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SUMMARY

Here we identify and characterize a cytoskeletal myosin protein required for IREla
oligomerization, activation, and signaling. Proteomic screening identified nonmuscle myosin
heavy chain 11B (NMHCIIB), a subunit of nonmuscle myosin I1B (NMIIB), as an ER stress-
dependent interacting protein specific to IRE1la. Loss of NMIIB compromises XBP1s and UPR
target gene expression with no effect on the PERK pathway. Mechanistically, NMIIB is required
for IRE1a aggregation and foci formation under ER stress. The NMIIB-mediated effect on IRE1la
signaling is in part dependent on the phosphorylation of myosin regulatory light chain and the
actomyosin contractility of NMIIB. Biologically, the function of NMIIB in ER stress response is
conserved as both mammalian cells and C. efegans lacking NMIIB exhibit hypersensitivity to ER
stress. Thus, optimal IRE1a activation and signaling require concerted coordination between the
ER and cytoskeleton.

INTRODUCTION

Perturbations in endoplasmic reticulum (ER) homeostasis culminate in ER stress and
activate an ER-to-nucleus signal transduction cascade termed the unfolded protein response
(UPR) (Hetz et al., 2011; Walter and Ron, 2011). In mammals, the ER luminal environment
is sensitively monitored by three transmembrane sensors: inositol-requiring enzyme la
(IREla), PKR-like endoplasmic reticulum kinase (PERK), and activating transcription
factor 6 (ATF6), with IRE1a as the most conserved (Hetz et al., 2011; Walter and Ron,
2011). A current model of mammalian IRE1a activation speculates that upon alterations in
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ER homeostasis, the luminal domain of IRE1a undergoes a conformational change and
subsequent homodimerization. Juxtaposition of IRE1a proteins promotes
transautophosphorylation and may facilitate higher-order oligomerization of IRE1a dimers,
followed by activation of its ribonuclease (RNase) domain to splice 26 nucleotides from the
X-box binding protein 1 (X6pZ) mRNA (Walter and Ron, 2011). This processing event
produces a transcription factor XBP1 spliced (XBP1s) required for UPR target gene
induction (Acosta-Alvear et al., 2007; He et al., 2010). Given that activation of the IRE1la-
XBP1 pathway is emerging as a central paradigm underlying human pathologies, such as
cancer, diabetes, and conformational diseases (Hetz et al., 2011; Sha et al., 2011), a
comprehensive and mechanistic understanding of IRE1a activation is of critical therapeutic
value.

One model for IRE1a activation proposes that under nonstress conditions, IRE1a is bound
in an inactive state by the ER chaperone, glucose-regulated protein 78 (GRP78/BiP)
(Bertolotti et al., 2000; Kimata et al., 2003). Accumulation of misfolded proteins promotes
BiP dissociation, allowing for IRE1a homodimerization and activation. Alternatively,
misfolded proteins may activate IRE1a through direct binding (Credle et al., 2005; Gardner
and Walter, 2011; Kimata et al., 2007) to promote its oligomerization and optimal activation
(Korennykh et al., 2009; Li et al., 2010; Walter and Ron, 2011). These two models are not
mutually exclusive and may have different implications for yeast and mammalian IREla
proteins (Oikawa et al., 2009). Here we identify a cytosolic factor required for mammalian
IRE1a aggregation and optimal activation of this pathway.

Nonmuscle myosin Il (NMII), a member of the myosin Il motor superfamily (Ma and
Adelstein, 2012), is a hexameric molecule composed of a pair of heavy chains (NMHCs), a
pair of regulatory light chains (RLCs), and a pair of essential light chains (Vicente-
Manzanares et al., 2009). In mammals, the identity of the heavy chain, NMHCIIA,
NMHCIIB, or NMHCIIC determines the overall NMII isoform (Vicente-Manzanares et al.,
2009). NMII activation is largely mediated by phosphorylation of its RLC at serine residue
19 (Ser19) (Adelstein and Conti, 1975) and to a lesser extent by increased transcriptional
activity (Vicente-Manzanares et al., 2009). NMII has been widely studied in distinct
biological processes that require remodeling of the actin cytoskeleton, such as cell
migration, polarity determination, cell adhesion, and clustering of signal transduction
molecules (Ma and Adelstein, 2012; Vicente-Manzanares et al., 2009). Consequently, NMI|I-
dependent processes span diverse physiological functions, including tumor-necrosis factor
signaling, T cell antigen receptor clustering, and viral entry (Arii et al., 2010; Flynn and
Helfman, 2010; Ilani et al., 2009). Here, we report an indispensable role of NMIIB in IREla
signaling of UPR.

NMHCIIB Physically Interacts with IRE1a upon ER Stress

To investigate mechanisms regulating mammalian IRE1a signaling, we performed a
proteomic screen using IRE1a ™~ mouse embryonic fibroblasts (MEFs) stably expressing
hemagglutinin (HA)-tagged IRE1a to identify potential IREla-interacting proteins.
Coomassie blue staining revealed a band approximately 250 kDa in size that was responsive
to thapsigargin (Tg)-induced ER stress (Figure 1A). Tandem mass spectrometry (MS/MS)
identified this factor as the heavy chain of nonmuscle myosin Il (NMHCII) with 35.4%
identity to NMHCIIB, 31.6% to NMHCIIA, and 5.4% to NMHCIIC; peptide coverage
spanned all functional domains (Figure 1B).

As endogenous NMHCIIB interacted with IRE1a. much more strongly than NMHCIHA
(Figure 1C), the remainder of our study focused on NMIIB. The ER stress-dependent
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interaction between NMHCIIB and IREla was verified in HEK293T cells overexpressing
IREla-HA and green fluorescent protein (GFP)-NMHCIIB, or IRE1a-HA alone (Figures
1C and 1D). Treatment with another ER stress agent tunicamycin (Tm) also promoted the
interaction (Figure 1E), demonstrating that this event is dependent on ER stress and
independent of nonspecific Ca2* effects. Lastly, immunoprecipitation in MEFs with anti-
IREa antibody confirmed the ER stress-dependent interaction between endogenous proteins
(Figure 1F).

NMIIB Is Required and Sufficient for Optimal IRE1a Activation

To study the functional role of NMIIB in IRE1a signaling, we used loss- and gain-of-
function models. Induction of XbpZs mRNA, a substrate of IRE1a, was blunted in
NMHCIIB™~ and knockdown MEFs (Figure 2A). Concomitantly, nuclear XBP1s protein
production was defective and delayed in NMHCIIB~/~ MEFs (Figure 2B), NMHCIIB
knockdown MEFs (Figure 2C) and cells treated with the NMII-specific inhibitor blebbistatin
(Straight et al., 2003) (Figure 2D). A similar observation was made in NMHCIIB~/~ MEFs
treated with Tm (Figure 2E). Further pointing to defects in the IRE1a-XBP1 pathway, the
expression of a subset of XBP1 target genes was attenuated in NMHCIIB knockdown
(Figure 2F) and NMHCIIB™~ MEFs (Figure 2G).

Conversely, overexpression of NMHCIIB in HEK293T cells increased XBP1s protein
(Figure 2H) and overexpression in NMHCIIB™~ MEFs rescued the levels of XBP1s protein
(Figure 21). Notably, the gain-of-function effect was observed only under conditions of ER
stress, further supporting the notion that NMIIB-mediated IRE1la signaling is ER stress
dependent.

NMIIB Is Dispensable for the PERK Pathway

To determine the specificity of NMIIB for IRE1la, we studied its impact on the other two
major UPR branches. Upon ER stress, PERK undergoes transautophosphorylation and
subsequently phosphorylates Ser51 on eukaryotic initiation factor 2a (elF2a), leading to
attenuation of global protein synthesis. Paradoxically, this event selectively upregulates the
translation of a subset of genes, including Chop (Walter and Ron, 2011). Upon ER stress, no
interaction occurred between PERK and NMHCIIB (Figure S1A available online).
Furthermore, PERK activation and signaling was unaffected in NMHCIIB knockdown
MEFs as both PERK and elF2a. phosphorylation and Chgp transcript levels were unchanged
(Figures S1B-S1D). We were unable to study the relationship between NMIIB and ATF6
activation because of the lack of a good antibody against the endogenous active form of
ATF6. Nonetheless, our data point to a specific role of NMHCIIB in IRE1a signaling and
dispensable for the PERK pathway.

IREla Foci Formation and Oligomerization Require NMIIB

To understand mechanistically how NMIIB affects IRE1a signaling, we investigated two
key steps in IREla activation, namely, dimerization/transautophosphorylation and
oligomerization (Walter and Ron, 2011). Upon ER stress, IRE1a phosphorylation (Qi et al.,
2011; Yang et al., 2010) was not affected in NMHCIIB~/~ MEFs (Figure 3A), cells exposed
to blebbistatin (Figure 3B), or cells overexpressing NMHCIIB (data not shown), suggesting
that NMIIB is dispensable for IRE1a dimerization and transautophosphorylation.

As ER stress persists, mammalian IRE1a dimers oligomerize to form foci (Credle et al.,
2005; Korennykh et al., 2009) that may correlate with RNase activation and XbpZ1 splicing
(Li etal., 2010). This event can be visualized using a T-REx293 cell system in which
expression of a GFP-tagged IRE1a. protein, IRE1-3F6HGFP, is driven by a doxycycline-
inducible promoter (Li et al., 2010). In line with previous studies (Korennykh et al., 2009; Li
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et al., 2010), IREla distribution changed dramatically upon ER stress from diffuse to strong
punctate foci beginning as early as 1 hr and peaking at 4 hr (Figure 3C). Knockdown of
NMHCIIB (shl1B#1) drastically reduced foci formation from 73.3% * 10.6% in control cells
(shCON) to 20.2% =+ 7.7% foci-positive cells in shlIB#1; cells with a ShRNA-targeting
sequence that failed to deplete NMHCIIB (shlIB#2) retained the ability to form foci with
70.0% + 17.6% foci-positive cells (Figures 3D-3G). This effect was consistently observed at
various stages of ER stress (Figure S2). Of note, IRE1a-GFP protein levels in all cell lines
were comparable (Figure 3E), thus excluding the possibility that reduced protein levels
accounted for diminished foci formation.

To confirm this observation under endogenous conditions, we examined oligomerization of
endogenous IREla proteins using sucrose gradient fractionation. Loss of NMIIB reduced
the formation of higher-order complexes of endogenous IRE1a under ER stress (Figures 3H
and 31). Overall, these results indicate that NMIIB regulates IRE1a aggregation and foci
formation during ER stress, while having no effect on IRE1la dimerization and
transautophosphorylation.

Effect of NMIIB on IREla Signaling Requires RLC Phosphorylation

To understand the mechanistic basis of the ER stress-induced NMIIB-IRE1a complex, we
first queried whether the interaction was contingent upon the activation status of IREla. We
used to our advantage three IRE1la mutants: a dimerization-defective mutant D123P (Zhou
et al., 2006), a kinase-dead mutant K599A (Tirasophon et al., 1998), and a loss-of-function
mutant P830L lacking both kinase and RNase functions (Xue et al., 2011). Unexpectedly,
the D123P IRE1a mutant that cannot undergo transautophosphorylation when stably
expressed in IRE1a ™~ MEFs (Xue et al., 2011) exhibited ER stress-induced
phosphorylation in HEK293T cells (Figure 4A), presumably because of the presence of
endogenous IREla.. In contrast, both K599A and P830L IRE1la mutants were unable to
undergo phosphorylation upon ER stress in HEK293T cells as shown previously (Xue et al.,
2011). Surprisingly, both mutants interacted just as strongly with NMHCIIB as wild-type
(WT) IREla (Figure 4A), suggesting that the interaction occurs independently of IREla
kinase function and phosphorylation status.

Next, we examined how ER stress may signal to NMIIB. Although ER stress had no
noticeable effects on the intracellular distribution (Figure 4B) or protein levels (Figure 4C)
of NMHCIIB, it induced phosphorylation of RLC at Ser19 (Figure 4D), a critical triggering
event in NMII activation (Adelstein and Conti, 1975; Ma and Adelstein, 2012; Vicente-
Manzanares et al., 2009). Additionally, an independent Phos-tag-based method examining
total RLC phosphorylation (Figure 4E) demonstrated that RLC phosphorylation peaked
within 60 min following ER stress (Figures 4D and 4E), preceding IRE1a foci formation
((Li et al., 2010) and Figure 3C).

Further demonstrating the significance of RLC phosphorylation, treatment with a myosin
light chain kinase (MLCK)-specific inhibitor ML-7 (Saitoh et al., 1987) abolished ER stress-
dependent IRE1a foci formation (Figure 4F), reduced the interaction between NMHCIIB
and IRE1a (Figure 4G) and dramatically attenuated XBP1s protein levels by over 6-fold
(Figure 4H). Thus, the physical interaction between NMIIB and IRE1a as well as the effect
of NMIIB on IREla aggregation and signaling are largely dependent on MLCK-mediated
RLC phosphorylation.

Motor Activity of NMIIB Is Indispensable for IREla Activation and Signaling

As NMIIB contains several functional domains (Vicente-Manzanares et al., 2009), we next
queried whether the motor activity was required for optimal IRE1a signaling. Unlike wild-
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type NMHCIIB, a motor-defective mutant R709C with diminished ATPase activity (Kim et
al., 2005; Takeda et al., 2003) did not exhibit ER stress-dependent association with IREla
(Figure 4l), and overexpression of the mutant failed to enhance XBP1s protein expression
upon ER stress (Figure 4J).

As myosin molecules propel along actin filaments to provide movement through the energy
of ATP hydrolysis (Vicente-Manzanares et al., 2009), we next addressed the role of actin.
Consistently, cells pretreated with an actin inhibitor cytochalasin D exhibited attenuated
XBP1s levels (Figure 4K). A similar observation was obtained in cells treated with
blebbistatin (Figure 2D), a drug specifically inhibiting the ATPase activity and motility of
NMII proteins (Straight et al., 2003). Therefore, our data collectively suggest that the
actomyosin contractility of NMIIB is required for IRE1a signaling.

NMIIB-Deficient Mammalian Cells Are Defective in ER Stress Response

We studied the biological consequences of NMIIB on UPR at three levels: organelle,
cellular, and organismal. At the organelle level, in line with the role of IRE1a-XBP1s in ER
biogenesis (Hetz et al., 2006; Sriburi et al., 2004), loss of NMIIB, similar to the loss of
IREla or XBP1, led to prominent defects in ER expansion in response to both Tg and Tm-
induced ER stress (Figure 5A; Figure S3). This defect was rescued by overexpression of WT
NMHCIIB but not by the R709C NMHCIIB mutant (Figures 5B and 5C), further supporting
a functional requirement for the motor activity of NMIIB. Importantly, overexpression of
XBP1s in NMIIB~/~ MEFs rescued the ER expansion defect to a level similar to that of WT
MEFs exposed to Tg (Figures 5B and 5C). Taken together, these data demonstrate that
NMIIB and, specifically, its motor function is a critical component of ER stress response via
IRE1a activation and XBP1s production.

At the cellular level, NMHCIIB™/~ MEFs were unable to recover after an ER stress
challenge (Figure 5D), in line with a prosurvival role attributed to the IRE1a-XBP1s
pathway (He et al., 2010). Consistent with the ER expansion phenotype, WT but not R709C
NMHCIIB completely rescued cell survival defects (Figure 5E). This was further supported
by an increase of caspase-3 cleavage, a marker for apoptosis, in NMHCIIB-deficient cells
upon prolonged Tg treatment (Figure 5F).

NMIIB-Deficient Worms Are Hypersensitive to ER Stress

Lastly, we explored the physiological implications of NMIIB in ER stress response at the
organismal level. As NMHCIIB~~ mouse embryos die before birth (Takeda et al., 2003), we
turned to the nematode C. elegans, in which NMY-2, a protein required for polarity
establishment during worm embryogenesis, is a homolog of NMHCIIB (Guo and
Kemphues, 1996). We examined the ability of temperature-sensitive NMII mutant worms
nmy-ZAne3409) (Liu et al., 2010) to reach L4 and adulthood in response to ER stress after
shifting to the restrictive temperature following embryogenesis. In the absence of Tm, 99%
+ 1% WT and 95% = 3% nmy-2Ane3409) reached L4 or adulthood. However, in the
presence of ER stress, a dramatic difference was consistently observed after 72 hr between
the percent of WT (85% = 4%) and nmy-2(ne3409) (23% + 13%) animals that developed to
L4 (Figure 5G), suggesting that nmy-2Ane3409) worms were hypersensitive to ER stress.
This effect was similar to that of a XbpZ deficiency as previously reported (Henis-Korenblit
et al., 2010), though less severe (Figure 5G). At the molecular level, ER stress-dependent
induction of XbpIsand its target /#sp-4, the worm homolog of the ER chaperone GRP78/
BiP, was completely abrogated in nmy-2Ane3409) (Figure 5H). Together, these in vivo
studies reveal a functional and conserved role for NMII specifically in IREla signaling.
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DISCUSSION

Our study has identified and characterized NMIIB as a specific and essential component of
the IRE1a-XBP1 signaling axis of UPR. We propose a model in which ER stress promotes
an IREla-NMIIB interaction and subsequently, NMIIB facilitates the oligomerization,
activation, and signaling of IRE1a (Figure 51). This model is supported by our findings that
NMIIB is required for IREla aggregation and foci formation, induction of XBP1s protein
and downstream UPR targets, and cellular and organismal responses to ER stress in vivo.
The actomyosin contractility of NMIIB is required as both the motor domain and
involvement of the actin filament are indispensable.

Our data point to a concerted coordination between the ER and cytoskeleton that is essential
for optimal IRE1a activation and cell fate determination in response to ER stress (Figure
51). Upon ER stress, RLC phosphorylation is required for NMIIB activation and its
regulation of IRE1la; these events are at least in part dependent on MLCK. How MLCK or
other RLC kinases respond to ER stress remains unclear. An intriguing possibility is that
IREla itself may serve as a kinase for MLCK directly or indirectly, and thus form a
feedback regulatory loop. Although other scenarios, such as NMIIB-mediated X6pZ mRNA
trafficking or ER membrane reorganization, are exciting possibilities that remain to be
explored, our data demonstrate that NMIIB directly impacts IRE1a activation and signaling
by interacting with IRE1a and regulating its oligomerization and activation.

A number of studies have identified a repertoire of IREla regulatory cofactors that
modulate its activity, including BAX/BAK, Bax inhibitor-1, RACK1, HSP90, and others
(Hetz et al., 2006, 2011; Lishona et al., 2009; Qiu et al., 2010). Collectively, these
interacting proteins comprise the “UPRosome,” a scaffolding complex believed to
dynamically regulate IRE1a in a cell or tissue-specific manner (Hetz and Glimcher, 2009;
Hetz et al., 2011). Identification of these regulatory cofactors of IRE1a signaling has greatly
advanced our understanding of how IRE1a activity and output can be regulated
mechanistically. Unlike other IREla-interacting proteins that have been identified, NMIIB
is unique in that it is an essential component involved in the oligomerization step of IREla
activation. Speculatively, NMIIB may not only promote IRE1a aggregation but also recruit
other regulatory components to the foci. The interplay between NMIIB and the
“UPRosome” is an open but exciting question.

Findings from this study and others showed that IRE1a foci can be visualized as early as 1
hr, peaked around 4 hr and are resolved by 8 hr of ER stress (Figure 3C; Li et al., 2010).
However, questions such as how foci dispersion and deoligomerization are regulated and
whether NMIIB or other cytoskeletal proteins are involved in this process remain
unaddressed. Interestingly, our data convey that NMIIB activation as indicated by RLC
phosphorylation is extremely dynamic and transient, peaking within the first hour and
resolved after prolonged ER stress (Figures 4D and 4E), suggesting an intimate relationship
between NMIIB activation and the kinetics of IRE1a foci formation and dispersion. A
recent study in yeast reported that the kinase activity of IREla is important for its
deactivation and foci dispersion (Rubio et al., 2011). Whether and how NMIIB are linked to
the activation and inactivation of IRE1la during ER stress remains to be elucidated, and
future studies are warranted to tease out the mechanistic details and dynamics of IRE1a foci
formation and dispersion.

IRE1a has been reported to cleave other nonspecific MRNAS upon ER stress in a process
termed regulated IRE1-dependent decay (RIDD), presumably to decrease ER load (Han et
al., 2009; Hollien et al., 2009; Hollien and Weissman, 2006; So et al., 2012). However, the
molecular mechanism and signals by which IRE1a regulates RIDD remain largely
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unknown. For example, does IRE1a RNase activation depend on the substrate (i.e., Xbp2
versus RIDD targets), and is IRE1a aggregation a prerequisite for RIDD? As NMIIB
regulates IRE1a oligomerization, it will be of great interest to determine whether and how
NMIIB regulates IRE1la RIDD activity.

Although IRE1a dimers may possess RNase activity to splice XbpZ mRNA, IREla
oligomers are believed to have maximal splicing efficiency as the arrangement of dimers
into oligomers brings multiple XbpZ mRNA binding pockets into close proximity
(Korennykh et al., 2009; Li et al., 2010; Walter and Ron, 2011). This is supported by our
observation that a NMIIB deficiency does not completely abolish XBP1s production.
Nonetheless, NMIIB-mediated IRE1a oligomerization is significant as shown by our in vivo
data on the cellular and organismal response to ER stress in which NMIIB is essential for
initiating and engaging an optimal IRE1a signaling and UPR.

One outstanding question is whether the involvement of NMIIB in IREla activation and
signaling is relevant in vivo under physiological conditions, where ER stress can be much
milder relative to the pharmacological insults used in cell culture to disrupt ER homeostasis
(Pfaffenbach et al., 2010; Sha et al., 2011; Yang et al., 2010). Because of the lack of a good
antibody for immunostaining, the question of whether endogenous IRE1a forms foci in vivo
under physiological UPR remains unanswered. This is important as it will shed light on the
activating mechanism of IRE1a under physiological and pathophysiological settings.
Overall, our finding linking the IRE1a branch of the UPR and the cytoskeletal machinery of
the cell enhances our comprehension of the cellular and molecular basis of mammalian ER
stress response and may shed light on therapeutic targets for UPR-associated diseases.

EXPERIMENTAL PROCEDURES

Cell Lines and Drug Treatment

NMHCIIB™~ MEFs were generated as previously described (Meshel et al., 2005). XBP1~/~
and IRE1a~ MEFs were generously provided by Drs. L. Glimcher (Weill Cornell) and D.
Ron (University of Cambridge), respectively. Matching WT MEFs were used in this study.
T-REx293 IRE1-3F6HGFP was previously described (Li et al., 2010; Xue et al., 2011) and
generously provided by Dr. P. Walter (UCSF). All cells were maintained in DMEM
supplemented with 10% FBS (Hyclone, Logan, UT, USA) and 1% penicillin/streptomycin
(Cellgro, Herndon, VA, USA). Tg and Tm (EMD Calbiochem, Darmstadt, Germany),
Blebbistatin (Cayman Chemical, Ann Arbor, MI, USa), and ML-7 (Sigma-Aldrich, St.
Louis, MO, USA) were dissolved in DMSO. Cytochalasin D (Enzo Life Sciences,
Farmingdale, NY, USA) and doxycycline (EMD Millipore, Billerica, MA, USA) were
dissolved in H,O. In most experiments, cells were treated with 150-300 nM Tg or 2.5-5 pg/
ml Tm over a time course (up to 8 hr) as indicated in the figures and figure legends. A drug
concentration titer was performed in one experiment to examine the dose-response curve.
For experiments requiring pretreatment, cells were pretreated with the drug (e.g.,
blebbistatin, ML-7, cytochalasin D) for 30 min prior to treatment with Tg.

IRE1la Immunopurification and Mass Spectrometry

Whole-cell lysates from IRE1a ™/~ MEFs stably expressing human IRE1a-HA (with or
without 300 nM Tg for 2 hr) were harvested from five 15 cm plates and immunoprecipitated
with HA-agarose. Immunoprecipitates were eluted with SDS sample buffer and separated on
a 6% polyacrylamide SDS-PAGE gel. Gel was incubated with Coomassie Brilliant Blue and
destained. Protein bands were excised from Coomassie-stained gels and destained, and
subjected to the mass spectrometric analysis (LC-MS/MS). Details are described in the
Supplemental Experimental Procedures.
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Immunoprecipitation

Whole-cell lysates were harvested in lysis buffer (150 mM NacCl, 1% Triton X-100, 1 mM
EDTA, and 50 mM Tris HCI [pH 7.5]) supplemented with protease inhibitor cocktail
(Sigma-Aldrich) and 5 mM ATP (Sigma-Aldrich) and incubated on ice for 25 min. Samples
were sonicated 10 s once with Branson Digital 250 Cell Disruptor at amplitude 10%. For
endogenous IP, supernatant was precleared with Protein A-agarose (Invitrogen, Carlsbad,
CA, USA) for 30 min and rocked with 2 g primary antibody overnight at 4°C. Immune
complexes were recovered with Protein A-agarose for 2 hr at 4°C with rocking. Beads were
washed four times with wash buffer (20 mM Tris HCI [pH 7.5], 137 mM NaCl, 20 mM
EDTA, 1% Triton X-100, and 10% glycerol) and eluted in boiling 2X SDS sample buffer,
followed by SDS-PAGE and western blot. In the case of overexpressed tagged proteins, the
only difference was that cells were incubated overnight with HA- or Flag-agarose at 4°C
with rocking followed by washes as described above.

Western Blot and Image Quantitation

Preparation of cell lysates and western blot were performed as we previously described (Sha
et al., 2009). Primary antibodies were diluted in 5% milk/TBST or 2% BSA/TBST and
incubated with PVDF membrane overnight at 4°C, whereas secondary antibodies were
incubated at room temperature for 45 min. Antibody information is available in the
Supplemental Experimental Procedures. To study IRE1la phosphorylation, we used a Phos-
tag-based western blot method that can sensitively monitor the phosphorylation status of
UPR sensors (Qi et al., 2011; Sha et al., 2009; Yang et al., 2010). Membranes were routinely
strip-reprobed for HSP90 as a positional control. In addition, a Phos-tag-based method was
also used to visualize total RLC phosphorylation as previously described (Aguilar et al.,
2011). Of note, to ensure sufficient signal for cleaved caspase 3, the membrane for caspase 3
was cut around the 25 kDa line and then probed separately with the caspase 3 antibody.
Band density was quantitated using the Image Lab software on the ChemiDOC XRS*
system (Bio-Rad, Hercules, CA, USA) and presented as the mean + SEM from several
independent experiments or as representative data from at least two independent
experiments.

siRNA Knockdown and Retroviral Transduction

Retroviral transduction and stable cell lines were carried out as previously described (Sha et
al., 2009). Stable cell lines expressing siRNA were selected in hygromycin at 200 pg/ml or
puromycin at 5 pg/ml. Stable cell lines were made and tested independently at least twice.
siRNA sequences for mouse myh-10 (in MEFs): sh11B#1: 5
GAGAAGAAACTGAAAGAAA 3’; shlIB#3: 5 GGAACAAGGCTGAGAAACA 3’.
siRNA sequences for human myh-10 (in HEK293T cells): sh11B#1: 5
GAGAAGAAGCTGAAAGAAA 3’; shliB#2: 5" CCAAAGATGATGTGGGAAA 3.

RNA Extraction and Quantitative Real-Time PCR

The experiments using mammalian cells were performed as previously described (Sha et al.,
2009). For nematodes, WT (N2) or nmy-2A ne3409) worms were shifted to 25°C and grown
on 6 pg/ml Tm. Seventy-two hours later, approximately 300 animals of each genotype and
condition were washed off plates with M9 buffer, pelleted, and mixed with 10x volume of
Trizol. Quantitative real-time PCR primer sequences are available in the Supplemental
Experimental Procedures.

Immunofluorescence

MEFs were plated and grown on collagen-coated coverslips in 6-well plates overnight,
followed by treatment with the indicated concentration and time of Tg. After a brief wash
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with PBS, cells were fixed in fresh 3.7% formaldehyde in PBS for 10 min and washed three
times with PBS for 5 min each. Cells were lysed with 0.2% Triton X-100 in PBS for 5 min
and washed three times with PBS for 5 min each. Cells were blocked in 5% BSA in PBS for
10 min and incubated 1 hr at room temperature with anti-myosin I1B at 1:50 dilution
(Developmental Studies Hybridoma Bank, CMI123). Cells were washed three times with
PBS for 5 min each, followed by 1 hr incubation with donkey anti-mouse Cy3 (Jackson
ImmunoResearch, West Grove, PA, USA), with or without anti-rabbit FITC (Jackson
ImmunoResearch), at 1:200 dilution in the dark. Cells were washed and mounted with
Prolong Gold Antifade Reagent with DAPI (Invitrogen). Fluorescent microscopic images
were taken with a Zeiss 710 Confocal microscope using a 63x/1.4 objective (Cornell
Microscopy and Imaging Facility).

Foci Imaging

Analysis of IREla foci formation was performed as previously described (Xue et al., 2011).
Briefly, T-REx293 IRE1-3F6HGFP cells were treated with 5 pg/ml doxycycline for 24 hr to
induce IRE1a-GFP expression, followed by 300 nM Tg treatment for the indicated time.
Fluorescent microscopic images were taken with a Zeiss 710 Confocal microscope using a
63x/1.4 objective (Cornell Microscopy and Imaging Facility). Foci-positive was calculated
as the number of cells with one or more foci out of total number of cells.

Sucrose Gradient Sedimentation

Confluent WT and NMHCIIB™~ MEFs in 10 cm plates nontreated or treated with 300 nM
Tg for 3 hr were harvested and lysed in 300 pl lysis buffer (described in
Immunoprecipitation). Extracts were centrifuged through 20%—-40% sucrose gradients
prepared freshly by progressively layering higher to lower density sucrose fractions in 5%
increments in polyallomer tubes of 11 x 60 mm (Beckman Coulter, Brea, CA, USA).
Extracts were centrifuged at 60,000 rpm for 14.5 hr at 4°C using an SW 60 Ti rotor
(Beckman Coulter). Each 4 ml gradient was divided evenly into 16 fractions (250 pl), and
aliquots of fractions 3-16 (labeled 1-14 in Figures 3H and 3I) were subjected to SDS-PAGE
analysis. IREla-containing complexes were detected using anti-IREa antibody. The density
of IREla in each fraction was quantitated using the Image Lab software on the ChemiDOC
XRS* system (Bio-Rad), and the percent of IRE1a in each fraction was calculated as the
amount of IREla in a fraction relative to the total IRE1a levels in all 14 fractions.

Cell Survival Assay

WT and NMHCIIB™~ or shCON and shl1B#1 MEFs were grown in 6-well plates and
treated with 150300 nM Tg for the indicated time. For rescue experiments, NMHCIIB™~
MEFs were transfected with WT or R709C NMHCIIB plasmids using Lipofectamine 2000,
per the supplier’s protocol, for 24 hr prior to Tg treatment. Cells were counted by
hemocytometer, and 1.5 x 105 cells were re-plated onto 10 cm plates. Four days later, the
cells were briefly washed in PBS and fixed in freshly prepared 3.7% formaldehyde in PBS
for 15 min, followed by 30 min incubation in 0.05% crystal violet in distilled water (filtered
before use) with gentle rocking at room temperature. Cells were washed three times for 5
min each with ddH,0, permeabilized with methanol for 15 min, and sampled aliquots were
read at OD 540 nm with Bio-Tek Synergy 2 plate reader (Bio-Tek Inc., Winooski, VT,
USA).

Brefeldin-A BODIPY and Flow Cytometry

WT and various mutant MEFs were grown in 24-well plates overnight, followed by
treatment with 150 nM Tg or 2.5 pg/ml Tm for the indicated time. For rescue experiments,
NMHIIB~~ MEFs were transfected with WT, R709C NMHCIIB, or XBP1s plasmids with
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Lipofectamine 2000, per the supplier’s protocol, for 24 hr, followed by Tg treatment. Cells
were incubated at 37°C for 30—45 min with 0.4 g/ml Brefeldin A-BODIPY (Invitrogen) in
culture media, followed by trypsinization and flow cytometric analysis using a BD
FACSCalibur flow cytometer. Data were analyzed using the CellQuest and FlowJo software.

ER Stress Resistance in C. elegans

Nematodes were cultured using standard conditions (Brenner, 1974), with N2 (Bristol) as
wild-type. The mutations used in this analysis include nmy-2ne3409) (Liu et al., 2010) and
xbp-1(zc12) (Calfon et al., 2002). For ER stress resistance assays, embryos were laid onto
plates containing 0 or 6 pg/ml Tm. After 18 hr, the number of hatching larvae was noted and
compared to the number of L4/adult stage worms after 72 hr. In experiments using
nmy-Zne3409), embryos were allowed to complete embryogenesis at the permissive
temperature of 16°C and then shifted to the restrictive temperature of 25°C after hatching.
Some nematode strains used in this work were provided by the Caenorhabditis Genetics
Center (University of Minnesota) funded by the National Institutes of Health (NIH) National
Center for Research Resources.

Statistical Analysis

Results are expressed as the mean £ SEM unless indicated otherwise. Comparisons between
groups were made by unpaired two-tailed Student’s t test, where p < 0.05 was considered as
statistically significant. All experiments were repeated at least two to three times, and
representative data are shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. NMIIB Isan ER Stress-Induced | REla-Interacting Factor

(A) Coomassie blue staining of immunoprecipitates (IPs) of IRE1a ™/~ MEFs stably
expressing C-terminal hemagglutinin (HA)-tagged IRE1a untreated or treated with 300 nM
Tg for 2 hr. Unknown Tg-specific band at 3250 kDa was excised and identified as NMHCI|I
using tandem mass spectrometry (MS/MS) analysis.

(B) Schematic of the functional domains of the three mammalian isoforms of NMHCII with
respective peptide coverage recovered (indicated by lines below) from MS/MS. Figure is
drawn to scale using sequence annotation data from UniProt.

(C) Western blot showing recovery of endogenous NMHCIIB and NMHCIIA from
immunoprecipitates of HA-tagged IRE1a prepared from transiently transfected HEK293T
cells treated with 150 nM Tg for the indicated time.

(D and E) Western blot showing recovery of GFP-tagged NMHCIIB from IPs of HA-tagged
IREla prepared from transfected HEK293T cells treated with 300 nM Tg for the indicated
time (D) or 300 nM Tg or 5 pg/ml Tm for 2 hr (E). Arrowhead points to endogenous
protein.

(F) Western blot showing recovery of endogenous NMHCIIB from IPs of endogenous
IREla prepared from MEFs treated with 150 nM Tg for the indicated time.

For (C)—(F), similar results were observed in 2—3 independent experiments.
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Figure2. NMIIB IsRequired for Optimal IRE1a-XBP1 Signaling

(A) Quantitative real-time PCR analysis of Xbp1sexpression from NMHCIIB™/~ or shlIB#1
MEFs treated with 150 nM Tg for the indicated time.

(B and C) Western blot of nuclear (XBP1s) and cytosolic extracts (NMHCIIA/B) from (B)
WT and NMHCIIB~/~ MEFs treated with 150 nM Tg for the indicated time or (C) WT
MEFs stably expressing shRNA against control (sShCON) or murine NMHCIIB (shlIB#1 and
shlI1B#3) treated with 150 nM Tg for the indicated time.

(D) Western blot of XBP1s in HEK293T cells untreated or pretreated with 50 .M
blebbistatin followed by treatment with 150 nM Tg for 3 hr.

(E) Western blot of XBP1s in WT and NMHCIIB™~ MEFs treated with 5 wg/ml Tm for the
indicated time.
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(F and G) Quantitative real-time PCR analysis of UPR genes in (F) shCON and shlIB#1
MEFs treated with 150 nM Tg for 5 hr or (G) WT and NMHCIIB™~ MEFs treated with 150
nM Tg for the indicated time.

(H and 1) Western blot of nuclear (XBP1s) and cytosolic extracts (NMHCIIA/B) from (H)
HEK293T cells transiently overexpressing GFP vector or GFP-NMHCIIB treated with 150
nM Tg for the indicated time, or (I) WT or NMHCIIB™~ MEFs transiently overexpressing
GFP vector or GFP-NMHCIIB treated with 150 nM Tg for the indicated time. Arrowhead
points to endogenous protein. Quantitation of XBP1s protein levels shown below the gel
after normalization to CREB. In western blots, CREB and HSP90 are loading controls. In
quantitative real-time PCR analysis, data are shown as mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001. For all, similar results were observed in 2-3 independent experiments. See
also Figure S1.
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Figure 3. NMIIB Promotes |RE1a Foci Formation upon ER Stress

(A and B) Phos-tag western blot of IRE1a phosphorylation prepared from lysates of (A)
WT or NMHCIIB™~ MEFs treated with 150 nM Tg for the indicated time, and (B) MEF
cells pretreated with Blebbistatin prior to treatment with Tg at the indicated concentration
for 3 hr.

(C) Confocal microscopic images of IRE1a-GFP in T-REx293 IRE1-3F6HGFP cells
untreated (CON) or treated with 300 nM Tg for the indicated time.

(D) Western blot of NMHCIIB in T-REx293 IRE1-3F6HGFP cells stably expressing
shRNA against control (shCON) or human NMHCIIB (shl1B#1 and shl1B#2). HSP90,
loading control.

(E) Western blot of GFP in T-REx293 cells treated with 10 nM doxycycline for 24 hr.
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(F and G) Confocal microscopic images of IRE1a-GFP in T-REx293 IRE1-3F6HGFP cells
stably expressing shCON, shlIB#1, or shlIB#2 cells untreated (CON) or treated with 300
nM Tg for 4 hr. Quantitation of the number of foci-positive cells from at least 30 fields with
500-1,000 cells per group are shown in (G). Data are shown as the mean + SEM. ***p <
0.001.

(H and I) Western blot showing the distribution of IRE1a (H) and quantitation (I) in
fractions 1-14 prepared from WT and NMHCIIB™~ MEFs treated with 300 nM Tg for 3 hr
and centrifuged using 20%-40% sucrose gradients.

For all, similar results were observed in 2-3 independent experiments. See also Figure S2.
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Figure 4. RLC Phosphorylation and the Actomyosin Contractility of NM11B Are Required for

Optimal IRE1a Signaling

(A) Western blot showing recovery of GFP-tagged NMHCIIB from immunoprecipitates of
HA-tagged WT and mutant IRE1la (D123P, K599A, P830L) prepared from transfected
HEK?293T cells treated with 300 nM Tg for 2 hr. Bottom panel shows Phos-tag western blot
analysis of IREla phosphorylation in HEK293T cells overexpressing WT or mutant IREla.

ACC (acetyl-CoA carboxylase), loading control.

(B) Confocal microscopic analysis of endogenous NMHCIIB in MEF cells treated with 300

nM Tg for the indicated time. Images are representative of 25 fields. Scale bar, 5 um.

(C) Western blot of NMHCIIB from HEK?293T cells treated 150 nM Tg for the indicated

time.

(D) Western blot of p-Ser19 and total RLC in whole-cell lysates prepared from MEFs

treated with 300 nM Tg for indicated time.

(E) Phos-tag western blot analysis of total RLC phosphorylation in MEFs treated with 150

nM Tg for indicated time. Quantitation of p-RLC shown below.

(F) Confocal microscopic images of IRE1a-GFP in T-REx293 IRE1-3F6HGFP cells

pretreated with 25 pM ML-7 for 30 min prior to treatment with 300 nM Tg for 4 hr. Data is

representative of at least 30 fields with 500-1,000 cells per group. Scale bar, 5 pm.
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(G) Western blot showing recovery of endogenous NMIIB from immunoprecipitates of HA-
tagged IRE1a prepared from transiently transfected HEK293T cells untreated or pretreated
with 25 puM ML-7 for 30 min prior to treatment with 300 nM Tg for 2 hr. Note that ML-7
pretreatment abolishes the interaction between IRE1a and NMIIB.

(H) Western blot analysis of nuclear XBP1s in HEK293T cells treated as in (F).

(1) Western blot showing recovery of GFP-tagged WT or the motor-defective R709C
NMHCIIB mutant from immunoprecipitates of HA-tagged IRE1la prepared from transfected
HEK?293T cells treated with 150 nM Tg for the indicated time.

(J and K) Western blot of XBP1s in (J) MEFs transfected with GFP-tagged WT or R709C
NMHCIIB treated with 150 nM Tg for 4 hr or (K) MEFs pretreated with an actin inhibitor,
cytochalasin D, for 30 min prior to treatment with 150 nM Tg for 5 hr.

For all, similar results were observed in 2-3 independent experiments. CREB/GAPDH/
HSP90, loading controls.

Dev Cell. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Heetal.

Page 21

A WT | 1 i XBP1+ B NMHCIIB*  WT MEFs
| \ GFP T + - e
I'Vls1 i GFP-NMHCIB - - + - - -
[ j22/[125 GFP-NMHCIIBR709C - - - + - -
- | { I\ Flag-XBP1s - - - - + -
€ \ 1 / \ 150nMTg3h - - - - - 4+
30 - / ¢
3w ,‘\ i il
22 | \23 22f | 25
o i CON
J 1 | -Tosn 50
) \ - Lt
100 10' 102 10° 104100 10' 102 10° 10% m CREB
Brefeldin A BODIPY
Cc
100 T WT I 18+ |1 \ BF+1B | i 1B+ R709C Ay — B
£ e | il ! I N N — e+
3 60 | sl iz ) 4 5o XBP1s|
S 4] 22[[||%° g | 20])\|38 { 18] 22/ || 31
] /I i/ [ - CON \
S 20 A /A 1 )\ 1 )\ -Tgen /]
04 Jift \ | y | %4 LN | 1 / |
100 10" 102 103 104 100 10" 102 103 10%
Brefeldin A BODIPY Brefeldin A BODIPY
D 2 1.2
3 El
15 210 CICON
3 1 3 .
= S 08 Ty
205 S
Shadlilis o O o6 :
0 CON  Tg2h Tgsh " ShCON shilB#1 WT Vector WT IIB R709C
MEF NMHCIIB* MEF
F WT NMHCIIB
20 O 61827 42 0 6 18 27 42 Tg(h)
- S & "W (=cleaved H 5 |
15
Cleaved 5 = Xbp1s ER STRESS
7o 5 11 .8 1419 211012 22 4520 Caspase3 = P
< MLCK \ S
———— - —— pro- = 41 0‘\(0\?;\0(\
25 P N 092 o0
° E [ ] P Ve 8%
————— --—'———|HSP90 .10 ¢
20 /
G % hsp4 /—\l
wT nmy-2(ne3409)  xbp-1(zc12) = 30 4 NMIIB
n= 465 399 505 471 90 55 Z 20 (cytosol)  |RE1a Foci
€ 10 4
100 4 o XBP1s
> -,
£ 80 = WT  nmy-2 *
& _ S (ne3409)
S 60 4 8 s ER HOMEOSTASIS
2 40 S S SURVIVAL
o o '8
X 204 & 53
< «®
0 - -
CON Tm CON Tm CON Tm

Figure 5. NMIIB Deficiency Renders Cells and Worms Hyper sensitiveto ER Stress

(A-C) Flow cytometric analysis of ER/Golgi mass of (A) WT and various mutant MEFs or
© NMHCIIB~~ MEFs transfected with WT, R709C NMHCIIB, or XBP1s, followed by
treatment with 300 nM Tg for 8 hr and stained with Brefeldin A-BODIPY. Numbers
indicate mean channel fluorescence. Western blot analysis of protein levels in transfected
cells shown in (B) with WT MEFs treated with 150 nM Tg for 3 hr in the far right lane.
HSP90 and CREB, loading controls whole-cell extract and nuclear extract, respectively.

(D and E) Cell survival assays: Quantitative reading of crystal violet staining of WT and
NMHCIIB™~ MEFs treated with 150 nM Tg for the indicated time, followed by recovery
for 4-5 days. y axis indicates cell or colony numbers. In (E), MEFs expressing shCON or
shlIB#1, or WT, NMHCIIB™~, and NMHCIIB~/~ MEFs rescued with WT or R709C
NMHCIIB were used. Data are shown as mean £ SEM. **p < 0.01, ***p < 0.001.

(F) Western blot of active and procaspase 3 from WT and NMHCIIB™/~ MEFs treated with
150 nM Tg for the indicated time. Quantitation of cleaved caspase 3 levels shown below the
gel after normalization to procaspase 3.

(G and H) WT (N2) or nmy-2Zne3409) worms were shifted to 25°C after embryogenesis and
grown on 6 pg/ml Tm to assay development at 72 hr. xbp-1(zc12) worms were included as

Dev Cell. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Heetal.

Page 22

controls. Data are shown as mean + SD (p = 0.004 for nmy-2ne3409) versus WT and p <
0.001 for xbp-1(zc12) versus WT). (H) Quantitative real-time PCR analysis of UPR genes in
WT (N2) or nmy-2(ne3409) worms grown on 6 pg/ml Tm for 72 hr at 25°C. Data are shown
as mean + SEM.

(1) Model for the role of NMIIB in IRE1la aggregation and signaling. Our data suggest that
optimal IRE1a activation and signaling require concerted coordination between the ER and
cytoskeleton in the cytosol. Findings from this study are highlighted in red, whereas known
activating signals from the ER are in blue. For all, similar results were observed in 2—-3
independent experiments. See also Figure S3.
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