaction
causing association of SCAP with insulin-induced gene (INSIG)
proteins, a family of transmembrane proteins localized in the
ER (30, 31) (Fig. 2A). This binding blocks the interaction
between SCAP and components of the COPII coat. Conse-
quently, the SCAP/SREBPs complex is retained in the ER (Fig.
2A), making SREBPs inaccessible to cleavage catalyzed by
Golgi-localized S1P and S2P (23, 30, 32). As a result, transcrip-
tion of the genes required for cholesterol synthesis and uptake
declines. Thus, the cholesterol-mediated inhibition of RIP of
SREBPs plays a critical role in feedback inhibition of cholesterol
synthesis and uptake (33).

In addition to genes involved in cholesterol synthesis and
uptake, SREBPs, particularly SREBP-1a and SREBP-Ic, also
activate genes involved in synthesis of unsaturated fatty acids
(26). Thus, unsaturated fatty acids also exert feedback inhibi-
tion on SREBP-la and SREBP-1lc. In mice, expression of
SREBP-1c, the predominant isoform of SREBP-1 expressed in
liver, is driven by liver X receptor (LXR), a ligand-activated nu-
clear receptor (34). Polyunsaturated fatty acids inhibit expression

SASBMB



JBC REVIEWS: Proteolytic and topological regulation of membrane proteins

A
Transport
COPIL """ 1o Golgi
Cytosol SCAP O SREBP
Depletion of ( . Aam
chglesterol | INSIG [« J||n||U||n||L [ = Q
JOU T I Cholesterol
ER lumen
OlChoIesteroI
Cytosol SCAP g?? (‘rn SREBP
Restoration of
cholesterol INSIG [—= JLI\\\_/I ~— 0
ER lumen \
Retain
in ER

B o0

§Og§;

. Proteasomal
78-mediated :
9 /’ degradation

ubiquitination

Depletion of
unsaturated
fatty acids -
ER lumen
Unsaturated
l fatty acids

|
Restoration of Ciaso

unsaturated
fatty acids

ER lumen

Figure 2. Cholesterol and unsaturated fatty acid-regulated RIP of SREBP. A, in cholesterol-depleted cells, SCAP is dissociated from INSIG proteins and
cholesterol. SCAP under this condition interacts with components of COPII, allowing the SCAP/SREBP complex to be incorporated into COPIl-coated vesicles
so that SREBP is delivered to Golgi for proteolytic activation by STP and S2P. In cells replete with cholesterol, interaction with cholesterol causes SCAP to bind
INSIG proteins. This interaction leads to a conformational change in SCAP that inhibits its incorporation into the COPIl-coated vesicles. The SCAP/SREBP com-
plex is thus retained in the ER, preventing proteolytic activation of SREBP. B, in cells depleted of unsaturated fatty acids, INSIG-1 is ubiquitinated by gp78 and
interacts with UBXDS, a p97-associated protein. The ubiquitination and p97 recruitment cause INSIG-1 to be rapidly degraded by proteasomes. In cells replete
with unsaturated fatty acids, the fatty acids bind to UBXD8, leading to dissociation of UBXD8 from INSIG-1. In the absence of UBXD8-mediated recruitment of
p97, INSIG-1 is stabilized, making cholesterol more effective in inhibiting proteolytic activation of SREBP.

of SREBP-1c by acting as an antagonist to LXR (35, 36). Unsatu-
rated fatty acids also inhibit cleavage of SREBP-1a in cultured
cells (37). In cells depleted of fatty acids, INSIG-1, the predomi-
nant isoform of INSIG proteins expressed in cultured cells, is
ubiquitinated by gp78 (38) and binds to ubiquitin regulatory X
domain—containing protein 8 (UBXD8), a membrane protein
that associates with the ER-associated degradation (ERAD) co-
factor p97 (39) (Fig. 2B). Ubiquitination and p97 recruitment
causes rapid degradation of INSIG-1 by proteasomes through
ERAD in these cells (39) (Fig. 2B). Unsaturated fatty acids directly
bind to UBXDS, causing dissociation of UBXD8 from INSIG-1
(39, 40) (Fig. 2B). The resultant stabilization of INSIG-1 leads to
increased retention of the SCAP/SREBPs complex in the ER,
making cholesterol more effective in inhibiting cleavage of
SREBP-1a in cells loaded with unsaturated fatty acids (39).

ATF6

Between the two isoforms of ATF6, ATF6a is much better
characterized. In resting cells, ATF6« remains as an inactive
transmembrane precursor in the ER. Upon accumulation of
unfolded proteins in the ER lumen, ATF6« is incorporated into
COPII-coated vesicles and translocated from the ER to the
Golgi (12, 41), where it is cleaved by S1P followed by S2P (13)
(Fig. 1). These cleavages release the N-terminal domain of
ATF6a from membranes, allowing it to enter the nucleus,
where it activates transcription of BiP and other genes whose
products assist folding of ER proteins (42, 43). Thus, RIP of
ATF6a has been established as one of the three signaling path-
ways responsive to ER stress (44).

In addition to unfolded proteins accumulated in the ER
lumen, RIP of ATF6 can also be triggered by signals generated
in ER membranes. RIP of ATF6a was stimulated by overexpres-
sion of a tail-anchored transmembrane protein without any
luminal domain or accumulation of dihydroceramide in ER
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membranes. Interestingly, these treatments only induced pro-
teolytic activation of ATF6a but not the other two branches of
the ER stress response, namely splicing of X-box—binding pro-
tein 1 and activation of dsRNA-dependent protein kinase-like
ER kinase (45, 46). A mutation in the transmembrane helix of
ATF6a impaired dihydroceramide-induced RIP of the protein
but not that caused by accumulation of unfolded proteins in
the ER lumen. In contrast, a mutation in the luminal domain of
ATF6« abolished RIP of the protein induced by unfolded pro-
teins in the ER lumen but not that triggered by dihydrocera-
mide (46). These observations suggest that signals generated in
the ER lumen and membrane are independently sensed by the
luminal and transmembrane domain of ATF6«, respectively.

In contrast to ATF6«, ATF68 is much less well-character-
ized. Whereas ER stress also induces RIP of ATF6 in cultured
cells, the cleaved nuclear form of the protein does not activate
transcription of ER chaperons. Instead, it inhibits transcription
of these genes by antagonizing the activity of the cleaved nu-
clear form of ATF6« (47). In a mouse model of metaphyseal
chondrodysplasia type Schmid caused by expression of a mis-
folded mutant type X collagen in chondrocytes, the severity of
the disease was increased by knockout of ATF6a but decreased
by ablation of ATF68 (48). These results suggest that ATF63
may serve as a transcriptional repressor to antagonize the
strength and duration of ATF6« activity that protects cells
from ER stress. However, RIP of ATF6f3 in mouse cardiomyo-
cytes triggered by hemodynamic stress induced expression of
genes overlapping with that induced by ATF6a including ER
chaperones (49). Thus, ATF68 may have different functions in
different tissues.

CREB3L3

CREB3L3, also known as CREB-H, is primarily expressed in
livers and intestines. Earlier studies demonstrated that
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proinflammatory cytokines and lipopolysaccharide (LPS) trig-
gered RIP of CREB3L3 in hepatocytes to induce expression of
acute phase response genes such as C-reactive protein and se-
rum amyloid P-component (50). Recent studies have focused
on the metabolic consequence of CREB3L3 activation. Expres-
sion and RIP of CREB3L3 in mice is stimulated by fasting (51,
52). During fasting, fatty acids released from adipocytes enter
livers, causing hepatic accumulation of triglycerides (TGs).
These TGs then enter the ER lumen, where they are packaged
into very low-density lipoprotein (VLDL) particles. The nascent
VLDL particles produced in the ER lumen are transported to
Golgi and secreted out of hepatocytes through exocytosis as a
vehicle that delivers lipids to peripheral tissues (53). It appears
that VLDL assembly in the ER lumen is the signal to trigger RIP
of CREB3L3 (Fig. 1), as treatments inhibiting this reaction
blocked fasting-induced proteolytic activation of the protein
(54). Because nascent VLDL particles are transported from the
ER to Golgi by specialized vesicles (55), it will be interesting to
determine whether CREB3L3 is co-delivered with VLDL by
these vesicles to Golgi for proteolytic activation by S1P/S2P.

Once cleaved by S1P and S2P, the N-terminal domain of
CREB3L3 activates genes known to be activated during fasting
(Fig. 1). These genes include fibroblast growth factor 21, a fast-
ing-induced hormone that stimulates hepatic fatty acid oxida-
tion and ketogenesis (56); Insig-2, the Insig isoform expressed
in fasting livers (51); and genes required for gluconeogenesis
(57). More importantly, VLDL assembly—triggered RIP of
CREB3L3 coordinates secretion of VLDL with hydrolysis of the
lipoprotein particles in circulation. To use fatty acids stored in
VLDL by peripheral tissues, TGs stored in VLDL must be
hydrolyzed by lipoprotein lipase (LPL) so that fatty acids can be
released from the lipoprotein particle (58). Following activation
through RIP, the N-terminal domain of CREB3L3 stimulates
expression of apolipoproteins such as apoA2, apoA4, and
apoA5 that activate LPL activity (59, 60). Consequently,
CREB3L3 deficiency in both mice and humans leads to devel-
opment of hypertriglyceridemia caused by insufficient LPL ac-
tivity (59).

CREB3L2

CREB3L2, also known as BBF2H7, is best characterized in
chondrocytes. During chondrocyte differentiation, CREB3L2 is
cleaved by S1P. This cleavage has two consequences: 1) like
other transcription factors activated through RIP, it produces
the membrane-bound N-terminal fragment of CREB3L2 as a
substrate for S2P. The S2P-catalyzed cleavage releases the N-
terminal domain of CREB3L2 from membranes so that it can
enter the nucleus to stimulate transcription of genes encoding
components of the COPII coat, such as various isoforms of
Sec23 and Sec24 (61) (Fig. 1). Expression of these genes
enlarges COPII-coated vesicles to accommodate the bulky type
II collagen, the secretion of which is crucial for differentiation
of chondrocytes (61, 62); 2) the S1P-catalyzed cleavage releases
the C-terminal domain of the protein from membranes, allow-
ing it to be secreted out of the cells to stimulate proliferation of
neighboring chondrocytes by activating the hedgehog signaling
pathway (63) (Fig. 1). Thus, the N- and C-terminal fragments of
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CREB3L2 generated through RIP simultaneously stimulate
chondrocyte differentiation and proliferation in developing
cartilage, respectively. As a result, mice deficient in CREB3L2
developed severe chondrodysplasia (61).

CREB3L2 is frequently fused with fused in sarcoma (FUS) in
low-grade fibromyxoid sarcoma (LGFMS), a malignant soft tis-
sue tumor through chromosome rearrangement (64). In these
tumors, the N-terminal domain of FUS is fused in frame with
CREB3L2 at a position N-terminal to its DNA-binding domain
(65). Because overexpression of transcription factors activated
by RIP leads to unregulated proteolytic activation presumably
by overpowering the regulatory machinery that retains them in
the ER (13, 66), the FUS-CREB3L2 fusion protein driven by the
strong FUS promoter is likely to be constitutively cleaved. The
cleaved N-terminal domain of CREB3L2 fused with FUS does
not activate target genes of CREB3L2. Instead, the fusion pro-
tein activates CD24, a marker for LGFMS, the function of
which in tumor development remains obscure (67). Inasmuch
as expression of genes downstream of hedgehog signaling is ele-
vated in LGFMS (67), the increased secretion of the C-terminal
fragment of CREB3L2 (an activator for hedgehog signaling)
produced by unregulated cleavage of the fusion protein may
also contribute to development of the tumor.

RIP of CREB3L1 activated by RAT of TM4SF20

The physiological function of CREB3LI1, also known as
OASIS, was first determined from the study of mice deficient in
the gene. Creb3l1~'~ mice exhibited severe osteopenia owing
to insufficiency of type 1 collagen in bone matrix (68). RIP of
CREB3L1 in osteoblasts was shown to be stimulated by bone
morphogenetic protein 2 (BMP-2), a member of the transform-
ing growth factor B (TGF-p) family of cytokines that is critical
for bone development (68). The cleaved nuclear form of
CREB3L1 in turn activates transcription of genes involved in
assembly of the collagen matrix, including collagen lal
(Collal) that underlies bone formation (17, 68, 69) (Fig. 1). The
crucial role of CREB3L1 for bone development in humans is
supported by the observation that people with homozygous
mutations inactivating CREB3L1 exhibit osteogenesis imper-
fecta, a disease caused by insufficient deposition of collagen in
bone matrix (70-73).

TGE-p, a cytokine homologous to BMP-2, induces collagen
synthesis during tissue repair and fibrosis (74). Like BMP-2,
TGEF-p triggers RIP of CREB3L1 in cultured cells (75). TGEF-f3
induces RIP of CREB3L1 by inhibiting expression of TM4SF20,
an inhibitor for proteolytic activation of CREB3L1 (75).

RIP of CREB3L1 is also essential for doxorubicin, a drug
extensively used for cancer chemotherapy (76), to inhibit prolif-
eration of cancer cells. Doxorubicin stimulates production of
ceramide, which in turn triggers RIP of CREB3L1, allowing the
cleaved nuclear form of the protein to activate p21 and other
genes that inhibit cell proliferation (17, 77) (Fig. 1). The impor-
tance of this CREB3L1-mediated signaling pathway was dem-
onstrated by the finding that at clinically relevant doses, doxor-
ubicin was much more effective in cancer cells that expressed
high levels of CREB3L1 than in those expressing low levels of
the gene. This correlation was observed in cancer cells cultured
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Figure 3. Ceramide-induced RAT of TM4SF20. A, in the absence of cer-
amide, the first transmembrane helix of TM4SF20 is translocated by the type
Il insertion mechanism. This type of insertion causes the sequence N-termi-
nal to the transmembrane helix to be translocated into the ER lumen through
an unknown mechanism, allowing it to be cleaved by signal peptidase. The
nascent peptide C-terminal to the first transmembrane helix is synthesized in
the cytosol. This type of translocation produces TM4SF20(A). This form of the
protein is not glycosylated because the loop containing the three potential
N-linked glycosylation sites is located in cytosol. TM4SF20(A) inhibits RIP of
CREB3L1. B, in the presence of ceramide, the first transmembrane helix of
TMA4SF20 is translocated by the type Il insertion mechanism, during which
the nascent peptide C-terminal to the transmembrane helix is pushed
through the Sec61 translocon by the ribosome and embedded into the ER
lumen. This type of translocation produces TM4SF20(B), in which the
sequence N-terminal to the transmembrane helix remains intact in the cyto-
sol. TM4SF20(B) is glycosylated and activates RIP of CREB3L1. A and B, the N-
terminal loop, the first transmembrane helix, the loop between the first and
second transmembrane helix, and the rest of TM4SF20 are highlighted in or-
ange, yellow, red, and black, respectively. The arrow and dashed lines indicate
the direction where nascent polypeptide is extended.

in vitro, in xenograft tumors established in mice, and in human
tumor samples (77-80). These results suggest that CREB3L1
may serve as a biomarker to predict sensitivity to doxorubicin.

RIP of CREB3LI1 is critical for ceramide to inhibit cell prolif-
eration (77). In contrast to TGF-f3, ceramide does not affect
expression of TM4SF20. Instead, ceramide leads to inverted to-
pology of newly synthesized TM4SF20 (18). This topological
inversion converts TM4SF20 from an inhibitor to an activator
for RIP of CREB3L1 (18).

The two orientations of TM4SF20 are illustrated in Fig. 3 (A
and B). In the absence of ceramide, the N terminus of
TMA4SF20 is located in the ER lumen, and the sequence N-ter-
minal to the first transmembrane helix is cleaved off co-transla-
tionally by the signal peptidase. Under this configuration, the
loop that contains three potential sites for N-linked glycosyla-
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tion is located in the cytosol, where glycosylation cannot occur.
This form of the protein is designated as TM4SF20(A) (18).
When cells are treated with ceramide, the N terminus of newly
synthesized TM4SF20 is located in the cytosol and the Asn-
containing loop is located in the ER lumen, where it is glycosyl-
ated. This form of the protein is designated as TM4SF20(B)
(18). It should be emphasized that ceramide leads to inverted
topology of newly synthesized TM4SF20 but does not flip the
topology of pre-existing TM4SF20. Because ceramide alters the
direction through which TM4SF20 is translocated across mem-
branes during its synthesis, this regulatory process is designated
as regulated alternative translocation (RAT) (18).

In eukaryotic cells, the topology of polytopic membrane pro-
teins is primarily determined by the direction through which
the first transmembrane helix is translocated across ER mem-
branes (81). The translocation process has been categorized
into three classes. Type I insertion refers to proteins that con-
tain a cleavable ER-targeting signal peptide N-terminal to the
first transmembrane helix. The nascent signal peptide binds to
the signal recognition particle that directs the ribosome/nas-
cent polypeptide complex to the ER membranes, enabling
sequence C-terminal to the signal peptide to be transported
into the ER lumen through the Sec61 ER translocon. Following
the translocation, the signal peptide is cleaved from the mature
protein by the signal peptidase (7, 82). The other two insertions
do not use a signal peptide. Instead, their insertions are initiated
by recognition of the hydrophobic sequence present in the first
transmembrane helix of nascent peptides by the signal recogni-
tion particle, which directs the nascent peptide/ribosome com-
plex to the Sec61 ER translocon. The crystal structure of the
translocation complex suggests that insertion of the hydropho-
bic transmembrane helix into ER membranes adjacent to the
Sec61 translocon is the leading event that initiates the translo-
cation process (81) (Fig. 3). In type II insertion, the N terminus
of transmembrane proteins is in the cytosol (82). In type III
insertion, the orientation of the transmembrane helix is
reverted so that the N terminus of the proteins is in the ER
lumen (82).

TM4SF20(A) cannot be inserted into membranes via the
type I insertion because the N-terminal peptide does not serve
as a signal peptide. This conclusion is supported by the follow-
ing lines of evidence: First, the N-terminal sequence of
TM4SF20 does not contain any of the hallmarks characteristic
for a signal peptide (83); second, the N-terminal sequence of
TM4SF20 did not function as a signal peptide when it was sub-
stituted for the endogenous signal sequence of alkaline phos-
phatase (18); third, the N-terminal sequence of TM4SF20 could
be replaced by other peptides without altering the topology of
TM4SF20(A) and ceramide-induced RAT of TM4SF20 (18).
Even though it is not a signal sequence, the N-terminal peptide
of TM4SF20 is cleaved by signal peptidase (18), apparently
because the peptide is accessible to the protease in the ER
lumen. This type of cleavage catalyzed by the signal peptidase
has been reported in proteolytic processing of hepatitis C virus
protein in which the protease cleaves the viral polyprotein pre-
cursor at multiple sites in the ER lumen distal to the N-terminal
sequence (84).
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Because the N terminus of TM4SF20(A) is in the ER lumen
yet the protein is not inserted through the type I insertion, the
first transmembrane helix of TMA4SF20(A) is translocated
through membranes via the type III insertion (Fig. 34). In the
presence of ceramide, the first transmembrane helix of
TM4SF20(B) is inserted into membranes via the type II inser-
tion (Fig. 3B). Thus, RAT changes the translocation of the first
transmembrane helix of TM4SF20 from the type III to type II
insertion. Whereas both of these insertions have been observed
in other membrane proteins, TM4SF20 is the first recognized
example in which the two insertion types are interconvertible
in aregulated manner.

Unlike the well-characterized type II insertion through
which the hydrophilic sequence C-terminal to the transmem-
brane helix is pushed through the translocon by the ribosome,
the mechanism by which the hydrophilic sequence N-terminal
to the transmembrane helix reaches ER lumen during the type
III insertion remains obscure. If this process is mediated by
Sec61, then the N-terminal hydrophilic sequence must be
unfolded and pulled through the translocation channel by
forces other than peptide elongation (81). Other studies suggest
that this process could be Sec61-independent (85-87). One
clue is that this process may require translocating chain-associ-
ated membrane protein 2 (TRAM?2), which is highly homolo-
gous to TRAM]1, an accessory protein that functions together
with the Sec61 translocon (81, 88—90). RNAi-mediated knock-
down of TRAM2 but not TRAMI1 enabled production of
TM4SF20(B) even in the absence of ceramide (18). This obser-
vation suggests that TRAM2 may play a specific role in type III
insertion of the first transmembrane helix of TM4SF20(A). It is
interesting that TRAM2, and all TRAM protein, contains a
TLC domain that is postulated to bind ceramide or related
sphingolipids (91). These observations raise the possibility that
TRAM?2 is the sensor that allows ceramide to block synthesis of
TM4SF20(A).

Because both the type II and III insertions are initiated by
contact of the first transmembrane helix with the ER translo-
con, the first transmembrane helix of TM4SF20 should be criti-
cal for RAT of the protein. Indeed, replacing the signal peptide
of alkaline phosphatase with the N-terminal sequence of
TMA4SF20 that contains the first transmembrane helix led to
ceramide-induced topological inversion of the fusion protein
(18). Mutagenesis analysis revealed that RAT of TMA4SF20
required a Gly and an Asn separated by 3 residues (designated
as the GXXXN motif) present in the first transmembrane helix.
When the Gly or Asn within the motif was mutated to Leu,
TMA4SF20 failed to adopt the A configuration, and it was consti-
tutively in the B topology, even in the absence of ceramide
(18, 92).

Similar to TM4SF20(A), the first transmembrane helix of the
majority of GPCRs is inserted into membranes through the
type III orientation (93, 94). The first transmembrane helix of
several of these receptors contains the GXXXN motif (95). One
of these GPCRs is C-C chemokine receptor 5 (CCR5). In unsti-
mulated macrophages, this receptor adopts a topology consist-
ent with that of GPCRs so it can function as a chemokine recep-
tor (96). When the macrophages were stimulated with LPS, the
increased production of dihydroceramide triggered RAT of
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CCR5, and the protein with the inverted topology no longer
functioned as a chemokine receptor (95). This finding may
explain the well-known observation that LPS-activated macro-
phages are insensitive to chemotaxis (97). The findings also
suggest that RAT may be a widespread mechanism to regulate
transmembrane proteins.

Perspective

RIP of membrane-bound transcription factors is ultimately
achieved by regulated transport of these proteins from the ER
to Golgi upon stimulation by signals generated from the ER.
Except for SREBPs, the exact signaling mechanisms that trigger
RIP of the other membrane-bound transcription factors are not
well-defined. RIP of most if not all of the membrane-bound
transcription factors can be stimulated by treatments with
pharmacological compounds, such as tunicamycin or thapsi-
gargin, that induce ER stress. Thus, it is tempting to conclude
that all of these transcription factors are ER stress transducers.
However, the term ER stress is too broad to categorize the sig-
nals that activate RIP of the membrane-bound transcription
factors, as distinct signals that activate RIP of different mem-
brane-bound transcription factors (e.g. alteration in lipid com-
position of ER membranes that activates SREBPs, accumulation
of unfolded proteins in the ER lumen that activates ATF6, and
increased synthesis of extracellular matrix proteins that acti-
vates RIP of CREB3L1 and CREB3L2) may all be considered as
ER stress. Thus, identification of the exact ER-generated signals
that activate RIP of the individual membrane-bound transcrip-
tion factor will be the primary challenge in the future to under-
stand the signal transduction pathways mediated by these
proteins.

Another important question regarding RIP is whether S2P is
equally active in cleaving different membrane-bound transcrip-
tion factors. Previous reports showed that the membrane-
bound intermediate form, which represents a fragment of these
transcription factors that has been cleaved by S1P but not S2P
(Fig. 1), was present for CREB3L1 but not for SREBPs or
ATF6« in cells expressing WT S2P (13, 25, 77, 98). This obser-
vation suggests that CREB3L1 may be a less efficient substrate
for S2P than other membrane-bound transcription factors.
Consistent with this hypothesis, S2P(L505F), a point mutation
that partially inactivates S2P, diminished cleavage of CREB3L1
but not ATF6 in cultured cells (95). Patients expressing this
mutant of S2P developed osteogenesis imperfecta, the same
phenotype exhibited by individuals deficient in CREB3L1 (98).
In contrast, subjects with mutations that inactivate S2P com-
pletely develop IFAP (ichthyosis follicularis atrichia photopho-
bia), a syndrome that has other abnormalities in addition to
osteogenesis imperfecta, presumably caused by deficiency in
activating membrane-bound transcription factors besides
CREB3L1 (99). Understanding why S2P is less efficient in cleav-
ing CREB3L1 may provide strategies to treat these genetic
diseases.

Accumulation of ceramide and/or dihydroceramide in ER
membranes triggers RIP of ATF6«a and CREB3L1 (46, 77).
Whereas the mechanism for dihydroceramide-induced RIP of
ATF6a remains obscure, ceramide activates RIP of CREB3L1

SASBMB



JBC REVIEWS: Proteolytic and topological regulation of membrane proteins

by inverting the topology of TM4SF20 through altering the
direction by which TM4SF20 is translocated into ER mem-
branes (18). Whereas regulation of protein translocation was
proposed more than a decade ago (100), ceramide-induced
RAT of TM4SF20 discovered recently is the first example that
this regulation indeed takes place in mammalian cells. This dis-
covery raises more questions on regulation of protein translo-
cation: if the type III insertion responsible for production of
TMA4SF20(A) is Sec61-dependent, what is the driving force and
unfolding mechanism that allows the N-terminal sequence to
be pulled through the translocon? If not, what is the transloca-
tion machinery responsible for the type III insertion? Are
TRAM proteins the ceramide sensors that control RAT? Per-
haps the most important question is how many transmembrane
proteins are subjected to topological regulation. The reports
published so far suggest that transmembrane proteins regu-
lated through RAT contain a GXXXN motif in the first trans-
membrane helix (18, 95). However, TM4SF4, another trans-
membrane protein that contains the same motif in the first
transmembrane helix, does not undergo RAT (92). These
observations suggest that the GXXXN motif present in the first
transmembrane helix may be required but not sufficient to
induce RAT. It appears that a proteome-wide approach capable
of measuring topology of transmembrane proteins globally is
needed to systematically identify transmembrane proteins sub-
jected to topological regulation.
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