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The unfolded-protein response (UPR) of the endoplasmic reticulum (ER) has been linked to oxidant production,
although the molecular details and functional significance of this linkage are poorly understood. Using a ratiometric
H, 0, sensor targeted to different subcellular compartments, we demonstrate specific production of H,O, by the ER
in response to the stressors tunicamycin and HIV-1 Tat, but not to thapsigargin or dithiothreitol. Knockdown of the
oxidase Nox4, expressed on ER endomembranes, or expression of ER-targeted catalase blocked ER H,O, produc-
tion by tunicamycin and Tat and prevented the UPR following exposure to these two agonists, but not to thapsi-
gargin or dithiothreitol. Tat also triggered Nox4-dependent, sustained activation of Ras leading to ERK, but not
phosphatidylinositol 3-kinase (PI3K)/mTOR, pathway activation. Cell fractionation studies and green fluorescent
protein (GFP) fusions of GTPase effector binding domains confirmed selective activation of endogenous RhoA and
Ras on the ER surface, with ER-associated K-Ras acting upstream of the UPR and downstream of Nox4. Notably,
the Nox4/Ras/ERK pathway induced autophagy, and suppression of autophagy unmasked cell death and prevented
differentiation of endothelial cells in 3-dimensional matrix. We conclude that the ER surface provides a platform to
spatially organize agonist-specific Nox4-dependent oxidative signaling events, leading to homeostatic protective

mechanisms rather than oxidative stress.

Coupled in part to its function as a major site of protein
synthesis, the endoplasmic reticulum (ER) has emerged as an
important signaling organelle, responding to various cell
stresses and controlling cell fate. Much of this signaling is
initiated on the ER membrane surface. In response to an
overload of misfolded client proteins in the ER lumen, for
example, transmembrane ER stress sensors such as IRElI,
PERK, and ATF6 initiate signals on the cytosolic face of the
ER to reduce global protein synthesis, promote protein fold-
ing, and increase the degradation of misfolded proteins (36).
Failure of this response to alleviate protein misfolding stress
leads to late expression of proteins such as CHOP, culminating
in cell death. In addition to factors controlling this unfolded-
protein response (UPR), cyclins, pro- and anti-apoptotic BH3
domain proteins, caspases, and signaling adapters associate
with the ER surface and control cell cycle entry, cell death,
Ca?" flux, amino acid metabolism, oxidative-stress response,
and autophagy (15, 17-19, 41). Thus, the ER integrates a
variety of stresses (metabolic, protein misfolding, and oxida-
tive) to coordinate cellular stress responses.

Another ER transmembrane protein is the NADPH oxidase
Nox4. Like other Nox family members, Nox4 produces H,O,
and is thought to function primarily in cell signaling. Consis-
tent with its ER localization, Nox4 mediates oxidative inacti-
vation of the ER-resident phosphatase PTP1B and responds to
ER stress induced by the LDL oxysterol 7-ketocholesterol (10,
34). The presence of Nox4 on the ER surface is notable, since
ER stress is associated with the production of reactive oxygen
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species (ROS), though the nature of this association is poorly
understood. Agents that cause ER stress initiate ATF4-depen-
dent glutathione (GSH) synthesis, which is necessary to dimin-
ish ROS production and subsequent cell death (15). The mech-
anism of ROS production is also unclear, but it is thought to be
a consequence of the UPR, possibly downstream of CHOP (25,
26). For the most part, such studies suggest a role for oxidants
as late effectors of cell death, downstream from the UPR. The
ER itself may be a source of oxidants, as knockdown of the ER
oxidase Ero-1 in pek-1-null worms diminishes oxidant produc-
tion (15). To some extent, the excessive production of ROS by
the stressed ER would seem to run counter to recent observa-
tions that chemical and physiologic ER stressors converge on
the production of a hyperreduced ER interior (28). In addi-
tion, [rho®] Saccharomyces cerevisiae lacking mitochondria also
fails to produce ROS in response to ER stress, suggesting a
mitochondrial source (16). In part, such studies linking the ER
and oxidative stress have been hampered by reliance on
probes, such as dichlorofluorescein, that are untargeted and
nonspecific, reacting with a broad variety of oxidants as well as
non-ROS compounds, such as cytosolic cytochrome c.

In this study, using an H,O,-specific probe targeted to the
ER, we found that Nox4 participates early in ER stress signal-
ing in an agonist-specific fashion through a novel process in-
volving focal activation of Ras on the ER. This Nox4-depen-
dent pathway leads to activation of autophagy, which prevents
the progression of the UPR to cell death, thus distinguishing
Nox4 oxidant signaling from oxidative stress.

MATERIALS AND METHODS

Plasmid, adenovirus, and lentivirus construction. Human Nox4 cDNA was
obtained from Open Biosystems; Nhel and Sall sites were added, and the open
reading frame (ORF) was subcloned into the adenoviral shuttle vector pDC315i0
(Microbix) to generate pDC315-Nox4. Human p22P* cDNA was also obtained
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from Open Biosystems. After the addition of terminal EcoRI and Sall sites, the
ORF was subcloned into the shuttle vector to create pDC315-p22. N35-Cat
containing an N-terminal ER-targeting motif (obtained from Kai Chen) fused to
catalase was released with Nhel and Sall and inserted into the shuttle vector to
create pDC315-N35-Cat. These plasmids were each cotransfected with the
adenovirus (Ad) backbone pBHGlox(del)E1,3Cre into 2931Q packaging cells
(Microbix). Viral plaques were cloned and expanded, and the titers were
determined. The control adenovirus Ad-lacZ was described previously (43).
Ad-RhoA(N19) was a gift of Christopher Chen.

Target sequences for human Nox2 (nucleotides [nt] 1291 to 1309), Nox4 (nt
409 to 427), K-Ras (nt 333 to 351), N-Ras (nt 351 to 369), and Atg5 (nt 589 to
607) were used to create oligonucleotides creating short hairpin RNA (shRNA)
loops. Oligonucleotide pairs were first ligated into pSUPER.retro.puro (Oligo-
engine). Fragments containing the shRNA sequence and the H1 promoter were
then excised and ligated into the lentiviral transfer construct pCCL.PPT.
hPGK.GFP.Wpre (a gift from Phil Scherer) opened with either Sall/EcoRV or
Xhol/EcoRV. The former restriction pair resulted in the insertion of the siRNA
expression cassette and loss of green fluorescent protein (GFP), which was
essential for HyPer studies.

Human Nox4 was ligated into pEGFP-N3 to create Nox4-GFP (C-term), in
which GFP was fused to the C terminus of Nox4. Nox4 was also fused to the C
terminus of GFP using pEGFP-C3 to create GFP-Nox4 (N-term). The untar-
geted ratiometric H,O, sensor pHyPer-Cyto and the mitochondrially targeted
probe pHyPer-mito were obtained from Evrogen. The signal sequence of bovine
preprolactin, encoding the first 30 residues, was inserted upstream of HyPer into
the Nhel site, and an oligonucleotide encoding the ER retention signal KDEL/
stop was inserted at the 3’ end of HyPer to create HyPer-ER. ssRFP-KDEL,
ssGFP-KDEL, GFP-LC3, and RBD3(R59A)-GFP were gifts from Anil Agarwal,
Eija Jokitalo, Beth Levine, and Ignacio Rubio, respectively. The RhoA-binding
domain of rhotekin fused to GFP (RhBD-GFP) or glutathione S-transferase
(GST) (RBD-GST) and the Ras binding domain (RBD) of Raf (Raf-GST) were
previously described (24, 45). All new constructs were confirmed by sequencing.

Cell culture and other reagents. Human umbilical vein endothelial cells
(HUVEC) were obtained from Clonetics; grown in EGM-2 medium containing
2% fetal calf serum, epidermal growth factor (EGF), fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF), insulin-like growth factor,
ascorbic acid, hydrocortisone, heparin, and gentamicin; and used at passage 4 or
5. HeLa-Tat cells, which secrete biologically active Tat (12, 14), were obtained
from the AIDS Research and Reference Reagent Program (NIH). For coculture
experiments, HeLa or HeLa-Tat cells were grown on the upper chamber of
0.4-pm-pore-size six-well transwell filters (Costar), with HUVEC plated on
the bottom chamber.

Tunicamycin, thapsigargin, and dithiothreitol (DTT) were obtained from Sig-
ma-Aldrich. Antibodies against Tat were obtained from the AIDS Research and
Reference Reagent Program.

Immunoblotting. Blotting was performed for phospho-T981-PERK, phospho-
JNK, phospho-T308-Akt (Santa Cruz), phospho-S51-eIF2a, phospho-ERK,
phospho-T389-p70S6K, or phospho-S2448-mTOR (Cell Signaling). The blots
were stripped and reprobed for total PERK, elF2a, JNK, Akt (Santa Cruz),
p70S6K (Cell Signaling), or mTOR (BioLegend). Other antibodies used were
BiP, Nox2, and pan-Ras from BD; actin from Chemicon; and Nox4 (polyclonal
H-300) and CHOP from Santa Cruz.

XBP-1 splicing. XBP-1 splicing was assessed as previously described (42). In
brief, total RNA was extracted from HUVEC using TRIzol (Invitrogen), treated
with DNase (Promega), extracted with phenol, and precipitated in ethanol.
Oligo(dT) was used to prime the reverse transcription (RT) reaction, followed by
PCR across the splice junction using the forward primer 5'-CCTTGTAGTTG
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AGAACCAGG-3' and the reverse primer 5'-CAGAATGCCCAACAGGATA
TC-3'. The PCR products were restricted with PstI.

ER isolation. Five 100-mm dishes of HUVEC were pooled, washed twice with
PBS, resuspended in 3 pellet volumes (~0.6 ml) of hypotonic extraction buffer
(10 mM HEPES, pH 7.8, 25 mM KCI, 1 mM EGTA, protease inhibitor cocktail),
and incubated for 20 min at 4°C to allow swelling. The 600 X g pellet was then
resuspended in 2 pellet volumes (~0.2 ml) of isotonic extraction buffer (10 mM
HEPES, pH 7.8, 250 mM sucrose, 25 mM KCl, and 1 mM EGTA) and homog-
enized with 10 passes through a 23-gauge needle, followed by 2 brief passes with
a Potter-Elvehjem homogenizer at low speed (200 rpm). Optiprep (iodixanol;
Sigma) was then added to a final concentration of 20%, and 0.75 ml of the
homogenate was laid over 1 ml of 30% Optiprep. Two milliliters of 15% Opti-
prep was overlaid onto the homogenate, and the sample was centrifuged at
150,000 X g for 3 h at 4°C using a SW55Ti rotor. Fractions (0.25 ml) of the
discontinuous gradient were acetone precipitated twice and resolved by SDS-
PAGE. Immunoblots for HSP60 (Abcam), calregulin and Na-K ATPase (Santa
Cruz), and BiP and caveolin 1 (BD) were performed to mark organellar content.

Transduction and knockdown. HUVEC were grown to 60 to 80% confluence
prior to adenoviral or lentiviral transduction. For lentiviral transduction, Phoe-
nix-293 cells were cotransfected with the transfer constructs and the third-gen-
eration packaging plasmids pMD2.VSVG, pMDLg/pRRE, and pRSV-REV, and
fresh supernatant was used for infection. After 2 h (adenovirus) or 8 h (lentivi-
rus) of infection, the HUVEC were washed and allowed to recover for 24 h prior
to coculture with HeLa-Tat or HeLa cells.

GTPase activity. RhoA and Ras activation was assessed using a pulldown
technique. RBD-GST and Raf-GST were expressed in Escherichia coli BL21-RP
(Stratagene) and purified on GSH-Sepharose (GE Healthcare). HUVEC lysate
was centrifuged at 10,000 X g; 2/3 of the supernatant was used for pulldown with
the respective fusions and immunoblotted for RhoA (Santa Cruz) or pan-Ras
(BD), while 1/3 of the lysate was precipitated in ice-cold acetone (1:1) for
assessment of total GTPase.

Microscopy. The ventral surfaces of cells were imaged at high resolution using
total internal reflection fluorescence (TIRF) microscopy. HUVEC were plated
on 35-mm coverslip bottom dishes coated with fibronectin. For coculture exper-
iments, Transwell inserts were placed into these dishes and HUVEC were ex-
amined during coculture. GFP and red fluorescent protein (RFP) chromophores
were excited with 488-nm (argon) or 543-nm (HeNe) laser lines using TIRF
optics through a 1.45-numeric-aperture (NA) oil immersion objective (Nikon) on
a Nikon TE2000-U microscope in a 37°C heated chamber. Images were obtained
with a charge-coupled device (CCD) camera (Coolsnap ES; Roper Scientific)
using Metamorph software (Molecular Devices).

Imaging of H,O, with HyPer was performed using 405/40 and 492/18 bandpass
excitation and 530/35 bandpass emission filters (Chroma). Live-cell microscopy
was performed at 37°C. Sequential 1.0-s unbinned exposures at each excitation
peak were obtained without saturation and analyzed with NIS Elements AR3.0
software (Nikon). Whole-cell regions of interest were background subtracted and
used to quantify HyPer ratios. Statistical analysis was performed using analysis of
variance (ANOVA) with Tukey’s posthoc intergroup comparison test.

Cell death. DNA fragmentation was assessed using a Cell Death enzyme-
linked immunosorbent assay (ELISA) (Roche). Absorbance values were nor-
malized to cell numbers.

Transmission electron microscopy. HUVEC were fixed in situ (2.5% glutar-
aldehyde, 0.1 M sodium cacodylate), harvested by scraping, and postfixed with
osmium tetroxide prior to dehydration with graded ethanol into propylene oxide.
Cell blocks were embedded in EMbed 812 (Electron Microscopy Sciences),
sectioned, placed on copper grids, stained with uranyl acetate and lead citrate,

FIG. 1. Tunicamycin increases ER H,O,. (A) Cotransfection of HyPer-ER (green channel) and ssRFP-KDEL (red channel) shows colocal-
ization. The image was acquired with TIRF optics. Scale bar, 10 um. (B) HUVEC transfected with HyPer-ER were treated with vehicle (0.001%
dimethyl sulfoxide [DMSO)]), tunicamycin (10 pg/ml), DTT (2 mM), or thapsigargin (0.4 uM) for 16 h and sequentially excited at 492 and 405 nm.
The grayscale images show the relative intensities of representative fields; 492/405 ratios are shown as pseudocolored images. Scale bars, 20 pm.
(C and D) HUVEC transfected with untargeted HyPer-cyto (C) or mitochondrially targeted HyPer-mito (D) were treated with vehicle or
tunicamycin for 16 h and ratio imaged. Scale bars, 20 pm. (E) 492/405 ratios were quantified for cells treated with corresponding vehicle (veh),
tunicamycin (TM), DTT, or thapsigargin (TG). The indicated cells were exposed to adenovirus harboring lacZ (control) or ER-targeted catalase
(N35-Cat). Means and standard errors of the mean (SEM) for 8 to 18 individual determinations are shown. *, P < (.05 from vehicle. Expression
of N35-Cat decreased the ratio of TM-treated cells (7, P < 0.01 from TM-plus-lacZ control). (F) HUVEC were transfected with HyPer-ER and
exposed to thapsigargin or DTT for 16 h. The reagent H,O, was added in the indicated concentrations, and 492/405 ratio images were taken after
3 to 5 min. (G) 492/405 ratios were quantified for cells transfected with either HyPer-cyto or HyPer-mito and treated with vehicle or tunicamycin
for 16 h. Means and SEM of 12 to 15 individual determinations are shown. *, P < 0.001 from HyPer-cyto/vehicle.
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FIG. 2. HIV-1 Tat activates the UPR and increases ER H,O, levels. (A) HUVEC were cocultured with HeLa or HeLa-Tat cells for 1, 3, or
7 days. The HeLa-Tat cells were removed, and the HUVEC were immunoblotted with the indicated antibodies. Phosphorylation of PERK, elF2a,
p-PERK, phospho-PERK; t-PERK, total PERK, and JNK and induction of BiP occurred at 3 and 7 days. CHOP was induced at 7 days. The blots
are representative of 2 to 4 experiments. (B) HUVEC were cocultured with (+) HeLa or HeLa-Tat cells in the presence of anti-Tat antibodies
(1:500) or control IgG (1:500) for 3 days and then immunoblotted for BiP. (C) (Top) cartoon showing splicing of XBP-1 transcript to a smaller
transcript lacking an internal Pstl site, with the positions of PCR primers. (Bottom) Ethidium bromide gel of RT-PCR products demonstrating
reduction in PCR fragment size and loss of the Pstl site. (D) HUVEC transfected with HyPer-ER were cocultured with HeLa or HeLa-Tat cells
for 3 days and subjected to ratio imaging. (E) HUVEC cotransfected with empty vector or N35-Cat were exposed to HeLa or HeLa-Tat cells for
3 days. Representative pseudocolored ratio images are shown. Scale bars, 20 pm. (F) HyPer ratios were quantified from the conditions in panel
E. The means plus SEM of 12 to 16 determinations are shown. *, P < 0.001 from control; f, P < 0.001 from HeLa-Tat with vector control.
(G) HUVEC transfected with HyPer-cyto or HyPer-mito were cocultured with HeLa or HeLa-Tat cells for 3 days, and ratio images were
quantified. The means plus SEM of 9 to 12 determinations are shown. *, P < 0.001 from HyPer-cyto/HeLa control.
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and examined with an FIE Tecnai G2 Spirit Biotwin transmission electron
microscope (TEM).

Matrigel tube assay. HUVEC were plated onto thick (1-mm) layers of Ma-
trigel in six-well chambers and immediately exposed to HeLa or HeLa-Tat cells
in Transwell inserts. Branching of tubular structures was assessed by random
counts of at least five low-power fields per well.

RESULTS

H,O0, is selectively produced on the ER by tunicamycin and
HIV-1 Tat. In order to visualize focal oxidant production by the
ER, we employed HyPer, a recently described fluorescent sen-
sor composed of circularly permuted yellow fluorescent pro-
tein (cpYFP) inserted into the regulatory domain of the H,O,-
specific bacterial reporter OxyR (5). Oxidation of OxyR
Cys199/208, which flank cpYFP, by submicromolar levels of
H,O, causes a reversible spectral shift in cpYFP, resulting in
an increase in the 500-nm and a decrease in the 420-nm ab-
sorbance peaks. Thus, the probe acts as a ratiometric H,O,-
specific sensor, with ratios independent of probe concentra-
tions (5). We fused a leader sequence to the N terminus and
the ER retention C-terminal KDEL motif to this sensor to
target it to the ER. This probe (HyPer-ER) colocalized with
ssRFP-KDEL, indicating proper ER targeting (Fig. 1A). In-
terestingly, despite the oxidizing environment of the ER, H,O,
levels were only minimally above background in control
HUVEC (Fig. 1B). The 492/405 ratios of HyPer targeted to the
ER were similar to the ratios of untargeted HyPer free in the
cytosol under resting conditions (0.76 = 0.03 cytosol, 0.82 *
0.26 ER; P > 0.05). We then examined the response of ER
H,O, levels to the addition of three chemical compounds
known to cause ER stress through different mechanisms: the
glycosylation inhibitor tunicamycin, the ER Ca*" reuptake in-
hibitor thapsigargin, and the reductant dithiothreitol (DTT).
Tunicamycin caused an increase in ER H,0, levels, whereas
both thapsigargin and DTT decreased ER H,O, (Fig. 1B and
E). The lack of H,O, signals from the last two agonists was not
due to misfolding of HyPer-ER, as addition of H,O, to cells
pretreated with thapsigargin and DTT displayed increased 492/
405 ratios from HyPer-ER, similar to those of control cells
(Fig. 1F). To confirm that the increase in the HyPer ratio was
due to H,O,, ER-targeted catalase (N35-Cat) (10) was ex-
pressed with HyPer-ER in HUVEC. N35-Cat blocked the
tunicamycin-induced increase in HyPer ratios, confirming the
oxidant produced to be H,O, (Fig. 1E). HyPer was then tar-
geted to the cytosol and to mitochondria to assess whether
H,O, production was ER specific. Whereas basal mitochon-
drial H,O, levels were higher than cytosolic levels, H,O, pro-
duction did not increase in either of these compartments dur-
ing tunicamycin-induced ER stress (Fig. 1C, D, and G). Thus,
tunicamycin specifically increases H,O, production by the ER.

We next studied a physiologically relevant agonist, HIV-1
Tat. This viral peptide causes ER stress when injected into
mice in vivo, and the brains of HIV-infected humans display
signs of ER stress and activation of the UPR (23, 29). We
found that sustained exposure of HUVEC to Tat through
coculture with Tat-secreting HeLa cells (HeLa-Tat) caused
broad activation of the UPR by 3 days, with phosphorylation of
PERK, elF2q, and JNK and induction of Grp78/BiP (Fig. 2A).
Coincubation with antibodies against Tat blocked BiP induc-
tion, confirming the specificity of the effects for Tat (Fig. 2B).
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In addition, nearly complete splicing of the XBP-1 transcript
by the ER stress sensor IRE1 was detected by RT-PCR (Fig.
2C). HyPer-ER imaging demonstrated increased 492/405 ra-
tios within 3 days of exposure to Tat, temporally correlating
with UPR activation, and this increase was effectively blocked
by ER-directed catalase, demonstrating an increase in ER
H,O, production by Tat (Fig. 2D to F). CHOP expression did
not increase until 7 days, suggesting that oxidant production
was not downstream of CHOP. As with tunicamycin, HyPer
directed to the cytosol and to mitochondria indicated that
H,O, production stimulated by Tat was restricted to the ER
(Fig. 2G).

Nox4-derived H,0, mediates tunicamycin- and Tat-induced
UPR. Endogenous and chromophore- or epitope-tagged Nox4
have been found associated with a number of subcellular com-
partments, but most consistently with ER membranes (10, 27,
34, 40). To image the ER at high resolution, TIRF microscopy
was used to visualize ventral ER structures close to the plasma
membrane. The conformation of the ER in this location takes
on a characteristic reticular, branching tubular network, as
opposed to ER sheets formed more dorsally (35). In live,
unfixed, and unpermeabilized HUVEC, Nox4-GFP distribu-
tion replicated this reticular distribution as visualized by the
ER marker ssGFP-KDEL (Fig. 3 A). In addition, GFP, when
fused to Nox4 at either its C or N terminus, colocalized with
the ER marker ssRFP-KDEL (Fig. 3B and C). Cell fraction-
ation studies confirmed that endogenous Nox4 was recovered
in iodixanol fractions containing the ER-resident proteins cal-
regulin and BiP, but not markers for the plasma membrane or
mitochondria (Fig. 3D). The molecular mobility of Nox4 in ER
fractions was approximately 66.0 kDa, consistent with the pre-
dicted unmodified form of Nox4 (66.9 kDa). The contribution
of Nox4 to early ER stress-induced H,O, production was as-
sessed through stable shRNA expression, accomplished with
lentiviral transduction. Nox4 knockdown decreased both Tat-
and tunicamycin-induced HyPer-ER ratios to baseline levels,
implicating Nox4 as the primary source of H,O, from the ER
itself under stress (Fig. 3E to G). To confirm that Nox4 can
increase ER H,0, levels, we overexpressed Nox4 and its cog-
nate subunit, p22”°*, and found that overexpression increased
ER H,0, levels comparably to tunicamycin, and the combina-
tion of Nox4 overexpression and tunicamycin increased ER
H,O, levels further (Fig. 3H).

Although ROS are best recognized as mediators of oxidative
stress and consequent cell death, the Nox proteins frequently
participate in homeostatic signaling through regulated and
site-directed oxidant production (38). To investigate whether
Nox4 participates in ER stress signaling, we studied the UPR
following knockdown of Nox4 or Nox2, the predominant Nox
members expressed by HUVEC. Lentiviral infection itself did
not induce BiP, suggesting lack of effect of lentiviral transduc-
tion on ER stress. shRNA against Nox4 strongly suppressed
phosphorylation of eIF2«a and induction of BiP and CHOP by
tunicamycin, whereas shRNA against Nox2 had no effect (Fig.
4A and B). In contrast, neither Nox4 nor Nox2 knockdown had
measurable effects on these UPR events following exposure to
thapsigargin or DTT, consistent with the lack of H,O, produc-
tion by the ER from these agonists (Fig. 4A). Accordingly,
ER-targeted catalase completely blocked BiP induction by tu-
nicamycin but had no effect on BiP induction by thapsigargin
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or DTT (Fig. 4C), and reagent H,O, increased BiP induction
(Fig. 4D).

When Tat was used as an agonist, ER-targeted catalase and
the oxidase inhibitor diphenylene iodonium prevented BiP in-
duction (Fig. 4E and F), indicating the involvement of ER-
localized H,O, in signaling from this agonist. Similar to the
response to tunicamycin, Nox4 knockdown completely blocked
phosphorylation of JNK and elF2a and induction of CHOP
and BiP by Tat, whereas knockdown of Nox2 had no effect on
Tat-induced UPR signaling (Fig. 4G and H). To confirm the
involvement of Nox4 in ER stress signaling, Nox4 and p227"*
were overexpressed using adenoviral delivery, resulting in
elF2a phosphorylation, induction of CHOP and BiP, and splic-
ing of the XBP-1 transcript (Fig. 41 and J), whereas ER-
targeted catalase blocked BiP induction by Nox4 (Fig. 4K).
Nox4-dependent H,O, production, therefore, acts upstream of
the UPR, mediating ER stress signaling in response to specific
agonists, such as tunicamycin and Tat.

Nox4 mediates Ras activation on the ER endomembrane. To
gain further support for the role of Nox4 in specific ER sig-
naling events, we examined the involvement of other known
signaling pathways, focusing on the agonist Tat. When stimu-
lated acutely with Tat, RhoA and Ras are transiently activated
(44). Under these conditions, RhoA acts upstream of Nox4,
which in turn leads to downstream Ras activation. Prolonged
exposure of HUVEC to Tat-secreting HeLa cells increased
RhoA activation, which appeared on day 1 and was sustained
through day 7 (Fig. 5A), and antibodies against Tat blocked
RhoA activation (Fig. 5B). The Rho binding domain of rho-
tekin, a RhoA-specific effector, was fused to GFP (RhBD-
GFP) to visualize sites of endogenous RhoA-GTP (24). To
demonstrate the specificity of this probe, HUVEC were stim-
ulated with the RhoA agonist lysophosphatidic acid, causing
translocation of RhBD-GFP to submembranous sites of RhoA
activation (Fig. 5C). Whereas HUVEC exposed to control
HeLa cells displayed diffuse localization of the reporter, 3 days
of exposure to Tat caused marked targeting of RhBD-GFP to
the ER, labeled by ssRFP-KDEL (Fig. 5D). To confirm acti-
vation of RhoA on the ER surface, ER-specific iodixanol gra-
dient fractions were pooled and examined for RhoA. Signifi-
cant levels of RhoA were found in ER fractions, unaltered by
Tat treatment. However, pulldown of RhoA-GTP from ER
fractions indicated activation of RhoA associated with the ER
in response to Tat (Fig. 5E). In addition, expression of
RhoA(N19) blocked H,O, production by the ER, as assessed
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by HyPer-ER ratio imaging (Fig. 5SF). Thus, RhoA appears to
be activated on the ER surface upstream of Nox4.

Notably, Ras activation was also found to be robust and
sustained following exposure to Tat-secreting HeLa cells, last-
ing through day 7 (Fig. 6A), and to be decreased by coincuba-
tion with antibodies against Tat (Fig. 6B). Endogenous Ras-
GTP was visualized by expression of GFP fused to a
triconcatenated Ras binding domain of Raf [RBD3(R59A)-
GFP]. The redundant Ras binding domains increased the sen-
sitivity of the probe, while the R59A mutation loosened bind-
ing to Ras-GTP to avoid quantitative Ras-GTP sequestration
(3). Oligomerized wild-type RBD increased cell attrition over
the duration of the experiment, and this probe was not used
(data not shown). Exposure of HUVEC to Tat-secreting HeLa
cells caused translocation of RBD3(R59A)-GFP to the ER,
marked by colocalization with ssRFP-KDEL (Fig. 6C and D).
Plasma membrane targeting of the probe was not noted
following exposure to Tat. In contrast, short-term stimula-
tion of HUVEC with VEGF caused membrane targeting of
RBD3(R59A)-GFP (Fig. 6E), while treatment with the Ras
prenylation inhibitor simvastatin blocked Tat-induced translo-
cation of this probe to the ER (Fig. 6F), documenting the
specificity of the probe. Further, knockdown of Nox4 resulted
in loss of ER-associated Ras-GTP (Fig. 6C and D), as well as
loss of global Ras activation (Fig. 6G), suggesting activation of
ER-associated Ras downstream of Nox4. ER density gradient
fractions confirmed the association of K-Ras with ER endo-
membranes under basal conditions (Fig. 6H). Similar to the
situation with RhoA, exposure to Tat caused activation of
K-Ras associated with the ER, as assessed by pulldown (Fig.
6H). Finally, ER-targeted catalase also blocked Tat-induced
Ras activation (Fig. 6I). In sum, these data suggest that Tat
initiates Nox4-dependent signaling, activating K-Ras locally on
the ER surface.

The activation and targeting of both RhoA and Ras to the
ER further confirmed the action of Nox4 on the ER, as these
GTPases function upstream and downstream of Nox4, respec-
tively. Localization of the RhoA/Nox4/Ras pathway to the ER
surface is also consistent with its potential involvement in ER
stress signaling. HUVEC express significant levels of K- and
N-Ras but very little H-Ras (not shown). Interestingly, Tat-
dependent JNK and eIF2a phosphorylation and CHOP and
BiP induction were selectively blocked by knockdown of K-
Ras, but not N-Ras (Fig. 7A to C), correlating with activation
of K-Ras in ER membrane fractions. In addition, expression of

Nox4 C terminus) and ssRFP-KDEL, imaged with TIRF optics. Scale bar, 20 wm. The expansions of the boxed area show green and red channels.
(C) HUVEC cotransfected with GFP-Nox4 (GFP fused to the Nox4 N terminus) and ssRFP-KDEL, imaged with TIRF optics. Scale bar, 20 um.
(D) HUVEC lysate fractionated on a 5 to 30% discontinuous iodixanol gradient, immunoblotted for ER (calregulin and BiP), plasma membrane
(Na-K ATPase and caveolin), or mitochondrial (HSP60) markers. Fractions 9 to 12 were enriched in ER markers. Fraction 5 contained a
nonspecific low-density particulate fraction from multiple membrane sources. (E) HUVEC were infected with lentivirus containing control or Nox4
shRNA and then transfected with HyPer-ER and exposed to HeLa or HeLa-Tat cells for 3 days. Live-cell imaging was performed in the presence
of cocultured cells. Representative fields are shown; scale bars, 20 wm. (F) HyPer ratios were compared in the preceding experimental groups. The
means and SEM of 6 determinations are shown. *, P < 0.001 from control; f, P < 0.001 from HeLa-Tat with control shRNA. (G) HyPer ratios
were obtained from HUVEC following lentiviral infection with the indicated shRNA and following exposure to vehicle (0.001% DMSO; veh) or
tunicamycin (TM; 10 pg/ml) for 16 h. The means and SEM of 7 to 11 determinations are shown. *, P < 0.001 from control; ¥, P < 0.001 from
TM with control shRNA. (H) HUVEC transfected with HyPer-ER were transduced with control adenovirus (lacZ) or Nox4 and p22°°* for 3 days
and/or treated with tunicamycin for 16 h, as indicated. The means and SEM of 17 to 25 determinations are shown. *, P < 0.01 from Ad-lacZ
control; T, P < 0.01 from TM and Nox4/p22. TM alone was not different from Nox4/p22 (P > 0.05).
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FIG. 4. Nox4 mediates tunicamycin and Tat-induced UPR. (A) Lentiviral knockdown of Nox4 or Nox2 preceded exposure of HUVEC to
tunicamycin (TM) (10 pg/ml), thapsigargin (TG) (0.4 uM), or DTT (2 mM) for 16 h. (B) Efficacy of knockdown. con, control; lenti, lentivirus.
Numbers at the left indicate molecular mass markers in kilodaltons. (C) HUVEC were transduced with control (lacZ) or N35-Cat adenovirus and
then exposed to vehicle (0.001% DMSO) (V), TM, TG, or DTT for 16 h. (D) HUVEC were exposed to the indicated concentrations of H,O, for
16 h, and BiP was assessed by immunoblotting. (E) Cells were transduced with Ad-lacZ or Ad-N35-Cat and cocultured with HeLa or HeLa-Tat
cells for 3 days. BiP expression is shown. (F) Cells were cocultured with HeLLa or HeLa-Tat cells in the presence of vehicle (0.001% DMSO) or
diphenylene iodonium (DPI) (10 wM) for 3 days, and BiP was assessed. (G) Following knockdown of Nox4, untreated HUVEC (lanes 1 and 2)
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of Nox4 completely blocked phosphorylation of JNK and elF2a and induction of CHOP and BiP by HeLa-Tat cells. UPR markers were uninduced
in HeLa-exposed cells. (H) Conditions were similar to those in panel G except following Nox2 instead of Nox4 knockdown. Nox2 knockdown had
no effect on activation of the UPR. (I) Overexpression of Nox4 and p22”* by adenoviral transduction increased eIF2« phosphorylation and CHOP
and BiP induction compared to Ad-lacZ infection. The blots are representative of 2 to 4 experiments. (J) RT-PCR of XBP-1 transcript
demonstrating splicing of XBP-1 3 days after infection with Ad-Nox4/Ad-p22. (K) Nox4 and p22”"** were overexpressed in the presence or absence
of N35-Cat, as indicated, and the cells were immunoblotted for BiP.
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control antibodies. (C) HUVEC transfected with RhBD-GFP, to visualize sites of endogenous RhoA-GTP, and stimulated with lysophosphatidic
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20 pm. (E) HUVEC were cocultured with HeLa or HeLa-Tat cells for 1 day and subjected to iodixanol density gradient fractionation. Fractions
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¥, P < 0.001 from HeLa-Tat control.

RhoA (N19) also blocked indicators of the UPR (Fig. 7D).
Thus, RhoA, Nox4, and Ras appear to signal on the ER sur-
face to mediate the Tat-dependent ER stress response.

We next examined two pathways downstream from the
well-known Ras effectors Raf and p85/phosphatidylinositol
3-kinase (PI3K) and found that Tat caused sustained phos-
phorylation of ERK through day 7 of exposure (Fig. 8A),
suppressed by the MEK inhibitor PD098059 (Fig. 8B). In
contrast, Tat did not activate the Akt/mTOR/p70S6K path-
way downstream from type I PI3K (Fig. 8A). As a control,

phosphorylation of these kinases was demonstrated follow-
ing VEGF stimulation (not shown). The differential activa-
tion of Ras effectors is consistent with endomembranous
Ras activation. Activation of the PI3K/Akt pathway by Ras
restricted to the ER, for instance, remains low compared to
Ras directed to the Golgi or plasma membrane (11). ERK
phosphorylation occurred downstream from the ER-based
Nox4 pathway, as it was completely suppressed by
RhoA(N19) expression and Nox4 knockdown, as well as by
specific knockdown of K-Ras (Fig. 8C to F).
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FIG. 7. Tat activates the UPR through K-Ras and RhoA. (A) shRNA specific for either K-Ras or N-Ras was delivered by lentivirus.

Immunoblots for K-Ras and N-Ras are shown. (B) UPR was assessed by

immunoblotting for phosphorylation of JNK and eIF2o. and CHOP and

BiP induction under the indicated conditions. K-Ras knockdown completely blocked UPR. (C) The same experimental conditions as for panel B,
except following N-Ras knockdown. (D) UPR was assessed as for panel B, except in the presence or absence of dominant-negative RhoA(N19).

Nox4/Ras signaling induces autophagy, which increases cell
survival and differentiation. Recent studies have demon-
strated that ER stress often triggers autophagy, which is an
additional, highly conserved degradation pathway linked to
ERK activation (6, 30, 32, 47). Not surprisingly, a number of

proteins that control autophagy reside on the ER, and auto-
phagic membranes are thought to be derived from ER lipids
(4, 33). Within 3 days of exposure to Tat, several markers of
autophagy increased. First, LC3/Atg8 was converted to a higher-
mobility form (LC3-II), indicative of conjugation to phosphati-
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dylethanolamine and formation of early autophagosomes (Fig.
9A). Second, LC3-GFP, normally distributed diffusely in the
cytosol, formed dots, characteristic of autophagosome forma-
tion (Fig. 9B and C). Lipidated LC3 is incorporated into au-
tophagosomal membranes; thus, LC3-GFP could clearly be
seen outlining vesicular structures (Fig. 9B, boxed area). Third,
transmission electron microscopy sections confirmed the for-
mation of numerous autophagosomes, some containing
densely packed membrane stacks characteristic of reticuloph-
agy (Fig. 9D) (6). Dilated ER lumens were also noted, consis-
tent with ER stress. Autophagy induced in association with ER
stress was Nox4 dependent, as knockdown of Nox4 suppressed
Tat-induced LC3-II formation, overexpression of Nox4 in-
creased LC3-II formation, and ER-targeted catalase blocked
Nox4-dependent LC3-1I formation (Fig. 9E to G). In addition,
LC3-II formation was blocked by K-Ras knockdown and
MEKI1 inhibition (PD095089) (Fig. 9H and I), consistent with
activation of autophagy downstream from an ER-based Nox4/
K-Ras/ERK pathway.

Initiation of autophagy has been shown to exert protective
effects in yeast and mammalian cells against the cell death
response to ER stress (6, 30). Tat-induced autophagy was
inhibited by the class III PI3K inhibitor 3-methyl adenine (Fig.
10A), which by itself increased cell death in control cells by a
modest amount (Fig. 10B). Upon exposure of cells to Tat for
5 days, untreated cells showed no increase in cell death,
whereas 3-methyl adenine-treated cells had marked increases
in cell death, in combination with Tat (Fig. 10B). To substan-
tiate these results, autophagy was also suppressed by knock-
down of the autophagic protein Atg5 (Fig. 10C), which again

allowed cell death to occur following exposure to Tat (Fig.
10D). Finally, exposure of HUVEC to Tat for 3 days acceler-
ated tube formation in 3-dimensional Matrigel, indicating en-
dothelial differentiation (Fig. 10E and F). Suppression of au-
tophagy with 3-methyl adenine, however, caused complete
failure of cells to attain a reticular, branching morphology, with
cells instead forming irregular spheroid clusters (Fig. 10E).
Thus, autophagy not only protects against cell death following
ER stress, but permits morphological differentiation of endo-
thelial cells.

DISCUSSION

The integrity of a cell’s nascent proteins reflects the homeo-
static balance of a number of cellular conditions, including
global and ER redox status, amino acid and energy sufficiency,
and synthetic demands. Consequently, a variety of stress path-
ways arise from the ER in response to poorly folded proteins.
In this capacity, reactive oxidants generated as a consequence
of ER stress are thought to represent late effectors of the UPR
leading to oxidative stress and cell death. Much less evidence
supports an additional homeostatic signaling role for oxidants
upstream of the UPR. In a recent study, the antioxidant buty-
lated hydroxyanisole (BHA) was found to decrease the UPR
response to misfolded FVIII, allowing the possibility of an
upstream role for oxidants (25). In that study, however, BHA
improved rather than worsened protein folding and secretion,
and oxidant production was CHOP dependent, suggesting that
oxidants were produced as a downstream consequence of the
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exposure to HeLa-Tat cells. (B) HUVEC were transfected with LC3-GFP and cocultured with HeLa or HeLa-Tat cells for 3 days. The formation of
numerous LC3-GFP-positive dots was seen with HeLa-Tat exposure. The enlargement of the boxed area shows the vesicular nature of larger
LC3-GFP-positive structures, consistent with autophagosome formation. Scale bar, 20 um. (C) Quantification of LC3-GFP dots per cell. *, P < (.001.
The error bars indicate SEM. (D) Scanning electron microscopy of normal, unstimulated HUVEC (a) or HUVEC exposed to HeLa cells (b) or HeLa-Tat
cells (c) for 5 days. M, mitochondrion; RER, rough ER. The normal morphology of RER is seen in images a and b. Following exposure to HeLa-Tat
cells, the ER becomes swollen, with dilated lumens (image c, arrows), with numerous autophagosomes (arrowheads) with variable contents. These include
tightly packed lamellar membranes suggesting ER ingestion. Scale bar, 1,000 nm. (E to I) HUVEC were immunoblotted for endogenous LC3 after
exposure to HeLa or HeLa-Tat cells. (E and F) Nox4 knockdown reduced LC3-II formation from Tat, whereas expression of Nox4 and p22”** greatly
increased LC3-II formation. (G) N35-Cat blocked LC3-II formation. Suppression of Ras/ERK signaling through K-Ras knockdown (H) or MEK
inhibition (I) (20 mM PD095089 versus vehicle) also reduced LC3-II formation after 3 days of exposure to HeLa-Tat cells.

UPR and subsequently worsened protein folding in a positive-
feedback cycle.

In the present study, we found clear evidence that Nox4
initiates oxidative signaling on the ER upstream of the UPR.

We first documented H,O, production by the ER. Although
prior studies have used nonspecific probes, such as dichlo-
rofluorescein or dihydroethidium, to detect global cellular ox-
idant production, the specific production of H,0, in situ by the
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FIG. 10. Autophagy protects Tat-exposed cells. (A) 3-Methyl adenine (3-MA) (5 mM) reduced LC3-II formation after 3 days of exposure to

HeLa-Tat cells, indicating inhibition of autophagy. (B) HUVEC were exposed to HeLa or HeLa-Tat cells for 5 days, with addition of 3-MA for
the final 2 days. The means and SEM of 4 determinations are shown. *, P < 0.001 from the respective control without 3-MA. (C) Knockdown of
Atg5 by shRNA (top) decreased LC3-II formation after 3 days of exposure to HeLa-Tat cells. (D) Atg5 knockdown increased cell death in
HeLa-Tat-exposed HUVEG; *, P < 0.001 from control. The means and SEM of 4 determinations are shown. (E) Phase-contrast of HUVEC plated
in thick Matrigel slabs and exposed to HeLa or HeLa-Tat cells for 3 days. The addition of 3-MA (5 mM) caused the cells to form 3-dimensional
spheroid clusters without typical branching tube structures. Scale bars, 500 wm. (F) Branch points were counted to quantify differentiation into tube

structures. The means and SEM of 8 determinations are shown. *, P < 0.001 from control; f, P < 0.001 from HeLa-Tat without 3-MA.

ER of live cells has not previously been reported. Interestingly,
we found the HyPer ratio of the ER under basal conditions to
be similar to that of HyPer free in the cytosol, suggesting
relatively low H,O, concentrations in the unstressed ER de-
spite its relatively oxidized redox potential. Conversely, we
found that the stressed ER may increase its H,O, levels; how-
ever, the production of H,O, by the ER itself does not appear
to be a universal feature of ER stress. Tunicamycin and Tat
caused measurable increases in ER H,O, levels, whereas thap-
sigargin and DTT decreased ER H,O,, even at time points
following the induction of CHOP. These findings suggest that

the oxidative stress that occurs downstream of the UPR and is
associated with cell death may arise substantially from non-ER
sources. Suppression of mitochondrial respiration, for in-
stance, blocks ROS generation and cell death in ER-stressed
yeast and mammalian cells, although it may be difficult to
distinguish the effects of ROS suppression from those of loss of
other mitochondrial functions (15, 16).

Further support for a specific signaling function of ER H,0,
was obtained by linkage of such oxidants with Nox4. Notably,
ER H,O, production from tunicamycin and Tat was elimi-
nated by knockdown of Nox4, which also blocked the UPR
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responses by these agonists, but not by thapsigargin or DTT.
Thus, Nox4-derived ER H,O, appears to function as an ago-
nist-specified signal capable of initiating the UPR. Like other
Nox members, Nox4 may function primarily as a signaling
enzyme, with specific rather than global stress or metabolic
effects. Nox4 therefore differs from Ero-1, which is thought to
produce H,O, as a constitutive by-product during the O,-
dependent oxidation of PDI and also late in uncompensated
ER stress leading to cell death (13, 26). While our data suggest
that Nox4 itself is the principal source of ER H,O, under
certain conditions, it is also possible that Nox4 causes an in-
crease in oxidant production secondarily through Ero-1, a pos-
sibility we have not excluded. Attempts to implicate Ero-1 as a
source of oxidants in mammalian cells have not been success-
ful, in part because of the dual isoforms present (15, 26).
Notably, organisms such as Caenorhabditis elegans and Saccha-
romyces cerevisiae that have only one ero-1 gene do not possess
a Nox4 ortholog.

The relevance of Nox4-dependent ER signaling to cell fate
was further studied using HIV-1 Tat. Tat is found circulating in
the blood of HIV-infected patients and is thought to contribute
to AIDS-related vasculopathy and encephalopathy and thus
represents a physiologically relevant ER stressor (2, 29, 39, 46).
We found that in response to Tat, Nox4-dependent H,O,
production was linked to Ras activation spatially, on the ER
surface, and functionally, upstream of the UPR. Such cooper-
ation between the Ras and Nox proteins has been suggested to
occur at the plasma membrane during mitogenic signaling
from lactosylceramide and angiotensin II (1, 8), although it has
not been previously reported on interior membranes. How-
ever, Ras is known to be activated on the ER surface in re-
sponse to mitogens or PKC activation (9, 11). Thus, restriction
of a Nox4-Ras pathway to the ER surface is consistent with the
importance of subcellular localization to signal fidelity for both
the Ras and Nox proteins (31, 38). While oxidative modifica-
tion of Ras is known to directly activate Ras (22), the mecha-
nism of Ras activation by Nox4 remains unknown. Also unclear
at this point is the mechanism by which Tat causes ER stress.
Tat is known to engage a number of surface receptors, such as
chemokine, integrin, and growth factor receptors, and can also
translocate into the cell to interact with transcriptional regu-
lators, such as p300/CBP. Thus, certain parts of proliferative or
gene expression pathways may be directly or indirectly acti-
vated out of physiologic context, perhaps leading to ER stress.

Further evidence for the importance of a local Nox4/Ras
pathway in ER signaling was obtained by examining its effect
on the induction of autophagy, which is another process trig-
gered by events occurring on the ER surface. Beclin 1, an
essential subunit of the class III PI3K complex that participates
in autophagosome formation, resides on the ER, where it is
sequestered by Bcl-2 (33). In addition, autophagosomes ap-
pear to form from punctate structures that recruit initiator
complexes and incorporate Phosphatidylinositol 3-phosphate-
enriched lipids from the ER (4). Accordingly, ER stress and
the UPR trigger autophagy, leading to degradation and recy-
cling of protein aggregates and parts of the expanded ER (6,
21, 30, 47). Importantly, we found that Nox4-dependent auto-
phagy promotes survival, consistent with the survival function
of autophagy in the context of either ER stress or direct acti-
vation of the UPR (6, 30). Of note, Nox2 has recently been
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demonstrated to participate in recruitment of LC3 to phago-
somes during microbial killing by phagocytes (20). While we
did not find a role for Nox2 in ER stress-initiated autophagy,
these findings suggest that different Nox forms may contribute
to autophagy triggered by different subcellular structures.

Prior studies have demonstrated that ERK promotes auto-
phagy whereas type I PI3K suppresses it through activation of
the powerful autophagy inhibitor mTOR (32, 37). Thus, two
principal Ras effectors, Raf and type I PI3K, act divergently
with respect to induction of autophagy (32). Accordingly, while
untargeted RasV12 has been shown to suppress autophagy
through type I PI3K/Akt/mTOR activation (7), our data sug-
gest that asymmetric activation of Ras effectors by Tat, favor-
ing the ERK but not the mTOR pathway, allows a protective
autophagic response to be initiated. The basis for such pathway
specificity is not known, although it may result in part from
restriction of Ras signaling to the ER. Ras directed to different
membrane compartments is known to differentially activate
various effectors (11), although differential activation of ERK
and Akt by ER Ras had not been clearly demonstrated prior to
the present study.

In summary, we found evidence that Nox4 contributes sig-
nificantly to ER-localized H,O, production, which in turn
functions as a homeostatic signal to initiate the UPR and
autophagy. Cooperation of Nox4 and Ras on an ER platform
facilitates these events, which, following Tat-dependent ER
stress, prevent cell death and promote differentiation.
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