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In Brief

The unfolded protein response (UPR),
often perturbed by proteotoxic stress or
disease, also responds to lipotoxic
stress. Tam et al. find that
dihydrosphingosine and
dihydroceramide, early sphingolipid
intermediates, directly activate the
mammalian UPR sensor ATF6, via a
domain distinct from that targeted by
proteotoxic stress, and preferentially
activate lipid biosynthetic genes.
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SUMMARY

The unfolded protein response (UPR) is induced
by proteotoxic stress of the endoplasmic reticulum
(ER). Here we report that ATF6, a major mammalian
UPR sensor, is also activated by specific sphingoli-
pids, dihydrosphingosine (DHS) and dihydrocera-
mide (DHC). Single mutations in a previously unde-
fined transmembrane domain motif that we identify
in ATF6 incapacitate DHS/DHC activation while still
allowing proteotoxic stress activation via the luminal
domain. ATF6 thus possesses two activation mecha-
nisms: DHS/DHC activation and proteotoxic stress
activation. Reporters constructed to monitor each
mechanism show that phenobarbital-induced ER
membrane expansion depends on transmembrane
domain-induced ATF6. DHS/DHC addition prefer-
entially induces transcription of ATF6 target lipid
biosynthetic and metabolic genes over target ER
chaperone genes. Importantly, ATF6 containing a
luminal achromatopsia eye disease mutation, unre-
sponsive to proteotoxic stress, can be activated by
fenretinide, a drug that upregulates DHC, suggesting
a potential therapy for this and other ATF6-related
diseases including heart disease and stroke.

INTRODUCTION

In eukaryotic cells, the endoplasmic reticulum (ER) responds
to changing cellular demands, environmental cues, and emer-
gencies by constantly making adjustments to its constituents.
The ER is the largest cellular organelle and performs a variety
of critical functions, including synthesis of lipids, regulation of
intracellular calcium, and synthesis and maturation of secreted
and membrane-bound proteins (Ma and Hendershot, 2001;
Voeltz et al.,, 2002). Such proteins enter the ER lumen as
nascent polypeptides (Walter et al., 1984). Once the polypep-
tides enter the lumen, they associate with ER-resident chaper-
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ones and protein-folding enzymes to generate properly folded
proteins. The need for ER protein-folding function often in-
creases in response to changing cellular conditions and must
be adjusted accordingly. An increased need for protein-folding
components, signaled by the presence of high levels of nascent
and unfolded secretory pathway proteins, is defined as ER
proteotoxic stress. This stress triggers the unfolded protein
response (UPR), which swings into action to increase ER pro-
tein-folding capacity (Ron and Walter, 2007; Mori, 2000; Rut-
kowski and Kaufman, 2004).

In mammalian cells, the UPR consists of three parallel
signaling pathways, initiated respectively by the ER transmem-
brane sensors IRE1, PERK, and ATF®6; in yeast IRE1 is the sole
sensor for the UPR (Ron and Walter, 2007; Mori, 2000; Rutkow-
ski and Kaufman, 2004). Activation of the sensors results in
increased transcription of ER components, thereby increasing
the protein-folding capacity of the ER. ATF6 is a cryptic tran-
scription factor. Upon sensing proteotoxic stress via its ER
luminal domain, the integral membrane protein ATF6 is trans-
ported via vesicular trafficking to the Golgi where it undergoes
cleavage in its transmembrane domain to release the ATF6
cytoplasmic domain into the cytosol. This is transported to the
nucleus, where it acts as a major UPR-specific transcription
factor to induce increased expression of genes encoding ER
chaperones and other protein-folding components.

In addition to its response to the accumulation of unfolded pro-
teins, the UPR is thought to respond to a parallel need for more
lipids, which is termed ER lipotoxic stress (Fu et al., 2011, 2012;
Volmer and Ron, 2015; Lee et al., 2008; Rutkowski et al., 2008;
Promlek et al., 2011; Miller et al., 2017; Thibault et al., 2012; Ya-
mamoto et al., 2010). The synthesis of most major cellular lipids,
including phospholipids, sterols, and sphingolipids, is known to
start in the ER (Jacquemyn et al., 2017; Ron and Hampton,
2004). A series of observations indicate that the UPR compo-
nents IRE1 and PERK can be activated by a lipotoxic stress
that is caused by adding free fatty acids; in those instances acti-
vation has been proposed to occur by the fatty acids increasing
membrane fluidity, with the increased fluidity being the signal for
UPR activation (Volmer et al., 2013; Halbleib et al., 2017). While
membrane synthesis has long been described as an integral part
of the UPR pathway, the molecular mechanism by which such
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coordination is achieved has remained largely elusive. In an
example of coordination, when antigen stimulation induces
differentiation of resting B cells into plasma cells that now
secrete vast quantities of antibodies, this process is accompa-
nied by massive ER membrane expansion (Schuck et al., 2009;
van Anken et al., 2003).

Here, we show that UPR induction in vivo is accompanied
by an increase in specific sphingolipids, dihydrosphingosine
(DHS) and dihydroceramide (DHC). We further find that exoge-
nous addition of these specific sphingolipids to unstressed
cells preferentially activates the ATF6 arm of the UPR pathway
and does so independently of proteotoxic stress. We identify a
required peptide sequence within the ATF6 transmembrane
domain that we show is needed for its activation by these sphin-
golipids. Our results thus reveal an unexpected dual mechanism
for activating ATF6, and provide mechanistic insight into the pos-
sibility of coordinating proteotoxic and lipotoxic stress through
the ATF6 arm of the UPR pathway.

RESULTS

Sphingolipid Pathway Intermediates

Dihydrosphingosine and Dihydroceramide Are

Increased in Response to ER Stress

Sphingolipid signaling has been observed to play important roles
in turning on cellular pathways (Olson et al., 2015; Hannun and
Obeid, 2018). However, it has only recently been possible to
achieve the sensitivity of mass spectrometry to measure the
levels of early sphingolipid intermediates. To investigate whether
sphingolipid levels are elevated in mammalian cells by ER stress,
we performed liquid chromatography-mass spectrometry (LC-
MS) analysis (Benjamin et al., 2015) on HEK293 cells treated
with the canonical UPR inducer, thapsigargin (Tg), which induces
ER stress by depleting Ca®* from the ER. The levels of DHS, an
early intermediate in sphingolipid synthesis (Figure 1A),
increased ~2.5-fold within 90 min of Tg addition (Figure 1B);
many other sphingolipid intermediates showed little change (Fig-
ures 1B and S1A). ER stress induction by another UPR inducer,
DTT, which causes breakage of disulfide bonds, resulted in an
increase in DHC, the intermediate immediately downstream of
DHS (Figures S1C and S1D). Biosynthesis of both DHS and
DHC is known to occur at the ER. The differences in increase
in DHS by Tg and DHC by DTT may reflect subtle differences
in the way ER stress was induced. Although the MS analysis
used here was capable of detecting all the sphingolipids in Fig-
ure 1A from dihydrosphingosine onward, we found that only
DHS and DHC were uniquely increased during ER stress; the

levels of ceramide, sphingosine, and sphingomyelin did not
change upon UPR induction (Figures 1A, 1B, and S1A-S1D).

The increase in DHS and DHC suggested that ER stress in-
duces the early steps in ER sphingolipid biosynthesis. To test
this in vitro, we prepared microsomes from HEK293 cells that
had been incubated for 30 min with [*H]L-serine, unlabeled pal-
mitoyl-coenzyme A (CoA), plus or minus Tg (Rutti et al., 2009).
We found the levels of 3H-labeled lipids produced were consis-
tently higher in ER stressed microsomes than in those from un-
stressed cells (Figure 1C), arguing that lipid synthesis by early
sphingolipid biosynthetic enzymes such as SPT and FVT-1 (Fig-
ure 1A) was increased by ER stress. Importantly, the addition of
myriocin, a well-established inhibitor of SPT, blocked the in-
crease of [°H] lipids in both stressed and unstressed cells to
identical low levels (Figure 1C). Taken together, the MS analysis
and enzymatic analysis revealed that ER stress increases the
synthesis of DHS and DHC.

ATF6 Is Activated by the Early Biosynthetic
Intermediates Dihydrosphingosine and

Dihydroceramide

Given the increased levels of DHS and DHC in response to ER
stress, we tested whether addition of exogenous DHS or DHC
activates any UPR components in HEK293 cells. Using a previ-
ously validated ATF6-GFP reporter (Shen et al., 2002; Gallagher
and Walter, 2016; Ye et al., 2000), we found that either DHS or
DHC addition induced ATF6-GFP activation and movement to
the nucleus (Figures 2B-2G and S2A-S2C). Moreover, activation
of ATF6 by DHS or DHC occurred in a concentration-dependent
manner (Figures S2D and S2E). Strikingly, the kinetics of ATF6
activation and movement closely mirrored those seen after Tg
or DTT addition (Figures 2A-2G and S2A-S2C).

Examination of fluorescently labeled DHS and DHC (NBD-
DHS and NBD-DHC) confirmed that DHS and DHC have the ca-
pacity to rapidly enter cells and initially localize to the ER (Figures
S2F, S2G, and S2I). The NBD-labeled sphingolipids were subse-
quently found to move to the Golgi, co-localizing with Golph3
(Figures S2H and S2J), a well-established Golgi marker (Dippold
et al., 2009).

We also found ATF6-GFP was activated by DHS or DHC in
other mammalian cells, including the human tumor cell lines
MCF7 and Hela (Figures S2K and S2L), as well as in mouse em-
bryonic fibroblasts (MEFs) (Figures S2M-S20). Additionally, the
magnitude and kinetics of ATF6-GFP reporter activation was un-
affected by the presence of endogenous ATF6, since DHS, DHC,
and Tg all had essentially the same effect on ATF6-GFP activa-
tion whether the reporter was transfected into wild-type MEFs

Figure 1. ER Stress Specifically Induces a DHS Increase in Mammals

(A) Schematic of the human sphingolipid/ceramide biosynthetic pathway. De novo sphingolipid synthesis up to ceramide occurs in the ER, while generation of
sphingosine and sphingomyelin occurs in the Golgi. Key biosynthetic enzymes and inhibitors are shown.

(B) DHS increases after Tg treatment. Representative lipid profiles of HEK293 cells 0, 30, and 90 min after Tg treatment, as determined by LC-MS, are shown for
DHS, DHC (C18:0, C20:0, C22:0, and C24:0), and ceramide (C16:0, C18:0, and C20:4). See Figure S1A for sphingosine and sphingomyelin levels. In all cases, the
relative lipid levels (fold induction) with respect to the values at 0 min are shown. Note that the distance between 30- and 90-min time points is foreshortened to
save space; in all cases, the fold induction over 0 min is the key comparison. Error bars represent values from five independent samples.

(C) Sphingolipid production is increased in vitro. Microsomes isolated from untreated (Untr) or Tg-treated HEK293 cells were incubated with increasing
amounts of [*H]serine and palmitoyl-CoA. The sum of the 3H-labeled 3-ketodihydrosphingosine, DHS, DHC, and ceramide lipids produced were separated from
free [®H]serine by extraction and measured. Control reactions were also performed with the inhibitor myriocin (Myr).

Unpaired two-tailed t tests comparing untreated and treated samples: **p < 0.01; *p < 0.05; ns, not significant.
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or Atf6~/~ MEFs (Figures S2M-S20). We confirmed that the acti-
vation events observed with transfected ATF6-GFP recapitulate
activation of endogenous ATF6, as we observed the appearance
of cleaved ATF6 N terminus for both endogenous ATF6 and the
transfected ATF6-GFP (Figure S2P), indicating that ATF6-GFP
is indeed a faithful reporter of the activation status of ATF6,
as shown previously (Shen et al., 2002; Gallagher and Walter,
2016). These experiments demonstrate that DHS and DHC,
increased in response to ER stress, can activate ATF6.

Notably, the abilities of DHS and DHC to activate ATF6 were
specific to these early intermediates, since addition of the down-
stream sphingolipids and ceramides in the biosynthetic pathway
did not effectively activate ATF6 (Figures S2Q and S2R). Further-
more, we found that the carbon chain lengths of DHC did not
affect ATF6 activation as both C2:0- and C16:0-DHC were
equally active (Figures S2Q and S2R). The fact that mammalian
ATF6 activation was limited to DHS and DHC and was not effec-
tively activated by the structurally similar ceramides or sphingo-
sine (Figure 1A) suggests again that ATF6 activation by either
DHS or DHC is unlikely to be caused by pleiotropic disturbances
of the ER membrane. Furthermore, DHS and DHC had little effect
on ATF6p (Figure S3A) or on the unrelated ER transmembrane
transcription factor, SREBP (Figures S3B and S3C). Taken
together, the data indicate that the activation of ATF6 is induced
by DHS and DHC.

DHS and DHC Do Not Activate IRE1 or PERK

Upon testing, we found that DHS and DHC did not activate IRE1,
the initiator of another arm of the mammalian UPR response.
Normally when activated by Tg, IRE1 becomes an active riboen-
donuclease that specifically cleaves out the intron of XBP1
mRNA,; this spliced mRNA is then translated into the UPR tran-
scription factor XBP1. After DHS or DHC addition, no spliced
XBP1 RNA was observed (Figure 2H). Similarly, we found that
DHS and DHC do not appear to activate the third arm of the
mammalian UPR, PERK, which upon activation by Tg becomes
a functional kinase for elF2q. Specifically, no elF2a phosphoryla-
tion above background (normalized to total elF2a) was observed
following DHS or DHC addition to HEK293 cells (Figure 2I).
We conclude that DHS and DHC activate ATF6, but not IRE1
or PERK.

Differences Observed between DHS/DHC Activation of
ATF6 and Proteotoxic Stress Activation

ATF6 activation by canonical proteotoxic stress inducers in-
volves a well-choreographed set of biochemical changes and
movements from the ER to the Golgi to the nucleus, culminating

in UPR-specific gene expression. We compared the early steps
seen with proteotoxic stressors with the steps seen with DHS or
DHC. Tg and DTT induce ATF6 by causing the accumulation of
unfolded proteins in the ER. To first determine whether DHC
might activate ATF6 by increasing unfolded proteins within the
ER, we utilized a VSVG-GFP reporter previously described as a
“folding status” reporter (Nehls et al., 2000; Hirschberg et al.,
1998; Cole et al., 1998). VSVG, the vesicular stomatitis virus
glycoprotein G, is a secretory pathway protein, ultimately tar-
geted to the cell surface. Upon synthesis, VSVG enters the ER
for folding and maturation before being transported to the Golgi
and cell surface. The folding status of VSVG can be determined
using an antibody that recognizes only its folded form (Cole et al.,
1998; Nehls et al., 2000). As was done in those studies to facili-
tate detection of the folded status of VSVG, we blocked all the
VSVG-GFP in the ER using FLI-06, an inhibitor of COP Il vesicle
formation (Figure 3 panel 2, and S3D). Following addition of DTT
for 1 hr, folded VSVG-GFP (red) quickly disappeared while the
overall amount of VSVG-GFP (green) remained unchanged
throughout the 3-hr time course (Figure 3A, panels 3-5). In
contrast, incubation with DHC appeared not to decrease the
amount of folded VSVG-GFP during the first hour of DHC treat-
ment (red, Figure 3A, panel 6). The folded form (red) gradually
disappeared as VSVG-GFP unfolded (Figure 3A, panels 7
and 8). Since ATF6 activation occurs within 30 min after DHC
activation (Figures 2A-2G and S2A-S2C), which precedes the
appearance of unfolded VSVG seen here, we concluded that
proteotoxic stress is unlikely to be the major cause of ATF6
activation by DHS or DHC.

These results are also consistent with experiments we per-
formed using the chemical chaperone 4-phenylbutyric acid
(4-PBA), a chemical known to reduce the level of unfolded pro-
teins in the ER (Cao et al., 2013). 4-PBA strongly suppressed
ATF6 activation in response to Tg (Figure 3B: 4PBA + Tg,
compare lanes 3 and 4; Figure S3E). Addition of 4-PBA showed
much less effect on the DHC-induced activation of ATF6 (Fig-
ure 3B, compare lanes 5 and 6; Figure S3E), measured as the
rate of appearance of ATF6 in the nucleus.

We next asked whether DHC causes BiP to dissociate from
ATF6. Upon UPR activation by the proteotoxic stressor Tg,
reduced levels of BiP co-immunoprecipitate with ATF6, as BiP
dissociates from the ATF6 luminal domain and instead binds to
the unfolded proteins accumulating in the ER lumen (Shen
et al., 2002; Bertolotti et al., 2000; Schindler and Schekman,
2009), as also seen here in Figure 3C (wild-type ATF6 [WT-ATF6],
compare lanes 1 and 2). In contrast, DHC treatment caused little
or no reduction in BiP co-immunoprecipitating with ATF6

Figure 2. DHS and DHC Activate the UPR Sensor ATF6

(A-C) Representative images of HEK293 cells with ATF6-GFP upon treatment with (A) Tg (200 nM), (B) DHS (50 uM), or (C) DHC (50 uM). ATF6-GFP localization is
shown in the top panels (green). Golgi (red; anti-GM130), and nuclear (blue; DAPI) localizations are also shown.

(D-G) Kinetic changes in ATF6-GFP localization in HEK293 cells treated with DHC (D) or DHS (E) versus Tg, or with DHC (F) or DHS (G) versus DTT. As incubation
time with DHC or DHS increased, ER-localized ATF6-GFP decreased and, ultimately, ATF6-GFP appeared in the nucleus, following transit through the Golgi. Data
represent the mean + SD of at least three independent experiments, each performed with >50 cells per time point. Unpaired two-tailed t tests comparing

untreated and treated samples: **p < 0.01; *p < 0.05.

(H) DHC or DHS treatment of HEK293 cells did not induce IRE1 as measured by XBP7 mRNA splicing, while Tg treatment induced efficient splicing of XBP1
mRNA, as expected. Spliced (XBP1s) and unspliced (XBP1u) forms of XBP7T mRNA are marked.

() elF2a.is phosphorylated by 1 hr following Tg, but not DHC or DHS treatment of HEK293 cells. The fold increase in levels of phosphorylated elF2q, visualized by
western blotting using an anti-phospho-elF2q antibody, was normalized to those of total elF2a. Data represent the mean + SD of three independent experiments.
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Figure 3. Distinct Differences Are Observed Early in ATF6 Activation by DHC versus Proteotoxic Stress

(A) DHC does not cause VSVG-GFP unfolding until 2-3 hr after its addition (decreased red, panels 7-8), compared with DTT treatment, which causes rapid
unfolding of VSVG-GFP (decreased red; 1 hr, panel 3). Folding was detected with an antibody that binds only to folded VSVG-GFP. In unstressed cells,
VSVG-GFP was localized throughout the secretory pathway (red, panel 1). For this experiment, both the DTT- and DHC-treated cells were incubated with
FLI-06, an inhibitor of transport to the Golgi, to ensure retention in the ER for better detection of both folded (red) and total (green) VSVG-GFP. Scale
bar, 10 um.

(B) Treatment with the chemical chaperone 4-PBA is known to reduce ATF6 activation as it helps to alleviate ER proteotoxic stress in Tg-treated
HEK293 cells (lane 4). 4-PBA had a significantly lesser effect on ATF6 activation by DHC (lane 6). Data represent the mean + SD of at least three
independent experiments, each performed with >50 cells.

(C) DHC does not induce significant BiP dissociation from WT-ATF6 immunoprecipitates from HelLa cells, while Tg, as expected, does. BiP does not dissociate
from ATF6 mutated in the luminal domain (Y567N-ATF6), after either Tg or DHC treatment. Quantitation of BiP-bound ATF6 levels in ATF6 immunoprecipitates is
shown (graph). The mean + SD of three independent experiments is shown.

(legend continued on next page)
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(Figure 3C; WT-ATF6, compare lanes 1 and 3). This indicates that
an initial step in activation by DHC differs from that induced by
the proteotoxic ER stressor Tg.

We also found that while pretreatment of cells with the Ca®*
chelator BAPTA inhibits Tg-mediated activation of ATF6 (Senkal
et al., 2011), BAPTA did not inhibit ATF6 activation by DHC (Fig-
ures S3F and S3G). Thus, we conclude that DHS and DHC acti-
vation of ATF6 is not caused by accumulation of ER unfolded
proteins or depletion of ER Ca®*.

Dihydroceramide-Activated ATF6 Is Still Packaged into
COPII Vesicles and Cleaved by S1P and S2P

In contrast, we found that the known downstream steps of pro-
teotoxic activation of ATF6 (Schindler and Schekman, 2009;
Higa et al., 2014; Nadanaka et al., 2007), including glycosylation
state (Figure 3D, compare lanes 2, 8 versus 4, 6), oligomerization
status (Figure 3E, lanes 1-3 versus 7-9), COPII vesicle associa-
tion (co-localization with Sec 16), and localization at the ER exit
sites (co-localization with Sec 31A), all appeared indistinguish-
able whether activation occurred by Tg, DTT, DHS, or DHC
(Figures 4A, 4B, and S4A). Additionally, FLI-06 hindered DHC-
induced ATF6 from appearing in the nucleus, just as it had for
Tg-induced ATF6 (Figure 4F). In a further similarity, treatment
of cells with Ceapin A7, an inhibitor of Tg activation of ATF6 (Gal-
lagher et al., 2016; Gallagher and Walter, 2016), also blocked
DHC activation of ATF6 (Figures 4C-4E, S4B, and S4C). Lastly,
we asked whether DHC activation must induce cleavage of the
transmembrane domain of ATF6 for effective activation (freeing
of the N-terminal transcription factor domain). Indeed, pretreat-
ment of cells with AEBSF, a chemical inhibitor of the S1P/S2P
protease (Okada et al., 2003), markedly decreased the percent-
age of DHC-treated cells containing nuclear ATF6-GFP (Figures
4G and S4D). These data argue that DHC/DHS differ by not
inducing or requiring unfolded proteins or the loss of BiP for acti-
vation (Figures 3A-3C), but after that point many of the interme-
diate steps involved in activation of ATF6 occur similarly in
response to Tg and DHC.

DHS- and DHC-Mediated Activation of ATF6 Is Uniquely
Dependent on the ATF6 Transmembrane Domain

Given that DHS and DHC are sphingolipids synthesized with
their fatty acid tail(s) tethered in the outer leaflet of the ER bilayer,
this suggested the possibility that transmembrane residues of
ATF6 might act to participate in recognizing DHS and DHC. In
search of a published example of a protein demonstrated to
recognize a specific sphingolipid via its transmembrane domain,
we found that the protein p24, an integral membrane protein of
COP | vesicles, does indeed bind the downstream lipid sphingo-
myelin via its transmembrane domain (Contreras et al., 2012).
Upon visual inspection of the transmembrane sequence of hu-
man ATF6, we found a conserved sequence VXXFIXXNY, which
showed both spacing homology and some sequence homology
to the essential residues for p24 binding to sphingomyelin

(VXXTLXXIY) (Figure 5A). Use of the secondary structure pro-
gram Phyre2 predicted that the three key p24 transmembrane
domain residues (L17, 120, and Y21) for sphingomyelin binding
and the equivalent residues of the ATF6 transmembrane domain
(1388, N391, and Y392) were predicted to map in the same struc-
tural relationship (Figures 5C and 5D).

To test the importance of this putative ATF6 transmembrane
motif, we generated mutants of human ATF6-GFP carrying
single substitutions within the human sequence VLAFIILNY (Fig-
ure 5E). Strikingly, I388F-ATF6 and Y392C-ATF6 mutants were
dramatically reduced in their ability to be activated by DHS or
DHC when compared with WT-ATF6 (Figure 5E, see dotted
squares; Figures S5A-S5I). Our changes of other residues either
did not significantly alter ATF6 activation by DHS or DHC (L385lI,
A386V, 1389L, L390I) or reduced activation by one but not the
other sphingolipid (F387A) (Figures 5E and S5A-S5I). Impor-
tantly, the most severe mutations, 1388F-ATF6 and Y392C-
ATF6, which were greatly decreased in their activation by DHS
or DHC, were still activated by Tg treatment (Figure 5E, blue,
S5E and S5/), demonstrating that these mutations did not alter
overall ATF6 protein structure. We conclude that the I1388F-
and Y392C-ATF6 mutants are greatly reduced in their response
to the sphingolipids DHS and DHC, but continue to respond to
proteotoxic stress.

The above mutational analysis suggested that the ATF6 trans-
membrane motif could be directly binding to DHS or DHC. To
test this, we performed DHS binding assays in vitro. WT-ATF6
was isolated by immunoprecipitation from HEK293 microsomes
derived from cells transfected with WT-ATF6; immunoprecipi-
tated WT-ATF6 was then incubated with increasing levels of
[*H]DHS. We found that the level of bound [PH]DHS increased
in a concentration-dependent manner (Figure 5F, WT-ATF6).
The binding of [*H]DHS reached saturation, as it was seen to
plateau with added [®H]DHS beyond 100 pmol. In contrast,
when immunoprecipitated I388F-ATF6 was used in the assay,
the level of [°H]DHS binding was greatly diminished (Figure 5F,
I388F-ATF6, and S5K). Finally, the binding of [*H]DHS to ATF6
was effectively competed by unlabeled DHS, but not by the un-
related lipid, cholesterol (Figure 5G). This strongly indicates that
the reason why ATF6 proteins with the most severe mutations in
their predicted DHS/DHC-binding domain are unable to be acti-
vated is that these mutants cannot bind these specific lipids.

The Existence of Two ATF6 Activation Pathways Is
Confirmed by Use of a Human Achromatopsia Disease
Mutation

Point mutations in the luminal domain of ATF6 have been
reported in the hereditary eye disease achromatopsia (Kohl
et al., 2015). We found that introducing the achromatopsia
Y567N mutation into the ER luminal domain (Figure 6A) disrupts
Tg activation of ATF6-GFP (Figure 6B, lane 4; Figure S5J). We
further found that the luminal domain of Y567N-ATF6 does not
dissociate from BiP upon Tg treatment (Figure 3C, lanes 4-6),

(D) ATF6 is glycosylated to a similar extent after activation by either Tg, DTT, DHC, or DHS. HEK293 cells were treated with Tg, DHS, DHC, or DTT for 2 hr, before
ATF6 was immunoprecipitated, treated with or without Endo H, and subjected to SDS-PAGE.

(E) Oligomerization/monomer status of ATF6 in HEK293 cells treated with either Tg or DHC was similar, as visualized by immunoblotting with anti-ATF6 antibody
under non-reducing (NR) or reducing (R) conditions, as described in Nadanaka et al. (2007).

In (B) and (C), **p < 0.01; n.s. indicates statistically insignificant differences using unpaired two-tailed t tests comparing untreated and treated samples.
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Figure 4. DHS/DHC Activation of ATF6 Requires Transport to the Golgi via COP Il Vesicles and S1P/S2P Cleavage of the ATF6 Transmem-
brane Domain

(A) DHC treatment resulted in co-localization of ATF6-GFP with Sec31A, a COPII vesicle component, and Sec16, an ER exit site (ERES) component, to an extent
similar to ATF6-GFP in Tg-treated cells (arrowheads indicate co-localization of all three molecules). Following treatment of HEK293 cells with Tg or DHC for
60 min, immunofluorescence was done with anti-Sec31A and anti-Sec16 antibodies. Representative images of cells treated with Tg, DHC, or untreated are
shown, with high magnification views of the white-boxed areas at the right. ATF6-GFP in green, Sec31A in red, and Sec16 in blue. Scale bar, 10 um.

(B) Percent co-localization of ATF6-GFP with Sec31A (magenta) and Sec31A/16 (dark purple) is shown. See STAR Methods for a detailed description of the
quantification. Each co-localization experiment was repeated at least three independent times.

(C) Ceapin A7, which blocks Tg activation of ATF6 as defined by nuclear localization, inhibits DHC and DHS activation of ATF6 to a similar extent.

(D and E) Ceapin A7 inhibits co-localization of DHC-, DHS-, and Tg-induced ATF6-GFP with Sec31A (D) and with both Sec31A and Sec16 (E).

(F) DHC activation of ATF6 requires transport to the Golgi. Pretreatment of HEK293 cells with FLI-06, an inhibitor of COPII transport, blocked ATF6-GFP activation
by Tg and DHC.

(G) ATF6 activation by either Tg or DHC is similarly blocked by AEBSF, a known chemical inhibitor of the membrane-bound proteases S1P and S2P.

In (B)-(G), **p < 0.01 and *p < 0.05 using unpaired two-tailed t tests comparing untreated and treated samples.
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Figure 5. A Conserved Dihydroceramide- and Dihydrosphingosine-Recognition Motif Is Found within the ATF6 Transmembrane Domain
(A) Alignment of residues within the transmembrane domain of ATF6 (yellow). The previously reported consensus binding site (VXXTLXXIY) for sphingomyelin (SM)
in the COP | component p24 (Contreras et al., 2012) is shown for comparison with a putative DHS-binding site in ATF6 (VXXFIXXNY, red), proposed here.
Residues within the DHS recognition motif that map in equivalent locations to the essential residues of p24 are highlighted in blue.

(B) Sequence alignment of the transmembrane domains of ATF6a, ATF68, and other transmembrane transcription factors, including OASIS, BBF2H7, LUMAN,
CREBH, and ALBZIP, is shown. For comparison, the transmembrane domains of IRE1 and PERK are also shown. The VXXFIXXNY motif was not seen in IRE1
or PERK.

(C and D) Predicted structural models of the p24 sphingomyelin-binding motif within its transmembrane domain (C) and the putative DHS-binding motif within the
ATF6 transmembrane domain (D) were derived from the computational program Phyre2. The N termini are at the bottom of the image and the C termini at the top.
The sphingomyelin-binding motif of p24 is shown (C), with the key residues L17, 120, and Y21 indicated (Contreras et al., 2012). The spatial relationships of three
conserved residues, 1388, N391, and Y392 in the DHS-recognition motif are highlighted in red (D).

(E) Each residue within the putative DHS or DHC recognition motif of ATF6 was mutated to the amino acid residues shown in dark blue. Within the motif, critical
amino acid residues for activation by DHS and DHC are shown in red. The activation rate of the individual ATF6 mutants was measured upon Tg, DHC, or DHS
treatment of HEK293 cells carrying the mutants. In particular, 1I388F-ATF6 and Y392C-ATF6 were diminished for activation by DHC and DHS, but retained
the ability to be activated by Tg. Data represent the mean + SD of three independent experiments, each with at least 50 cells per sample. **p < 0.01, *p < 0.05,

(legend continued on next page)
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demonstrating that Y567N-ATF6 is unable to either sense or
respond to ER proteotoxic stress induced by Tg (Figure 6B).
However, Y567N-ATF6 is still activatable by DHC (Figure 6B,
lane 8 and S5J). Thus, ATF6 activation by DHC via the ER trans-
membrane domain can occur effectively even when the ATF6 ER
luminal domain is impaired in its response to the ER proteotoxic
stressor Tg.

Conversely, 1388F-ATF6 and Y392C-ATF6, which cannot be
activated by DHS or DHC (Figure 6B, lanes 6 and 7), can still
be activated by ER proteotoxic stress via the ER luminal domain
(Figure 6B, lanes 2 and 3 Tg, and S5E and S5I).

Our initial studies of sphingolipid induction began when we
found that treatment of HEK293 cells with Tg, the well-estab-
lished proteotoxic stress inducer, also increased levels of DHS
(Figure 1B). Here we find that addition of myriocin, an inhibitor
of SPT, to cells with WT-ATF6-GFP decreased the extent of
ATF6 activation (Figure 6B, compare lane 1 with lane 9).
A decrease does not occur with cells containing the ATF6
transmembrane domain mutations I388F-ATF6 or Y392C-ATF6
(Figure 6B, compare lanes 2 and 3 with lanes 10 and 11). These
results suggest that WT-ATF6 is activated via the sum of the
ER luminal domain sensing ER proteotoxic stress and the trans-
membrane motif sensing the DHS/DHC induction.

The conclusion that ATF6 can be independently activated by
two activating signals (or inputs) suggests that drugs could be
developed that bypass the effects of a debilitating mutation
within either domain. One relevant drug that could theoretically
be useful in this arena is fenretinide (FEN), which increases intra-
cellular DHC concentrations by blocking the conversion of DHC
to ceramide, resulting in an increase in intracellular DHC concen-
tration (Figure 1A) (Bikman et al., 2012). Interestingly, we found
that WT-ATF6 GFP was activated to the same extent in FEN-
treated cells as it was after DHC addition (Figure 6B, compare
lanes 5 and 13). FEN could not, however, activate the transmem-
brane mutants I388F-ATF6 or Y392C-ATF6 (Figure 6B, lanes 14
and 15; Figures S6E-S6H). It did still effectively activate the
luminal Y567N-ATF6 mutant (Figure 6B, lane 16; S6E-H). Thus
FEN, already being tested in humans as a potential anti-cancer
drug for reasons unrelated to ATF6 (Cooper et al., 2017), could
be tested for efficacy in ATF6 mutant-related diseases.

ATF6 Activation via Its Transmembrane Domain Is
Involved in Physiological Settings that Show ER
Membrane Expansion

One of the most compelling changes in the ER occurs when cells
encounter events that challenge the ER to expand massively.
Notably, treatment of hepatocytes with phenobarbital (PB), an
anti-seizure drug, has been shown to result in expansion of the
smooth ER, as the cells work to detoxify the phenobarbital (Am-

atsu et al., 1995). Based on our results above, we asked whether
there is a role for transmembrane domain-dependent activation
of ATF6 in phenobarbital-induced ER membrane change. We
used atf6~/~ MEFs transfected with either WT-ATF6 or 1388F-
ATF6, the latter of which cannot be activated by DHS/DHC.
Following transfection, phenobarbital was added for 24 hr, after
which electron microscopy was performed. Phenobarbital addi-
tion caused detectable dilation of the ER in cells with WT ATF6,
but not in cells carrying I1388F-ATF6, the form that cannot
respond to DHS/DHC (Figures 6C, 6D, and S6l). Thus, these re-
sults argue that this change in ER structure depends on the DHS/
DHC-binding motif-dependent activation of ATF6.

During detoxification by the liver, the genes encoding detoxi-
fying ER membrane proteins such as cytochrome P450 and
cytochrome b(5) become highly upregulated. This leads to the
large expansion in the amount of smooth ER that others have
observed (Sprocati et al., 2006). In fact, simple overexpression
of the C-terminal tail of cytochrome b(5), termed b(5)tail, has
been shown to be sufficient to expand the amount of ER mem-
branes in cells and also to activate ATF6 (Maiuolo et al., 2011).
Here we used a fluorescently tagged proteotoxic stress-activat-
able ATF6 reporter (I388F-ATF6-tdTomato) or a DHS/DHC-acti-
vatable ATF6 reporter (Y567N-ATF6-tdTomato) to ask whether
either became activated by cytochrome b(5)tail overexpression.
For this, the reporters were transfected separately into a HelLa-
TetOff cell line that carries a GFP-tagged cytochrome b(5)tail
anchored to the ER membrane (Sprocati et al., 2006). Upon
removal of doxycycline, b(5)tail-GFP expression was observed
to be gradually induced in the cells over time (Figure 6E). Cells
containing WT-ATF6-tdTomato showed robust activation of
ATF®6 (i.e., nuclear localization) as the b(5)tail amount increased,
consistent with the b(5)tail activation of ATF6 reported previ-
ously (Maiuolo et al., 2011). By 24 hr, b(5)tail-GFP expression
also induced a significant increase in nuclear Y567N-ATF6-
tdTomato, the DHS/DHC-pathway reporter (Figures 6E and 6F,
right panels and S6J). In contrast, little activation was observed
for 1388F-ATF6-Tomato, the proteotoxic stress-pathway re-
porter, at 24 hr, as shown by its lack of nuclear localization. Ulti-
mately, at time points >48 hr, we observed that both pathways
became activated (i.e., showed nuclear-localized ATF6) to
similar levels. However, the kinetics show that the increased
expression of cytochrome b(5)tail, an ER transmembrane pro-
tein, starts with the preferential activation of ATF6 via its trans-
membrane domain at early times.

Dihydroceramide-Activated ATF6 Induces Distinct
Transcriptional Responses

A clear question of interest is whether differential ATF6 activation
causes differential transcription. First, we demonstrated that

n.s. indicates statistically insignificant differences, using unpaired two-tailed t tests comparing activation rate of WT versus mutants samples. Note that an amino
acid change at the valine (V384) caused constitutive activation of ATF6 even in the absence of Tg or DHS/DHC, and thus was omitted from mutational analysis

(Figure S5A).

(F) WT-ATF6 binds to [3H]DHS in a concentration-dependent manner and reaches a plateau at 100 pmol. The I388F-ATF6 mutant was severely diminished in its
ability to bind to [PH]DHS. **p < 0.01, *p < 0.05 using unpaired two-tailed t tests comparing WT-ATF6 and I1388F-ATF6 at each [°H]DHS concentration added. Each

experiment was repeated at least three independent times.

(G) Association of WT-ATF6 with [°H]DHS was effectively competed by addition of excess cold DHS, but unchanged by addition of the excess unrelated lipid
cholesterol. *p < 0.01 using unpaired two-tailed t tests comparing the *H-bound values of no competitor versus addition of cold DHS, while n.s. (not significant)
compares the values between no competitor and added cold cholesterol. Each experiment was repeated at least three independent times.
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DHS or DHC treatment of atf6—/~ MEFs, which lack ATF6, does
not induce transcription of the chaperones BiP and HERP (blue),
which are ATF6 target genes (Figure 7B, lanes 1-3) (Shoulders
et al., 2013). Neither did DHS or DHC treatment of atf6 '~
MEFs induce significant transcription of PPARa and LRP
(purple), previously known ATF6 target genes involved in lipid
synthesis and regulation (Figure 7A, lanes 1-3). As a positive
control, we showed that all these ATF6 target genes were
induced by expression of the active transcription factor form of
ATF6 (the soluble N-terminal domain) in atf6 '~ MEFs (Figures
7A and 7B, lane 5). We concluded that in the absence of ATF6
expression, DHS and DHC do not induce ATF6 target genes.

However, in HEK293 cells which are wild-type for ATF6, both
DHS and DHC upregulated a number of previously identified
ATF6 target genes, as measured by qRT-PCR. Strikingly, DHS
and DHC did not induce ER chaperone genes, such as BiP
and HerpUD, anywhere near as efficiently as did the proteotoxic
stressor Tg (Figures 7D and S7B). However, DHS and DHC
induced the ATF6 target genes involved in lipid biogenesis and
metabolism, such as LRP1 and ACOX1 (Figure 7C), and six other
genes in the same category (Figure S7A), in large part as effi-
ciently as Tg induced them. This unique DHS/DHC pattern of
transcriptional induction was confirmed for the 8-hr DHS time
point at the genome scale by microarray analysis: for Tg activa-
tion, transcription of both lipid-related genes and ER chaperone
genes was high, while for DHS activation, induced transcription
of lipid-related genes was high but that of ER chaperones was
significantly lower than seen with Tg (Figures 7E, 7F, and S7C).

DHC caused no increase in the transcription of ERdj4 and
Asn-S, which are IRE1/XBP1- and PERK-specific target genes,
respectively (Figure S7D), and no increase of HMG-CoA and
INSIG, which are SREBP target genes (Figure S7E) (Gjymishka
et al., 2009; Shoulders et al., 2013). Taken together, our results
indicate that DHS/DHC activation of ATF6, which is initiated in
the ER by a distinct mechanism, i.e., binding of DHS/DHC to
the ATF6 transmembrane domain, culminates in the nucleus by
promoting a distinct transcriptional program.

DISCUSSION

The UPR, in addition to maintaining protein homeostasis,
is known to regulate cellular lipids (Fu et al., 2011; Lee et al,,

2008; Volmer and Ron, 2015). Mechanistically, how UPR compo-
nents mediate this lipid regulation remains largely unexplored.
Here our discoveries indicate that ATF6 responds not only to
protetoxic stressors but also to the sphingolipids DHS and
DHC. Mutations in the ATF6 transmembrane domain that block
this activation have been identified and used for functional ana-
lyses. Moreover, DHS shows direct binding to this conserved
transmembrane domain.

The mechanism of DHS/DHC-dependent activation of ATF6,
while retaining some similarities, differs significantly from proteo-
toxic stress activation of ATF6. One of the key differences in-
volves the ATF6 transcription targets. ER proteotoxic-induced
ATF6 results in the effective induction of ATF6 target lipid
synthetic and metabolic genes, as well as ER chaperone and
protein-folding genes. However, DHS and DHC, while inducing
strong transcription of the lipid-related ATF6 target genes, cause
proportionately less transcription of the ATF6 target ER chaper-
ones and protein-folding genes. These different preferences
in ATF6 transcription target genes suggest the interesting possi-
bility that ATF6 somehow retains a molecular “memory” of how it
was initially activated, i.e., activation either by ER proteotoxic
stress sensed via the luminal domain or by DHS/DHC-induced
activation sensed via the transmembrane domain. At the molec-
ular level, such “memory” might result from different post-trans-
lational modification of ATF6 or from conformational changes
induced by DHS/DHC binding to ATF6 that are maintained after
cleavage of the transmembrane domain. Understanding how
activation by DHS/DHC or ER proteotoxic stress leads to
different transcriptional responses will require a deeper analysis
of the time course of differential gene expression, as well as of
the ATF6 transcription factor generated by the two different
upstream signals.

Recent studies have reported that IRE1 or PERK respond to
more global structural changes in the ER membrane, such as
an increase in ER membrane fluidity or lipid packing following
free fatty acid addition (Kono et al., 2017; Halbleib et al.,
2017). In those cases, instead of specific amino acid se-
quences being required in the transmembrane domains,
replacement of the entire ER transmembrane domain of IRE1
or PERK with a stretch of leucines still retained their ability to
become activated by an increase in free fatty acids. Any cell
would presumably need to integrate different types of lipid

Figure 6. Mutants Allow Differential Dissection of the Two Modes of ATF6 Activation

(A) Schematics of WT-ATF6, the transmembrane domain mutants I388F-ATF6 and Y392C-ATF6, and an achromatopsia-related ATF6 ER luminal mutation,
Y567N-ATF6.

(B) Cells expressing 1388F- and Y392C-ATF6 are unable to be activated by treatment with DHC or with the drug fenretinide (FEN; 10 pM). However, the same
mutants are activatable by Tg. FEN blocks the activity of dihydroceramide desaturase 1, resulting in the accumulation of DHC (Figure 1A). Since Tg treatment also
induces an increase in DHS and DHC (Figures 1B and S1), myriocin (25 uM) was included with Tg incubation to block this increase in DHS/DHC levels. The Y567N-
ATF6 mutant was activated by DHC or FEN, but not by Tg. **p < 0.01 using unpaired two-tailed t tests comparing WT, I388F, Y392C, and Y567N for DHC-, Tg-,
and FEN-treated samples. Each experiment was repeated at least three independent times.

(C and D) Electron microscopy pictures of atf6 '~ MEFs transfected with WT or I388F-ATF6. Cells with WT-ATFS, if treated with phenobarbital (PB) for 16 hr,
showed the appearance of distended ER (arrowheads) (C). However, phenobarbital-treated cells carrying I388F-ATF6 did not show distended ER. Quantitation of
distended ER found in WT versus I1388F-ATF6 cells with or without PB treatment (D). *p < 0.05 using unpaired two-tailed t tests comparing WT and 1388F.
Additional electron microscopy images and quantitation are shown in Figure S6l.

(E and F) Overexpression of cytochrome b(5)tail activates ATF6 via the DHS/DHC domain. The activation of either an 1388F-ATF6-tdTomato reporter or a
Y567N-ATF6-tdTomato reporter was monitored in HeLa-tetOFF cells induced to express the cytochrome b(5) C-terminal tail (GFP-b(5)tail). Upon induction of
GFP-b(5)tail expression by removal of doxycycline, Y567N-ATF6 tdTomato started to appear in the nucleus within 24 hr and increased with time, in a manner
similar to the WT-ATF6tdTomato reporter. In contrast, I388F-ATF6 tdTomato, which lacks ability to be induced through its transmembrane domain, appeared in
the nucleus at a much delayed rate, rising at 48 hr. Quantitation of the nuclear-localized ATF6 for each condition is shown in (F). SD of all the experiments is
calculated from at least three different experiments.
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stresses to tailor the correct UPR response. We conclude that
ATF6 is activated by specific sphingolipid inducers, DHS and
DHC, while IRE1 and PERK are tasked with sensing more gen-
eral membrane characteristics.

Future questions include what are the physiological condi-
tion(s) whereby ATF6 is activated through its transmembrane
domain by DHS/DHC? Furthermore, what are the functional con-
sequences of activating ATF6 by DHS/DHC? For example, does
such activation contribute ultimately to ER expansion? Liver cells
challenged by hydrophobic toxic chemicals, such as phenobar-
bital, undergo increased expression of the detoxifying mem-
brane protein cytochrome P450, which requires membrane
expansion to house the increased enzymes (Staubli et al.,
1969; Kemp et al., 2005). Elevated expression of the cytochrome
b(5)tail has also been shown previously to expand the amount of
ER membrane and is a more tractable experimental system for
the study of ER expansion (Maiuolo et al., 2011). We found that
within the first 24 hr of b(5)tail overexpression, DHS/DHC-induc-
ible ATF6 (Y567N-ATF6) was activated while the ER proteotoxic-
inducible ATF6 (I388F-ATF6) was not. This strongly suggests
that activation of ATF6 by DHS/DHC could play an important
role in ER membrane expansion.

Massive ER membrane expansion also occurs during the ter-
minal differentiation of B lymphocytes when they are stimulated
by antigen to become antibody-secreting plasma cells (van
Anken et al., 2003; Brewer and Hendershot, 2005). UPR compo-
nents, including ATF6, have indeed been shown to be activated
during B cell differentiation (lwakoshi et al., 2003; Brunsing et al.,
2008), but which mode of ATF6 activation is used remains un-
known. It will be interesting to test whether DHS/DHC-depen-
dent ATF6 activation occurs during B cell differentiation and
ER membrane expansion. The genome-wide transcription re-
sults described here suggest that DHS/DHC-induced ATF6 acti-
vation could ultimately contribute to the increase in phospho-
lipids needed for expanding the ER membrane during B cell
differentiation. For future progress, this described experimental
system, which allows us to dissect two different types of ATF6
activation, may hold the key to understanding how UPR activa-
tion in some physiological settings increases both ER functional
capacity and the amount of ER membrane, as in B cells, while in
other cases leads solely to increased ER functional capacity.
Additionally, the described ATF6 reporters that can differentiate
between the two modes of ATF6 activation should contribute to

allowing us to evaluate the extent of ER proteotoxic-induced
ATF6 and DHS/DHC-induced ATF6 in normal and diseased
states.

A key finding of our study of ATF6 was the discovery of the
VXXFIXXNY sequence motif within its transmembrane domain,
which is conserved from zebrafish to humans, through resem-
blance to a motif VXXTLXXIY found in the COP | vesicle compo-
nent p24 (Contreras et al., 2012). The p24 motif is known to bind
to sphingomyelin (SM), a downstream lipid in the sphingolipid
biosynthetic pathway (Figure 1). A computer-simulated structure
of the human ATF6 transmembrane domain sequence predicts a
sphingolipid binding surface similar to that of p24 (Figures 5B
and 5C). The aforementioned DHS/DHC-binding motif of ATF6
is not found in IRE1 or PERK (Figure 5B). In addition, other ER
membrane transcription factors, such as SREBP and the B-iso-
form of ATF6, do not have this motif and are not activated by
DHS or DHC (Figure 5B). Mutation of an isoleucine in the fifth
position of the motif VXXF(L/)XXNY, when changed to phenylal-
anine (I388F), substantially diminishes the ability of ATF6 to
respond to DHS or DHC. Similarly, a change in the ninth position
from tyrosine to cystine also diminishes the ability of ATF6 to be
activated by DHS or DHC (Figure 5E). Thus we conclude that,
uniquely, ATF6 has a transmembrane domain that can respond
to the specific lipids DHS and DHC to initiate this key arm of
the mammalian UPR response. Mutations in this ATF6 motif
promise to be valuable for probing for other physiological roles
for DHS/DHC activation.

ATF6 in Human Disease

Changes in ATF6 expression and activity have been described in
multiple human disorders, including the eye disease achroma-
topsia, myocardial infarction, stroke, amyloidosis, and a number
of cancers (Ariyasu et al., 2017; Chiang et al., 2012; Manie et al.,
2014; Plate et al., 2016; Urra et al., 2016; Zhou and Tabas, 2013).
The finding that atf6 '~ mice have a higher incidence of neuronal
cell death upon brain ischemia compared with wild-type mice ar-
gues for a protective effect of ATF6 (Yoshikawa et al., 2015).
Indeed, ectopic overexpression of ATF6 in wild-type mice has
been shown to protect heart tissue from ischemic stress (Dor-
oudgar et al., 2009). Our finding that ATF6 is activated by DHS
and DHC may provide a basis for the development of new ther-
apeutic drugs that combat human diseases by activating ATF6
via its transmembrane domain. Broadly speaking, patients

Figure 7. Differential Transcription Output Induced by Tg-Activated ATF6 and by DHC/DHS-Activated ATF6

(A and B) Transcription activation by DHC, DHS, and Tg depends on the presence of ATF8, as activation is severely reduced in atf6~'~ MEFs (lanes 2-4 in Aand B).
Transcription levels of the ATF6 target lipid metabolism genes PPAR« and LRP (A) and the ER chaperone genes BiP and HERP (B) were analyzed by qRT-PCR of
RNA isolated after each treatment. The atf6 '~ MEFs contained a transfected N-terminal domain of ATF6 fused to a labile mutant DHFR. This ATF6 N-terminal-
mutant DHFR fusion protein was inactive, unless stabilized by addition of trimethoprim (TMP) where it then accumulated, and activated the ATF6 target genes,
which served as a positive control (lane 5). Data represent the mean + SD of three independent experiments, each with at least 50 cells per sample per point.
(C and D) Expression of the ATF6 targets, LRP1 and ACOX1, involved in lipid biogenesis and metabolism (C) are effectively activated by DHS/DHC, but the ATF6
target ER chaperone genes, BiP and GERPUD (D), are significantly reduced compared to Tg induction. Data were obtained by qRT-PCR analyses of transcripts
induced during the time-course treatment of HEK203 cells with Tg, DHC, or DHS for up to 8 hr. Each experiment was performed at least three independent times.
**p < 0.01 and *p < 0.05 using unpaired two-tailed t tests comparing indicated values; ns indicates no significant difference.

(E and F) DHS preferentially induced ATF6 target lipid biosynthetic and function genes (E) more than ATF6 target ER chaperone genes (F). Heatmap of tran-
scription profiles of either DHS- or Tg-induced ATF6. The same RNA used for gRT-PCR experiments was used for microarray experiments. Transcription levels of
either DHS- or Tg-treated HEK293 cells are compared with those of untreated cells. Lists of ATF6 target lipid biosynthetic and function genes and ER chaperone
genes are taken from previous studies (Shoulders et al., 2013).

(G) ATF6 can be activated independently by ER proteotoxic stress via its ER luminal domain and by DHS/DHC-induced lipotoxic stress through the unique motif
within the ATF6 transmembrane domain, leading to transcriptional activation of ATF6 target genes. Notably, DHS and DHC show preferential activation of lipid
synthetic and metabolic genes (7C-F).
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carrying mutations that render ATF6 insensitive or less sensi-
tive to canonical proteotoxic UPR triggers, such as in achroma-
topsia or heart disease, might benefit from drugs such as
FEN that induce ATF6 activation via its transmembrane domain.
Our observations suggest that, in general, drugs that induce
DHS or DHC may be a viable alternative for these and related
diseases.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-GFP antibody 11-814-460-001 Roche 11-814-460-001 (RRID:AB_390913)

Mouse anti-GM130 antibody

Mouse Anti-phospho elF2q antibody
Anti-total elF2a antibody

Rabbit Anti-GRP78 antibody

Mouse Anti-VSVG antibody

Rabbit Anti-Sec31A antibody

Rabbit Anti-Sec16 antibody
Goat-anti-RABBIT IgG H +L
Goat-anti-MOUSE IgG H +L

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotech
Kerafast

BD Biosciences

BETHYL

Life Technologies

Life Technologies

610823 (RRID:AB_398142)
9721S (RRID:AB_330951)
9722S (RRID:AB_2230924)
sc-13968

clone IE9F9

BDB612350 (RRID:AB_399716)
A300648A

A11036 (RRID:AB_143011)
A11031 (RRID:AB_144696)

Anti-ATF6 antibody Cosmo Bio 73-505EX (RRID:AB_10709801)
Chemicals, Peptides, and Recombinant Proteins

Dihydrosphingosine (DHS) Sigma Aldrich D3314
Dihydroceramide (DHC) Sigma Aldrich C7980
Thapsigargin Calbiochem 586005

DTT Fisher Scientific 3483-12-3
Tunicamycin (Tm) Calbiochem 654330
ceramides Enzo Life Sciences 89164-592
sphingosine Sigma Aldrich S7049
sphingomyelin Avanti Polar Lipids 860062P
palmitoyl-CoA Sigma Aldrich P9716
4-phenylbutyric acid (4-PBA) Fisher Scientific P21005
Aprotinin Fisher Scientific 9078-70-1
Fenretinide [FEN] Torics 65646-68-6
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic Sigma Aldrich A1076

acid (BAPTA)

phenobarbital (PB) Sigma Aldrich P1578

PMSF AMRESCO M145

MG132 Fisher Scientific 508338
Myriocin Sigma Aldrich M1177
Pepstatin Bachem N1125.0025BA
FLI-06 Sigma SML0975-5MG
CeapinA7 (Gallagher and Walter, 2016)

4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)
ER tracker (DIOC6(3))

para-formaldehyde (PFA)

NBD-DHC

NBD-DHS

DAPI

DMEM

FBS

Penicillin/ streptomycin

Lipofectamine 2000

Sigma

Enzo Life Sciences
Sigma

Cayman

Avanti Polar Lipids
Pierce

Cellgro

Cellgro

Mediatech
Invtrogen
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101500
52303
P6148
10007957
810206
D1306
4500-304
10437028
45000-650
11668027
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Effectene Qiagen 301425
C2-DHC (>98% purity) Sigma Aldrich C7980
C16-DHC Santa Cruz Biotechnology 5966-29-0
Sphingomyelin Avanti Polar Lipids 8600062P
NP-40 Nonidet P-872

BSA Sigma Aldrich A2153
Mounting media (Aqua-Mount) Lerner Laboratories 13800
HEPES Sigma Aldrich H0527
TritonX-100 Sigma Aldrich T8787
sodium deoxycholate Fisher Scientific H0527
Maxima Reverse Transcriptase Thermo FEREPOQ752
TRIzol Invtrogen 15596026
SYBR Green PCR Master Mix Applied Biosystems 4309155
Fos-Choline 16 Fisher Scientific 5010

GFP-nAb beads Allele ABP-NAB-GFPA050
3H DHS, 1mCi/ml American Radiolabeled Chemicals ARTO0460
3H L-serine, 30.0 Ci/mmol Perkin Elmer NET248001
GeneChip Human Transcriptome Array 2.0 Affymetrix 902914
PMSF AMRESCO M145
Trimethoprim Sigma Aldrich 92131
Critical Commercial Assays

BCA Assays Thermo 23225
Deposited data

Microarray data N/A N/A
Experimental Models: Cell Lines

MCF-7 ATCC HTB22
Hela Niwa et al., 1999 N/A
HEK293 Lin et al., 2007 N/A
ATF6*"* and atf6™" Wu et al., 2007 N/A
Hela TetOff cytochrome (b)5 Maiuolo et al., 2011 N/A
Oligonucleotides

Oligo (dT)42-1g for Reverse transcription Thermo Fisher 18418012
Oligonucleotides for g°PCR Table S1 N/A
Recombinant DNA

VSVG-GFP Dippold et al., 2009 N/A

WT ATF6-GFP Shen et al., 2002 N/A
Y567N ATF6-GFP this study N/A
L385I-ATF6-GFP this study N/A
A3896V-ATF6-GFP this study N/A
F387A-ATF6-GFP this study N/A
F387Y-ATF6-GFP this study N/A
I1388F ATF6-GFP this study N/A
I1389L-ATF6-GFP this study N/A
L390I-ATF6-GFP this study N/A
N391F-ATF6-GFP this study N/A
Y392C-ATF6-GFP this study N/A
GOLPH3-mcherry Dippold et al., 2009 N/A
Software and Algorithms

Zen software Carl Zeiss N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Observer Z1 microscope Carl Zeiss N/A

100X or 63X 1.4 NA objectives Carl Zeiss N/A
Typhoon 9400 GE Healthcare N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maho
Niwa (niwa@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T, Hela, ATF6+/+ MEFs, atf6-/-MEFs and MCF-7 cells used in this study were not authenticated. Cells were cultured
in DMEM medium (Cellgro) supplemented with 10% fetal calf serum (Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin
(both Mediatech) at 37°C in 5% CO2.

METHOD DETAILS

Mass Spectrometry (MS) Analysis

Analysis of sphingolipid changes during ER stress. HEK293 cells (2 x 10° cells per point) were untreated (0 min) or treated with
200 nM thapsigargin (Tg) for 30 or 90 min. XBP1 splicing assays showed that ER stress was successfully induced (Figures S1A
and S1B). At each time point, cells were harvested and a sample was counted to ensure uniform cell numbers in each sample. Lipid
analyses were conducted using previously described methods (Benjamin et al., 2013; 2015 (PMID 23980144; 25871544)). Briefly,
2 million cells were plated overnight, serum starved for 2 hours prior to harvesting, after which cells were washed twice with PBS,
harvested by scraping, and flash frozen. For lipidomic analyses, flash frozen cell pellets were extracted in 4 mL of 2:1:1 chloroform/
methanol/PBS with internal standards dodecylglycerol (10 nmoles) and pentadecanoic acid (10 nmoles), after which organic and
aqueous layers were separated by centrifugation, and organic layer was extracted. Aqueous layer was acidified with 0.1% formic
acid followed by re-extraction with 2 mL chloroform. The second organic layer was combined with the first extract and dried under
nitrogen, after which lipids were resuspended in chloroform, and an aliquot was then analyzed by single-reaction monitoring
(SRM)-based LC-MS/MS. Relative levels of lipids were quantified by integrating the area under the curve for each lipid, normalizing
to internal standard values, and then normalizing to the average values of the control groups.

Cell Treatments

HEK293, Hela, ATF6+/+ MEFs, atf6-/-MEFs, and MCF-7 cells were placed in 6-well plates containing poly-L-lysine-treated
cover slips and grown to 70% confluency. Cells were transfected with 800 ng of plasmid using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. For drug treatments, Tg (Calbiochem), DTT (Fisher), DHC (Sigma, >98% purity), or
DHS (Sigma, >98% purity) at final concentrations of 200 nM, 1 mM, 50 uM, or 50 uM, respectively (unless otherwise indicated)
was added to the media. C2- DHC (Sigma, >98% purity), C16- DHC (Santa Cruz Biotechnology), C2-ceramide (Enzo, >98% purity),
C16-ceramide (Enzo, >98% purity), sphingosine (Sigma, >98% purity), palmitic acid (Sigma, >99% purity), and cholesterol
(Sigma, >99% purity) were added at 50 M, unless otherwise noted.

For inhibitor treatments, cells were pre-treated with 10 uM dihydropyridine (FLI-06; Sigma), an inhibitor of ER to Golgi transport
(Kramer et al., 2013), 300 uM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF; Sigma), 10 mM 4-phenyl butyric acid (4-PBA; Sigma),
10 0or 20 uM 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA; Sigma), 10 uM Ceapin A7 (Gallagher et al., 2016), or
10 uM Fenretinide (Torics) for 60 min, unless otherwise indicated, followed by addition of Tg, DHC, or DHS. For Myriocin experiments,
cells were pre-incubated with 25 M Myriocin for 60 min, followed by treatment with 200 nM Tg; samples were collected during the
time course for up to 90 min.

Immunofluorescence Microscopy

For immunofluorescence microscopy, cells were treated and fixed with 4% para-formaldehyde (PFA; Sigma P6148) for 5 min,
permeablized with 0.2% NP-40 in PBS for 5 min, and blocked in 5% BSA in PBS for at least 1 h. The primary anti-GM130 antibody
(BD Biosciences), followed by secondary antibody (Alexa Fluor 568, Life Technologies), was used for visualization of the Golgi.
For the experiments shown in Figures S2G and S2H, we transfected a GOLPH3-mcherry plasmid to visualize the Golgi (Dippold
et al., 2009). For visualization of the nucleus, 1ug/ml DAPI (Pierce) was added to the mounting media (Aqua-Mount; Lerner Labora-
tories). Coverslips were mounted onto slides and the cells were imaged with an Observer Z1 microscope (Carl Zeiss Microlmaging)
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with either a 100X or a 63x 1.4 NA objective. Images were acquired with a monochrome digital camera (Axiocam; Carl Zeiss
Microlmaging) and analyzed using Zen software (Carl Zeiss Microimaging).

ATF6-GFP Co-Localization with COPII Vesicles

To visualize co-localization of ATF6-GFP with Sec31A, a COPIl component, and/or Sec16, an ER exit site (ERES)-localized protein,
HEK293 cells transfected with ATF6-GFP were treated with DMSO, Tg or DHC for 60 min. After treatment, cells were fixed with ice-
cold methanol and incubated at -20°C for 5 min. Following incubation with 2% goat serum for 1h, antibody against either anti-Sec31A
(1:1000) or anti-Sec 16 (1:500) was incubated overnight at 4°C, before secondary antibody (Alexa Fluor 568, Life Technologies) was
added for 1 h. Cover slips were mounted onto slides and the cells were imaged with an Olympus IX70 deconvolution scope with a
100X objective, and images were deconvolved using softWoRx 6.5.2. ATF6-GFP co-localized with Sec31A foci, representing COPII
vesicles, was quantitated. Similarly, COPII vesicles containing ATF6-GFP co-localized at ER exit sites was determined by counting
the discrete foci containing all three signals of ATF6-GFP, Sec31A and Sec16. At least, 30 cells were analyzed per experiment and the
experiment was repeated three independent times. Similarly, the effect of Ceapin A7 on ATF6-GFP co-localized with COPII vesicles
or with COPII vesicles at ERES was quantitated.

Immunoprecipitation of BiP-Associated ATF6

Immunoprecipitation (IP) and western blotting of BiP and ATF6 was performed as described in (Shen et al., 2002). Briefly, cells were
treated as indicated and lysed in IP Buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM EDTA, and
protease inhibitor cocktail [PMSF, aprotinin, leupeptin, and pepstatin]). ATF6-GFP was immunoprecipitated using Anti-GFP antibody
(Sigma G1544), subjected to 8% SDS-PAGE and transferred to nitrocellulose membrane. The levels of BiP associated with ATF6
were analyzed by blotting with anti-GRP78 antibody (Santa Cruz Biotech sc-13968), as described in (Nadanaka et al., 2007). Blots
were imaged on a Typhoon 9400 (GE Healthcare) fluorescence imager and BiP-associated ATF6 was quantitated using ImageQuant
Software (GE Healthcare).

Examination of ATF6 Oligomerization Status

For westerns with anti-ATF6 antibody (Cosmo Bio 73-505EX), a similar protocol was used except cells were lysed in ATF6 extraction
buffer (50 mM Tris-HCI, pH 6.8, containing 2% SDS, 10% glycerol, 10 uM proteasome inhibitor (MG-132), 1 mM PMSF, 100mM DTT,
100 U/ml aprotinin, 1.4 ug/ml pepstatin, and 1 pg/ml leupeptin), boiled at 95°C for 5 min and vortexed for 1 min (Nadanaka et al.,
2007). For analyses of ATF6 oligomerization states, cell lysates were prepared in a similar protocol except cell lysis was carried
out in a non-reducing extraction buffer (50 mM Tris-HCI, pH 6.8, containing 2% SDS, 10% glycerol, 10 M proteasome inhibitor
(MG-132), 1 mM PMSF, 100 U/ml aprotinin, 1.4 ug/ml pepstatin, and 1 ug/ml leupeptin) as described in (Nadanaka et al., 2007).
To maintain non-reducing conditions for SDS-PAGE, samples were prepared in SDS Loading Buffer without reducing agent
(50mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.1% Bromophenol Blue). Both reduced and non-reduced samples were visualized using
a 7% SDS-PAGE gel.

Examination of ATF6 Glycosylation States

For EndoH treatment, cells were lysed in RIPA buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium
deoxycholate, 0.1% SDS, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM PMSF, 100 U/ml aprotinin, 1.4 pg/ml pepstatin, and
1 pg/ml leupeptin). Some lysates were treated with 10,000 unit EndoH (New England Biolabs) for 1hr according to manufacturer’s
instructions. Samples were run on a 7% SDS PAGE gel and western blots were performed as described above.

Detection of Phosphorylated elF2«

The activation status of PERK was monitored by the appearance of phosphorylated elF2a. For phospho-elF2« blotting, cells were
lysed in RIPA buffer as described above for testing ATF6 glycosylation states. Western membranes were probed with antibodies
against phospho-elF2q. or total elF2q. (Cell Signaling Technology), followed by incubation with an HRP-conjugated anti-rabbit sec-
ondary antibody (GE Healthcare). Blots were imaged on a Typhoon 9400 (GE Healthcare) fluorescence imager using ImageQuant
Software (GE Healthcare).

XBP1 mRNA Splicing Assay

Activation of IRE1 was tested by the presence of the spliced form of XBP1 mRNA. Determination of spliced XBP1 mRNA was per-
formed as described in detail (Lin et al., 2007). Briefly, cDNA was amplified by PCR using XBP1-specific primers: (5'-TTACGGGAGAA
AACTCACGGC-3' and 5'-GGGTCCAACTTGTCCAGAATGC-3'), which yielded a 289 bp unspliced XBP1 fragment and a 263 bp
spliced XBP1 fragment. Fragments were resolved on a 2.5% agarose gel and signals were quantified using a Typhoon fluorescence
scanner (GE Healthcare).

RNA Isolation and qRT/PCR

RNA was prepared using TRIzol (Invitrogen) according to the manufacturer’s instructions. Samples of 1 pg total RNA were reverse
transcribed using Maxima RT (Thermo), according to the manufacturer’s instructions. gPCR was performed using SYBR Green PCR
Master Mix (Applied Biosystems) and 400 nM of each primer in a total reaction volume of 25 pl. Melting curves were generated after
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each run to confirm ampilification of a single product. RT/qPCR primers of ER chaperone genes were as described in (Shoulders et al.,
2013; Wu et al., 2013) Primer sequences used here for PCR are included in Table S1.

Alignment and Modeling

Protein sequence alignment was performed using Clustal Omega. For modeling of p24 and ATF6 transmembrane domains, we used
Phyre2 (Kelley et al., 2015). Phyre2 uses known structural motifs to generate predicted structures. At this point, X-ray crystal structure
data are not available for either p24 or ATF6 transmembrane domains. Thus, we modeled both transmembrane domains using
Phyre2 in reference to a single-pass transmembrane domain of VAMP2 (vesicle associated membrane protein 2), whose crystal
structure has been solved (Kummel et al., 2011). Specifically, the transmembrane portion of the VAMP2 sequence (residues
91-116) was replaced with VVCVMIVLAFIILNYGPMSMLEQ for ATF6 or VVLWSFFEALVLVAMTLGQIYY for p24 for Phyre2 analyses.
The generated p24 structure is in agreement with the simulated p24 structure previously generated by the BALL program (Contreras
et al., 2012). The images shown in Figures 5C and 5D were created with Chimera (UCSF) (Pettersen et al., 2004).

Lipid Binding Assay

Lipid binding assays were modified from those previously established (Radhakrishnan et al., 2004). HEK293 cells were transfected
with either ATF6-GFP or cytosolic GFP for 24h. To minimize the amount of endogenous DHS, we treated cells with 25uM Myriocin for
1hr to block de novo synthesis of DHS. Furthermore, the buffer used to generate microsomes contained 25M Myriocin. Cells were
lysed in FC Buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 5% Fos-Choline 16, protease inhibitors, 25uM Myriocin). BCA
(Thermo) assays were performed to determine protein concentration. 1000 pg of protein lysate was used to immunoprecipitate
ATF6-GFP using 10ul GFP-nAb beads (Allele). The purity of the protein was checked by silver staining of SDS-PAGE. Before immu-
noprecipitation, non-specific binding of GFP-nAb beads was blocked by incubation with 50uM cold DHS for 30 min at 4°C and
washed 3 times with FC Buffer containing 0.1% Fos-Choline as described (Radhakrishnan et al., 2004). Immunoprecipitated protein
was washed 3 times with FC Buffer with 0.1% Fos-Choline and incubated with 0, 10, 50, 75, 100, or 150 pmol of 3H-DHS (American
Radiolabeled Chemicals, 1mCi/ml), as indicated, in 100ul FC Buffer containing 0.1% Fos-Choline. 3H-DHS was allowed to bind to
ATF6-GFP bound to anti-GFP-nAB beads for 4 hrs at room temperature to reach equilibrium conditions. After 4 hrs, samples
were then washed 4 times in 1ml FC Buffer with 0.1% Fos-Choline. The ATF6-Beads were eluted with 100 pl SDS Loading Buffer
(50 mM Tris-HCI, pH 6.8, containing 2% SDS, 10% glycerol) to release ATF6 and lipids from the beads. The levels of incorporated
3H were measured using a scintillation counter to measure radioactive lipid. Using standard curves of °H, our scintillation counter was
performing at 10% efficiency. For competition assays, 10nmol of cold DHS or cold cholesterol was added to the beads for 15 min
before addition of ®H-DHS. To generate the lipid binding graphs (Figures 5F and 5G), the amount of ®H-DHS bound in pmol to WT-
ATF6 or I1388F-ATF6 protein (y-axis) was graphed versus added ®H-DHS in pmol (x-axis), similarly to previous lipid binding studies
(Radhakrishnan et al., 2004).

VSVG Folding Experiment

HEK293 cells expressing VSVG-GFP (Dippold et al., 2009; Hirschberg et al., 1998) were grown on poly-L-lysine cover slips. For this
VSVG-GFP reporter, a vesicular stomatitis virus glycoprotein (VSVG) fragment was fused with GFP, and shown to be a ‘folding status’
reporter. The folded VSVG can be visualized by staining with a specific anti-VSVG monoclonal antibody (Kerafast, clone IE9F9) (Nehls
et al., 2000). In contrast, the folding state of the GFP portion of the reporter is not affected by the folding status of the VSVG fragment
and thus, remains detectable regardless of folding status of the VSVG domain. Using this reporter, we tested whether DHC addition
negatively impacts the folding of VSVG.

VSVG-GFP is normally localized throughout the secretory pathway compartment including cell surface. To effectively assess the
folding status of all the VSVG-GFP, previous studies have used Brefeldin A to keep all the cellular VSVG-GFP in the ER. In this study,
we pre-treated cells with 10 uM FLI-06 for 2 hrs to block the protein traffic from the ER to the Golgi, which facilitated visualization of all
VSVG-GFP regardless of its folding status. Upon pre-treatment of HEK293 cells with 10 uM FLI-06 (2 hrs), the folding states of VSVG-
GFP were monitored during a time course up to 3 hrs following treatment with either 1 mM DTT or 50 uM DHC. Cells were then fixed
with 4% PFA for 5 min, permeablized with 0.2% NP-40 in PBS for 5 min, and blocked in 5% BSA in PBS for at least 1 h. After staining
with the anti-VSVG monoclonal antibody that only binds to folded VSVG, cells were imaged with an Observer Z1 microscope
(Carl Zeiss Microlmaging) with either a 100X or a 63x 1.4 NA objective. Images were acquired with a monochrome digital camera
(Axiocam; Carl Zeiss Microlmaging) and analyzed using Zen software (Carl Zeiss Microimaging).

In Vitro Serine Palmitoyl-Transferase Assay

In order to corroborate our mass spec data showing increased levels of DHC or DHS during DTT or Tg treatment of HEK293 cells, we
performed a modified in vitro SPT assay to measure activities of sphingolipid biosynthetic pathway enzymes that are localized in the
ER in response to ER stress. The SPT assay was slightly modified from the well-established assay (Rutti et al., 2009). Briefly, HEK293
cells were left untreated or pre-treated with or without 25uM Myriocin for 60 min, then either left untreated or treated with 200nM Tg
for 90 min. Microsomes were prepared from homogenization of these cells re-suspended in 500 pl Microsome buffer (Hepes pH8.0,
1mM EDTA, and protease inhibitors). Homogenization of cells was performed by passage through a 27 gauge needle 15 times and
centrifugation at 500xg for 3 min at 4°C. Microsomes were collected by centrifugation at 100,000 g for 30 min with resuspension of
pellet in Microsome buffer. BCA (Thermo) assays were performed to determine protein concentration. The enzyme activity assays
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were performed using 400 pg of microsome protein in 200 pl volume of 1X Assay Buffer (20X Assay Buffer: 10 mM L-serine, 400 pM
pyroxidal 5’ phosphate, 1 mM palmitoyl Co-A) and incubated with *H-Serine, a starting component of the sphingolipid biosynthetic
pathway (Figure 1A). To generate activity curves, 0, 1, 2, 5, and 10 mM 3H-Serine (Perkin Elmer, 30.0 Ci/mmol) was added to the
reactions. At each time point, lipids were extracted and radiolabeled lipid production was determined by scintillation counting. Lipids
were extracted using the chloroform/methanol procedure by adding 0.5 ml methanol/KOH:CHCI3, 0.5 ml CHCI3, and 0.5 ml alkaline
dH>0, and 100 ul 2N NH4OH. The lower phase was washed in 900 ul alkaline dH»0, and the lipid phase was measured by scintillation
counting. For each condition and concentration of 2H-Serine, a curve was plotted of pmol radiolabeled lipid generated versus time
in minutes. The initial rate of production was then determined by measuring the linear part of the graph using linear regression. To
calculate ‘Activity’, this slope was divided by the amount of protein (0.4 pg) to get units of pmol/min/mg. Activity was graphed
with [®H-Serine] in mM to generate the SPT activity assay curves (Figures 1C and S1E).

Cytochrome b(5) Tail HeLa TetOff Cells

To demonstrate the effect of ER expansion on ATF6 activation, we used Hela TetOff cells expressing the C-terminal tail of cyto-
chrome b(5) as described in (Maiuolo et al., 2011). Removal of Dox from these cells results in expansion of the ER (Maiuolo et al.,
2011). b(5)tail expressing Hela cells were grown on poly-L-Lysine treated slides transfected for 24 hrs with either WT-ATF6-Tomato,
I1388F-ATF6-Tomato, or Y567N-ATF6-Tomato using Effectene (Qiagen). Dox was then removed to induce ER expansion. At 0, 24h,
38h, 42h, 48h, after removal of Dox, samples were taken and fixed with 4% PFA for 5 min. For visualization of the nucleus, 1ug/mi
DAPI (Pierce) was added to the mounting media (Aqua-Mount; Lerner Laboratories). Cover slips were mounted onto slides and
imaged as described above for immunofluorescence. For each cell, the total fluorescence signal of ATF6 (red channel for Tomato)
is measured. In each cell, if 35% or more of the fluorescence co-localized with the DAPI channel (marking the nucleus), that cell was
considered to have nuclear localization of ATF6. The ATF6 activation status of at least 50 cells for each time point/condition was
counted and ‘% of cells’ with nuclear localized ATF6 was calculated and graphed over time.

Microarray Analysis

HEK?2983 cells were treated with either 200 nM Tg or 50 uM DHS for 8 hrs. RNA was extracted using Trizol (Invitrogen) according to
manufacturer’s instructions and quantified using NanoDrop (Invitrogen). Samples were analyzed using GeneChip Human Transcrip-
tome Array 2.0 (Affymetrix).

Electron Microscopy and Image Analysis

Atf6-/- MEFs were transfected with either WT-ATF6 or I388F-ATF6 for 24h and either left untreated or treated with 1 mM phenobar-
bital (Sigma P1578) for 16 hrs. Cells were processed for Transmission EM using embedding for routine morphology EM by the UCSD
Cellular and Molecular Medicine Electron Microscope Facility. Images were taken with a FEI Tecnai Spirit G2 BioTWIN Transmission
Electron Microscope equipped with an Eagle 4k (16 megapixel) camera. Images were analyzed using Imaged, and total ER in the cell
was measured by tracing the ER using the Freehand Line tool and measuring the length of the ER in microns with the ‘Measure’
function using the scale bar as a reference. The typical width of ER was measured to be 0.1 micron (data not shown), so we defined
‘distended ER’ to be areas of ER that were greater than 0.3 micron in width. For each cell, the length of ‘distended ER’ was measured
using ImagedJ. To calculate ‘% Distended ER’, we determined the microns of ‘distended ER’ / total ER in microns for each cell. We
graphed averages and standard deviations of 10 cells for each condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging Quantification Parameters
ATF6-GFP was visualized in the green channel (525nm), Golgi (anti-GM130) in the red channel (605nm), and nuclei (DAPI) in the blue
channel (455nm). Images were taken in 3D sections using 0.12 micron stacks for each channel, followed by deconvolution using Zen
Software (Zeiss) of the Adjustable Constrained lterative function with an adjusted value of 7. The areas of the Golgi, and the nucleus
were defined using GM130 and DAPI, respectively. The ATF6-GFP fluorescence signal in total and each area (ER, Golgi, Nucleus)
was quantitated using the Zen software Measure function (Carl Zeiss Microimaging). ATF6-GFP localized to the nucleus, the Golgi,
and the ER for each cell, was determined as a percentage value over total signal and based on the following criteria, a cell was re-
garded to have specific localization of ATF6. If a specific cell had 35% or more nuclear ATF6-GFP, we defined such cell as a cell with
the nuclear ATF6. Upon defining the specific ATF6-GFP localization for each cell, ATF6 activation status of at least 50 cells for each
time point/condition were counted and ‘% ER’ was calculated by # cells with ER localization divided by the total # of cells; ‘% Golg/’
was calculated by # cells with Golgi localization divided by the total # of cells; and ‘% Nucleus’ was calculated by # cells with nuclear
localization divided by the total # of cells. All quantifications were performed on minimum of 50 cells and three independent
experimental replicates unless otherwise stated in specific figure legends.

To assess the activation rate of ATF6, the ‘% Nucleus’ was determined as described above and graphed on the y-axis of a linear
graph. Time in min was graphed on the x-axis of the same graph and Linear regression was used to calculate the slope (in %/min),
which was the calculated ‘ATF6 activation rate’.
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Mass Spec Data Analyses

Lipid profiles were analyzed and quantified by LC/MS as described in (Benjamin et al., 2013, 2015). As noted above in the Method
Details section on Mass Spec Analysis, relative levels of lipids were quantified by integrating the area under the curve for each lipid,
normalizing to internal standard values, and then normalizing to the average values of the control groups.

Microarray Data Analysis

Data was analyzed using Affymetrix Transcriptome Analysis Console (TAC) and GeneChip Expression Console Software (Affymetrix).
Two-fold up regulated and down regulated genes were selected for further analysis. Heat maps were generated using Multiple
Experiment Viewer (MeV) and pathway annotation of genes was performed with DAVID software from NIH (Miyazaki et al., 2015).
The same RNA samples were used for gPCR of selected genes to confirm the outcomes of the microarray data. Primers used for
gRT/PCR are listed in Table 1. GO analyses and visualization files were generated by HOMER (http://biowhat.ucsd.edu/homer) as
described previously (Miyazaki et al., 2015).
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