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Cytoplasmic proteotoxicity regulates
HRI-dependent phosphorylation of elF2a via
the Hsp70-Bag3 module

Shivani Patel,’? Santosh Kumar,! Simone Baldan," Arkadi Hesin,! Julia Yaglom,! and Michael Y. Sherman’-*

SUMMARY

The major heat shock protein Hsp70 forms a complex with a scaffold protein Bag3
that links it to components of signaling pathways. Via these interactions, the
Hsp70-Bag3 module functions as a proteotoxicity sensor that controls cell
signaling. Here, to search for pathways regulated by the complex, we utilized
JG-98, an allosteric inhibitor of Hsp70 that blocks its interaction with Bag3.
RNAseq followed by the pathway analysis indicated that several signaling path-
ways including UPR were activated by JG-98. Surprisingly, only the elF2a-associ-
ated branch of the UPR was activated, while other UPR branches were not
induced, suggesting that the response was unrelated to the ER proteotoxicity
and ER-associated kinase PERK1. Indeed, induction of the UPR genes under these
conditions was driven by a distinct elF2a kinase HRI. Hsp70-Bag3 directly inter-
acted with HRI and regulated elF2a phosphorylation upon cytoplasmic proteo-
toxicity. Therefore, cytosolic proteotoxicity can activate certain UPR genes via
Hsp70-Bag3-HRI-elF2« axis.

INTRODUCTION

The major heat shock protein Hsp70 has been implicated in cancer development (Calderwood et al., 2006;
Mosser and Morimoto, 2004; Sherman and Gabai, 2015). Original hypothesis was that cancer cells experi-
ence permanent proteotoxicity stress due to aneuploidy, oxidative stress, and other abnormalities, which
dictates their stronger requirements for expression of molecular chaperones (non-oncogene addiction)
compared to normal cells (Donnelly and Storchova, 2015; Solimini et al., 2007). This hypothesis was gener-
ally refuted (Teresa A Colvin et al., 2014), which led to the idea of direct involvement of Hsp70 in signaling
pathways that control major stages of cancer development, including initiation, progression, and metas-
tasis. Indeed, several publications demonstrated that knockout of Hsp70 leads to suppression of cancer
development at various stages (depending on the cancer model) and these effects correlated with suppres-
sion of many signaling pathways involved in cancer development (Cho et al., 2019; Gong et al., 2015; Meng
etal., 2011; Tao et al., 2016).

We and others previously reported that effects of Hsp70 on signaling pathways are mediated by the co-
chaperone Bag3 that binds to the ATPase domain of Hsp70 and links it to components of various signaling
pathways, like Src, Hif1, NF-kB, p53, Hippo, and others (Albakova et al., 2020; Ammirante et al., 2010; Ter-
esa A. Colvin et al., 2014; Doong et al., 2000; Falco et al., 2012; Gabai et al., 2012; Guerriero et al., 2017,
Kathage et al., 2017, p. 1; Meriin et al., 2018; Rosati et al., 2012). Knockout or depletion of Hsp70 or
Bag3 affected activities of these pathways, which significantly influenced cancer cell physiology (Teresa
A. Colvin et al., 2014). With some of these pathways, direct interaction with Bag3 was reported, e.g. Src,
Yes, or Lats1 (Teresa A. Colvin et al., 2014; Hiebel et al., 2020; Kégel et al., 2020), while with other pathways,
e.g. Hif1 or FoxM1, mechanisms of effects of Hsp70 and Bag3 remain unclear. ILaboratory of Cancer
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Very importantly, knockout of Hsp70 did not significantly affect normal organism development and phys-
iology, while strongly suppressing proliferation and survival of cancer cells (Gabai et al., 2009a; Yaglom
et al., 2007). These and other findings made Hsp70 an attractive target for the anticancer drug design,

s *C d :
and a number of attempts have been made to develop Hsp70 inhibitors as drug prototypes (Adam Sh;rr;easfé;i:&f”
et al., 2014; Braunstein et al., 2011; Chang et al., 2011; Coskun et al., 2021; Koren et al., 2010; Leu et al., https://doi.org/10.1016/.isci.
2009; Lu et al., 2006; Massey et al., 2010; Phillips et al., 2011; Pirali et al., 2020; Rérole et al., 2011; Wang 2022.104282
L) .
Cnestor iScience 25, 104282, May 20, 2022 © 2022 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sherma1@ariel.ac.il
https://doi.org/10.1016/j.isci.2022.104282
https://doi.org/10.1016/j.isci.2022.104282
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104282&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

et al., 2021). Our collaborative work with the group of Jason Gestwicki reported a series of inhibitors of
Hsp70, e.g. YM-01 or JG-98, that interact with an allosteric site at the ATPase domain of Hsp70 and freeze
itin the ADP-bound form, which, in turn, leads to dissociation of Bag3 (Teresa A. Colvin et al., 2014; Li et al.,
2015). These inhibitors mimicked all effects of Hsp70 depletion on a series of signaling pathways both in cell
culture and in tumor xenograft animal models (Teresa A. Colvin et al., 2014; Li et al., 2015). Interestingly,
other Hsp70 inhibitors that do not cause dissociation of Bag3 did not show these effects on signaling path-
ways (Teresa A. Colvin et al., 2014). Importantly, YM-01, JG-98, and more advanced inhibitors from this se-
ries, e.g. JG-231, demonstrated potent anticancer effects (Gabai et al., 2016; Moradi-Marjaneh et al., 2019;
Shao et al., 2018; Yaglom et al., 2018). These effects were related to both direct suppression of growth of
tumor cells and their death, as well as suppression of migration of tumor-associated macrophages into the
tumor (Gabai et al., 2016). Further investigation uncovered that effects of this class of Hsp70 inhibitors are
entirely different from effects of Hsp90 inhibitors and are clearly related to dissociation of the Hsp70-Bag3
complex (Yaglom et al., 2018). JG-98 and related inhibitors have been successfully used as chemical probes
to investigate effects of Hsp70-Bag3 interaction on cell signaling, autophagy, protein degradation, aggre-
gation, and other processes (Li et al., 2015).

Originally, effects of Hsp70-Bag3 on signaling were mostly studied by depletion of these proteins or inhib-
itors of their interaction, and normal physiological function of Hsp70-Bag3 complex in cell signaling was not
clarified. Recently, we demonstrated the physiological role of the Hsp70-Bag3 module in sensing of the
buildup of abnormal proteins in cells, and transmitting this signal to the downstream pathways (Meriin
et al.,, 2018). As part of sensing abnormal proteins, Hsp70-Bag3 complex monitors the folding state of fil-
amine A, which is involved in cell mechanosensing (Ulbricht et al., 2013).

In response to a stress environment, cells adjust their metabolic status through regulation of translation,
called the integrated stress response (ISR) (Pakos-Zebrucka et al., 2016; Wek, 2018). These stresses involve
accumulation of unfolded proteins in the ER, amino acid or glucose deprivation, heat shock, heme depri-
vation, oxidative stress, viral infection, and hypoxia (Garcia et al., 2007; Han et al., 2001; Harding et al., 1999,
2003; McEwen et al., 2005; Pakos-Zebrucka et al., 2016; Ron, 2002), as well as oncogene activation during
tumorigenesis (Denoyelle et al., 2006). Upon ISR, stress signals trigger kinases that activate phosphoryla-
tion of the alpha subunit of eukaryotic translation initiation factor 2 (elF2a) on serine 51(Kimball et al.,
2001a; Pakos-Zebrucka et al., 2016; Walter and Ron, 2011). This phosphorylation is facilitated by a family
of four elF2a kinases that are activated by distinct stress stimuli (Donnelly et al., 2013), such as PERK
upon accumulation of unfolded proteins in ER (Harding et al., 1999), GCN2 upon amino acid deprivation
(Castilho et al., 2014; Dever et al., 1992), PKR upon viral infection, oxidative stress, and ribotoxic stress (Gar-
cia et al., 2006, 2007; Meurs et al., 1990), and HRI upon a broad range of proteotoxic stresses, including
heme deprivation, oxidative and osmotic stress, heat shock, and proteasome inhibition (Chen et al.,
1991; Chen and Zhang, 2019; McEwen et al., 2005; Yerlikaya et al., 2008).

Recent study demonstrated that HRI is involved in clearing cytosolic protein aggregates upon inhibition of
ubiquitin-proteasome system (Mukherjee et al., 2021). Furthermore, silencing of HRI resulted in decreased
levels of BAG3 and HSPBS, two proteins involved in chaperone-assisted selective autophagy. Therefore,
HRI may play an important role in cytosolic proteostasis through chaperone-assisted selective autophagy.
However, mechanisms of activation of HRI by the cytosolic proteotoxicity remain unclear. We hypothesized
that Hsp70-Bag3 complex that regulates responses of stress kinases to proteotoxicity (Baldan et al., 2021;
Meriin et al., 2018) may be involved in regulation of HRI.

Here, we analyzed effects of the disruption of Hsp70-Bag3 complex on the transcriptome to identify path-
ways regulated by this complex. This line of investigation led to understanding the role of the Hsp70-Bag3
complex in transmitting the cytoplasmic proteotoxicity signal to the HRI-elF2a. axis. Accordingly, elF2a in-
tegrates the proteotoxicity signals both from ER via BiP and PERK1, and from cytoplasm via Hsp70-Bag3-
HRI.

RESULTS
Inhibition of Hsp70 by JG-98 induces UPR genes

To obtain insights about signaling pathways regulated by the Hsp70-Bag3 module, we assessed how
disruption of this complex up- or downregulates signaling using the RNAseq analysis, followed by the
pathway analysis. MCF10A cells were incubated either with TuM JG-98, a small molecule that inhibits
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Figure 1. Her2 transformed cells showed upregulation of UPR genes in response to JG98
Transformation with Her2 oncogene enhances the sensitivity of the MCF10A cells to JG-98 treatment. Transcriptome
analysis was performed with untransformed and transformed MCF10A cells treated with 1 uM JG-98 treatment for 12 h or

left untreated.

(A) GSEA analysis of RNAseq data shows significant upregulation of UPR pathway following JG-98 treatment.
(B) Hallmark genes of unfolded protein response are significantly enriched in transformed cells in response to JG-98
treatment compared to untransformed cells. Color key represents the raw Z score. The experiments were performed in

biological duplicates (n = 2).

(C) Sensitivity of transformed and untransformed cells to JG-98. MCF10A or Her2-transformed MCF10A cells were treated
with 1 pM JG-98 for 24 h at 50% confluency or left untreated. Cell viability was counted by number of DAPI stained cells
using Hermes Imaging systems (representative images shown). Experiment was performed in biological replicates (n = 3)
and high throughput analysis was done using 31 images from each well using in-built Athena software package.
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Figure 1. Continued

(D) Scatterplot showing the relative percentage of cells survival after 24 h of JG-98 treatment with means + SEM
(Quantification of data shown in (C)). Statistical analysis was performed using two-way ANOVA.

(E) Efficiency of CHOP (DDIT3) depletion following siRNA treatment. Levels of CHOP mRNA were quantified by gPCR,
experiment was performed in biological replicates (n = 3), scatterplot showing the relative mRNA depletion represented
as means t SEM, statistics was performed using unpaired Welch's correction, two-tailed t-test.

(F) CHOP depletion reduces cell death in response to JG-98. Cells were transfected with siControl or siCHOP, followed by
TuM of JG-98 treatment for 24 h or left untreated. Cell viability was counted by number of DAPI stained cells using Hermes
Imaging systems and representative images shown, experiment was performed in biological replicates (n = 3) and
analysis was done using 126 images from each well.

(G) Scatterplot showing relative percentage of cells survival after 24 h of JG-98 treatment plotted as means + SEM
(Quantification of data shown in (F)), Statistical analysis was performed using two-way ANOVA. All statistical analysis was
performed using Graphpad (v9), level of significance was taken as (*p < 0.0332, **p < 0.0021, ***p < 0.0002). See also
Figures S1'S2, and Tables S1-S3.

Hsp70 and disrupts Hsp70-Bag3 complex, for 12 h or remained untreated and RNA was isolated and sent
for sequencing. After normalization of the results, we performed GSEA pathway analysis (See also
Table S1). As expected, we found that pathways related to the cell cycle changes, e.g. E2F targets, G2/
M and myc targets, were significantly downregulated. Among significantly upregulated pathways, we
found UPR (Figure 1A), which was represented by a set of genes, including ATF3, ATF4, CHAC1, CHOP
(DDIT3), and others (Figure 1B).

In these experiments, we compared gene expression profiles in response to JG-98 of normal MCF10A cells
and MCF10A transformed with a single oncogene Her2. To transform, cells were infected with a retrovirus
expressing neu mutant form of Her2 oncogene (See also Figure S1), which significantly changed their
phenotype from epithelial to more mesenchymal (not shown). In parallel, RNAseq analysis indicated that
the entire set of cancer-related pathways was upregulated by Her2 (See also Figure S2).

Interestingly, expression of most of the UPR genes, was upregulated more strongly by JG-98 in Her2-trans-
formed cells compared to untransformed MCF10A (Figure 1B). Such enhanced induction of the UPR genes
upon transformation correlated with the enhanced sensitivity to JG-98 (Figures 1C and 1D). This correlation
suggested a link between induction of UPR and cell death, which was in line with the pro-apoptotic function
of the CHOP (Tabas and Ron, 2011). Indeed, depletion of CHOP using the corresponding siRNA signifi-
cantly protected cells from JG-98 (Figures 1E-1G).

Upregulation of this set of UPR genes suggested that in response to JG-98, the upstream regulator of the
pathway a translation initiation factor elF2a could become phosphorylated and thus inactivated, which we
indeed observed (Figures 2A and 2B). In line with stronger induction of the UPR genes, phosphorylation of
elF2a was also activated more strongly by JG-98 in Her2-transformed cells (Figure 2A), further supporting
the idea that the entire pathway is activated.

Phosphorylation of elF2a and induction of UPR genes associate with inhibition of
Hsp70-Bag3

Activation of UPR suggested that JG-98 could cause a buildup of abnormal proteins in the endoplasmic
reticulum. However, analysis of the RNAseq data suggested that this possibility is not the case. elF2a phos-
phorylation represents only one out of three branches of the UPR response, which is regulated by the ER-
associated PERK1 kinase (Harding et al., 2000). All three branches of UPR respond to titration of BiP by
damaged polypeptides (Bergmann and Molinari, 2018). Two other branches that are controlled by other
ER-associated signaling proteins IRE1 and ATFé (Adams et al., 2019), regulate expression of distinct sets
of genes, e.g. ER chaperones. Surprisingly, among genes upregulated by JG-98, there were no ER chap-
erones or other genes regulated by either IRET or ATF6 (See also Table S2). Accordingly, it was unlikely
that effects of JG-98 could be associated with inhibition of BiP and accumulation of abnormal proteins
in ER.

Overall, using JG-98 as a chemical probe for assessing effects of disruption of the Hsp70-Bag3 complex has
a general drawback since this reagent can inhibit not only cytoplasmic Hsp70 but also a variety of Hsp70
family members, including mitochondrial Hsp70 or ER-resident BiP (Li et al., 2015; Yaglom et al., 2018),
which mediates the UPR in response to the buildup of abnormal proteins in the ER (Adams et al., 2019;
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Figure 2. Phosphorylation of translation initiation factor elF2a in response to JG-98 is mediated by Hsp70-Bag3-
HRI complex

(A) Treatment by JG-98 strongly stimulates phosphorylation of elF2a in Her2-transformed cells compared to
untransformed cells. Cells were treated with 1 pM JG-98 for 12 h or left untreated. Levels of phospho-elF2a were
determined in cell lysates by immunoblotting with the corresponding antibody, independent experiments were
performed three times (n = 3).

(B) Quantification of experiment presented in (A). Quantification of the relative band intensity was performed using
ImageJ where B-actin served as loading controls. Scatterplot showing individual data points for n = 3 as means + SEM,
Statistical analysis was performed using two-way ANOVA.

(C) Depletion of Bag3 significantly reduced phosphorylation of elF2a in the presence of JG-98. Untransformed cells were
transfected with siBag3 or siControl and further treated by JG-98 (1uM, 12 h) or left untreated. Levels of phospho-elF2a,
Bag3, and total-elF2a were determined in cell lysates by immunoblotting with corresponding antibody, independent
experiments were performed seven times (n = 7), Raw data for corresponding cropped images are provided separately as
a supplement (PAGE #3&4, file: Data S1).

(D) and (E) Quantification of experiment presented in Figure 2C. Quantification of the relative band intensity for

(D) p-elF2a and (E) Bag3 was performed using ImageJ where B-actin served as loading controls. Scatter plot showing
individual data points for n = 7 as means + SEM, Statistical analysis was performed using two-way ANOVA.

(F) GSEA analysis showing upregulation of the Heme metabolism pathway in response to JG-98 treatment.

(G) Efficiency of HRI depletion following siRNA treatment. Levels of HRI mRNA were quantified by gPCR, experiments
were performed in biological replicates (n = 3) shown as means + SEM, statistics was performed using unpaired Welch's
correction, two-tailed t-test.(H) Protein levels for HRI was also checked using immunoblotting, statistics was performed
unpaired Welch's correction, two-tailed t-test (n = 7) plotted as means + SEM, representative images are available in
supplement section.

iScience 25, 104282, May 20, 2022
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Figure 2. Continued

(I) Depletion of HRI led to significant suppression of elF2a phosphorylation in presence of JG-98. Untransformed cells
were transfected with siHRI or siControl and further treated by JG-98 (1uM, 12 h) or left untreated. Levels of phospho-
elF2a, HRI, and total-elF2a were determined in cell lysates by immunoblotting with the corresponding antibody,
experiment was performed six times (n = 6). siControl of siBag3 and siHRI is same as experiment was conducted together
and were immunoblotted on the same membrane, Raw data for corresponding cropped images are provided separately
as a supplement (Page #5&, file: Data S1).

(J) Quantification of the relative band intensity for p-elF2a was performed. Scatter plot showing individual data points for
n =6 as means + SEM, Statistical analysis was performed using two-way ANOVA.

(K) HRI depletion reduces cell death in response to JG-98. Untransformed cells were transfected with siControl and siHRI
to silence HRI followed by 1 uM JG-98 treatment for 24 h or left untreated. Cell survival was evaluated by Hermes Imaging
of DAPI-stained cells.

(L) Statistical analysis was performed by two-way ANOVA, n = 3 shown as means + SEM Quantification of the blot was
performed using ImageJ and OD ratios for each protein compared to the reference after normalization is added below
each blot. Specifically, phospho-elF2a was normalized additionally by total-elF2a. All statistical analysis was performed
using Graphpad (v9), level of significance was taken as (*p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001). See also
Figures S3-S7.

Haeri and Knox, 2012). Therefore, to test for the role the Hsp70-Bag3 complex, we used a genetic
approach, i.e. siRNA depletion of Bag3. Indeed, Bag3 depletion significantly reduced JG-98-dependent
upregulation of elF2a phosphorylation (Figures 2C-2E). Importantly, expression of the siRNA-resistant
version of Bag3 completely reversed the effect of the Bag3 siRNA on JG-98-dependent phosphorylation
of elF2a. (See also Figure S3), further supporting the role of Bag3 in this process. These data strongly sug-
gest that the main effect of JG-98 on phosphorylation of elF2a is due to the targeting of the cytoplasmic
Hsp70-Bag3 complex.

Accordingly, phosphorylation of elF2a under these conditions could be triggered not by the ER-associated
kinase PERK1 (which is co-regulated with IRE1 and ATFé) but by a distinct cytoplasmic kinase. Indeed,
siRNA-mediated depletion of PERK1 did not affect JG-98-induced phosphorylation of elF2a (See also
Figures S4A and S4B). There are three known kinases in addition to PERK1 that can phosphorylate
elF2a, including a heme-responsive kinase HRI, an amino acid starvation-regulated kinase GCN2, and a
double-strand RNA kinase PKR (Kimball et al., 2001b; Lu et al., 1999). An important insight to distinguish
between effects of these kinases came from the GSEA analysis that showed a significant upregulation of
the heme metabolism pathway in response to JG-98 (Figure 2F), suggesting that HRI is activated.

To test for the role of HRI in phosphorylation of elF2a following JG-98 treatment, we knocked down HRI
using corresponding siRNA (Figures 2G and 2H) and tested for the ability of JG-98 to facilitate phosphor-
ylation of elF2a. Indeed, depletion of HRI led to a significant downregulation of elF2a. phosphorylation in
response to JG-98 (Figures 2| and 2J). Similar result was obtained with a distinct siRNA against HRI (See also
Figure S5). Importantly, depletion of other elF2a kinases GCN2 or PKR did not affect phosphorylation of
elF2a following treatment with JG-98 (See also Figures Sé6 and S7). Therefore, HRI appears to be the major
kinase that controls phosphorylation of elF2a upon disruption of Hsp70-Bag3 complex by JG-98. In line
with the role of CHOP in JG-98-triggered cell death, depletion of HRI also demonstrated significant pro-
tection of cells from JG-98 (Figures 2K and 2L).

Cytoplasmic Hsp70-Bag3 associates with HRI and transmits proteotoxicity signals to HRI-
elF2a axis

Because the major role of the Hsp70-Bag3 module is transmitting signals about the buildup of abnormal
proteins in the cytoplasm to a variety of pathways, we suggested that this module transmits the proteotox-
icity signals to the HRI- elF2a axis. Accordingly, we tested if triggering proteotoxicity by the proteasome
inhibition can activate this axis in a Bag3-dependent manner. MCF10A cells were exposed to the protea-
some inhibitor MG132 and elF2a phosphorylation assessed either in control cells or cells depleted of HRI or
Bag3. Similar to JG-98, depletion of either HRI or Bag3 significantly suppressed phosphorylation of elF2a.in
response to proteasome inhibition (Figures 3A-3D). Therefore, the proteotoxic stress in the cytoplasm can
signal to phosphorylate elF2a via Hsp70-Bag3-HRI axis. This conclusion was in line with previous report that
HRI can associate with Hsp70 (Thulasiraman et al., 1998, 2002) (possibly via Bag3, see below).

The role of Hsp70-Bag3 in regulation of HRI suggested that the latter can physically associate with Bag3. To
test this possibility, we expressed in cells éHis-tagged Bag3, and pulled it down together with the

6 iScience 25, 104282, May 20, 2022



iScience ¢? CellPress
OPEN ACCESS

A sitontroi R B - [ siControl siBag3
2.5+ IE—
- + = + MG132 (5uM, 3 hours)
Sk ns
bt 40
o B . + MG132 (5uM, 3 hours) o w R — ‘ Phospho-elF2a (38 kDa)
i 35-|
| — e — | Phospho-elF2a (38 kDa) %-% % o 25 i o
S8 154 100. p———
1005 10 13 0.3 11 ;:% 70] - ‘ Bag3 (74 kDa)
5
1.6 é& 1.0 o i
L . W s s s | Total-elF2a (38 kDa)
} - C— - -|To(il-eIFZa (38 kDa) ed 35, -
0.5 1.0 11 0.8 0.7
12 0.9 1.0 55.
e - -_ - y
| - -|B Actin (42 kDa) oo ao] S| p-Actin (42 kDa)
> >
& 0& .,@‘q' 0’?"'
¢ & &
&
o &
D ok E N -
2.5+ _— Association of HRI with Hsp70-Bag3 complex
Fodokk Fook

»n
°
1
o

28
@ g ° 2 ¢ Hsp70-Bag3 complex
28 1.5 d - (
£5 Bead | quilin-Ubiquitin
£w® A—
53 \o @ complex Bag3 Bag3-HRI? Z Al
25 10 = _/
]
5 Ni-Bead '\

(% 054 Disruption of Hsp70-Bag3 e p—

- l paici complex i ( eIFZu)
<, ull-down of Bag3 -
[ T S ———
& &S JG-98 siBag3
Pl
& A
& &
& £
F Full load Flomhmngh Wash Elution G Full load Flowthrough Wash Elution
o + - - = +  MG132(5pM, 3hours) A + 5 + B * = 4+ JG-98 (1uM, 12 hours)
| —— | | | WS D - -
-— HRI (71kDa) -— -— HRI (71kDa)

70-
T u Bag3 (74 kDa) au-l | Phospho-elF2a (38 kpa)

H Flowthrough Wash Elution n X
- + - + - +  JG-98 (1M, 12 hours) =E K48-Ubiquitin
100- - —

- o Bag3 (71kDa)
70-|
e
! 'y o ,,m‘“"'\ o0 (s
o o8 o
o SN oo o K % M -
100-| ns
- HRI (71kDa) o .
70 * 5
" 1.0 15 17 R " . . N
0 ns -~
. ———— . ps2 %5 4 25 2 X
s iq z_ Sa
1.0 15 £ i 28 4+ 0 =
100 - - E g 29 § 3 e
—_— . Bag3 (74 kDa) * 3% 3 %:
- - - N ; 1 2 3
g 2 e|e .
EERE 2 BT 14
1.0 0 8 = %0 £3 | Ez
S £ ]
B-Actin (42 kDa)
]- T ——— e -
o Y & & & d & & @& @& ~
L siControl siBag3 &€ S S 0 S DS o o s &
& & &G S P o & & &P
+  MG132 (5uM, 3 hours) SR @ 8 (S o
100. - & & & TS & &
1.0 1.6 RO &
100- . &
Bag3 (74 kDa
7.,.E 0 (14100
1.0 14 05 05

o — |“—“| B-Actin (42 kDa)

Figure 3. Proteotoxic stress in the cytoplasm signal to phosphorylate elF2« via Hsp70-Bag3- HRI axis

(A) Depletion of HRI reduces phosphorylation of elF2a in response to MG132. Cells were transfected with siHRI or
siControl and further were treated by MG132 (5uM, 3 h) or left untreated. Levels of phospho-elF2a were determined in
cell lysates by immunoblotting with the corresponding antibody, experiment was performed independently for six times
(n=6).

(B) Scatterplot representation of individual data points for the change in phosphorylation of elF2a in response to MG132
upon HRI depletion (shown as means + SEM).

(C) Depletion of Bag3 significantly reduced phosphorylation of elF2a in the presence of MG132. Experimental conditions
were as in (A) and were performed six times independently (n = 6).

(D) Scatterplot representation of individual data points for the change in phosphorylation of elF2a. in response to MG132
upon Bag3 depletion, shown as means + SEM.

(E) Schematic layout for the pulldown experiment to check the association of HRI, elF2a to Hsp70-Bag3 complex. Parallel
validation was performed by silencing the Bag3 or disrupting the Hsp70-Bag3 complex via JG-98.
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Figure 3. Continued

(F) HRI associates with Bag3 in the pulldown assay. Association of HRI with Bag3 was assessed by expressing 6x-His-
tagged Bag3-Full length and pulled it down together with associated proteins from naive cells and cells treated with
MG132 for 3 h. The pulled down fraction was immunoblotted with anti-HRI antibody.

(G) Disruption of Hsp70-Bag3 complex leads to dissociation of HRI from ubiquitinated proteins. Cells were treated with
JG-98 to disrupt Hsp70-Bag3 complex or left untreated. Ubiquitinated proteins were pulled down from these cells’ ex-
tracts using ubiquilin-1 affinity column (see STAR Methods) and HRI, phospho-elF2a levels in the pulldowns were
measured by immunoblotting.

(H) Level of Bag3 was checked in pulldown samples by immunoblotting. Bag3 was not pulled down in elution upon JG98
treatment.

() Inhibition of autophagy by hydroxychologuine or NH,4Cl increases HRI levels. Cells were treated with indicated con-
centrations of the inhibitors for indicated time periods, and levels of HRI, p62, and Bag3 were assessed by immuno-
blotting. Experiments were performed in biological replicates (n = 3).

(J and K) Scatterplot representation of individual data points for the change in HRI and p62 levels shown as means + SEM.
(L and M) HRI levels are increased upon Bag3 depletion, experiments were performed independently six times (n = 6),
Scatterplot representation of individual data points for the change in HRI shown as means + SEM. All quantifications of
the blots were performed using ImageJ and OD ratios for each protein compared to the reference after normalization was
calculated. In case of phosphor-elF2a, additional normalization was performed against total elF2a. All statistical analysis
was performed using Graphpad (v9), In this figure, section two-way ANOVA was used to compute level of significance and
taken as (*p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001). See also Figure S8.

associated proteins either from naive cells or cells treated with MG132 (Figure 3E). HRI was clearly pulled
down in this experiment (Figure 3F), and addition of MG132 did not significantly affect its association with
Bag3 (Figure 3F), indicating that regulation of elF2a. phosphorylation by proteotoxic stress does not involve
dissociation of HRI from Bag3.

Overall, these data suggested that regulation of HRI activity by the buildup of abnormal proteins in the
cytosol is mediated by interaction with the Hsp70-Bag3 module. Accordingly, Hsp70-Bag3 could serve
as a physical link between HRI and abnormal ubiquitinated proteins. In other words, ubiquitinated pro-
teins associate with Hsp70, which interacts with Bag3, which recruits HRI into the complex. This model
predicts that disruption of the Hsp70-Bag3 complex should break association of HRI with ubiquitinated
proteins. Accordingly, we pulled down ubiquitinated proteins from the cells using affinity purification
with the UBA domain of ubiquilin-1 and immunoblotted with anti-HRI antibody. Indeed, in naive cells,
significant fraction of HRI associated with polyubiquitinated proteins (Figure 3G). However, disruption
of Hsp70-Bag3 complex by JG-98 strongly reduced association of HRI with polyubiquitinated proteins
(Figures 3G and 3H). Similar results were seen upon depletion of Bag3 (See also Figures S8A
and S8B). Thus, Hsp70-Bag3 module mediates this interaction. Interestingly, we could not see elF2a in
these pulldowns (Figure 3G), suggesting that association of HRI and Bag3 with elF2a is either weak or
transient.

Association of HRI with Bag3 was in line with an unexpected finding that HRI can be degraded by auto-
phagy. Indeed, incubation with the autophagic inhibitors hydroxychloroquine or NH4CI significantly
increased the level of HRI (Figures 31-3K). Previously, it was shown that Bag3 recruits certain types of cargo
to the autophagic machinery (Carra et al., 2008; Ganassi et al., 2016), and considering that Bag3 depletion
led to increase in the HRI levels, the autophagic degradation appeared to be mediated by Bag3 (Figures 3L
and 3M). Therefore, Bag3 appears to interact with HRI and regulate HRI-dependent phosphorylation of
elF2a, as well as HRI degradation via the autophagic pathway.

Overall, these data uncovered a novel proteotoxicity signaling mechanism that involves Hsp70-Bag3-
dependent activation of HRI, which mediates phosphorylation of elF2a and triggers downstream events.

DISCUSSION

Here, we addressed which signaling pathways are regulated by Hsp70-Bag3 complex by investigating
gene expression changes in response to an inhibitor of Hsp70-Bag3 interaction JG-98. Indeed, RNAseq
followed by the pathway analyses predicted activation of UPR-related genes triggered by phosphoryla-
tion and inhibition of the translation initiation factor elF2a.. Because one of the genes in this pathway is a
pro-apoptotic transcription factor CHOP, we suggested that its activation could contribute to the JG-98-
induced cell death. Indeed, depletion of CHOP significantly protected cells from JG-98 treatment.
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Figure 4. Model for Hsp70-Bag3-HRI

In resting state, Hsp70 holds the HRI with help of Bag3 and keeps it in inactive form. Further, after sensing proteotoxicity
due to (1) disruption of complex Hsp70-Bag3 in presence of JG-98 or (2) in presence of MG-132 after inhibition of pro-
teasome, HRI becomes active and (3) Bag3-HRI complex plays as key role to phosphorylate elF2a. Further, this cascade of
events leads to (4) selective translation of ATF4, followed by transcription of DDIT3(CHOP) leading to apoptosis. Sepa-
rately, this complex (Bag3-HRI) is degraded through (5) autophagy. In another scenario, in case of (6) Bag3 depletion,
accumulation of inactive form of HRI takes place in the system due to inhibition of (7) Bag3-mediated autophagic
degradation.

We were puzzled by the lack of activation of other branches of UPR by JG-98, strongly suggesting the lack
of ER proteotoxicity under these conditions. Accordingly, we suggested that there might be a distinct
pathway activated by JG-98 that leads to phosphorylation of elF2a. Indeed, a cytosolic kinase HRI signif-
icantly contributed to elF2a phosphorylation under these conditions. HRI was associated with Bag3, and
its level was regulated by Bag3-dependent autophagy.

Prior works reported that HRI is responsible for phosphorylation of elF2a. in response to proteasome inhib-
itors (Adams et al., 2019). Here, we confirm this observation, and demonstrate that this response to proteo-
toxicity in cytosol is mediated by Bag3, since Bag3 depletion significantly reduced the levels of elF2a. phos-
phorylation. In this pathway, Hsp70-Bag3 linked HRI with abnormal ubiquitinated polypeptides, since
disruption of the Hsp70-Bag3 complex by JG-98 led to dissociation of HRI from the ubiquitinated species.
Interestingly, this complex also seems to target HRI for autophagic degradation, since inhibition of auto-
phagy or depletion of Bag3 increased HRI levels. Notably, in autophagy, Bag3 cooperates with a small heat
shock protein HspB8 (Carra et al., 2008; Ganassi et al., 2016; Mukherjee et al., 2021). Because small heat
shock proteins associate with Hsp70-Bag3 complex (Carra et al., 2008; Ganassi et al., 2016), joining with
HspB8 may stimulate degradation of HRI.

Inhibition of Hsp70 by JG-98 activated HRI, while depletion of Bag3 prevented this effect, as well as acti-
vation of HRI by the proteotoxic stress. Accordingly, our model is that Bag3 interacts with HRI and links it to
Hsp70. Hsp70 alone keeps HRI in a suppressed state, while binding to Hsp70 of abnormal proteins relieves
this suppression and leads to activation of HRI. Maybe, it enhances interaction of HRI with its substrate
elF2a, similar to the mechanism of activation of Hippo pathway, where proteotoxic stress via Hsp70-
Bag3 regulates interaction of a kinase Lats1 with its substrate Yap (Baldan et al., 2021). Addition of JG-
98 dissociates Hsp70 from Bag3-HRI complex and thus relieves HRI suppression by Hsp70, resulting in a
stronger phosphorylation of elF2a (Figures 2A and 2C). Freeing up of the Bag3-HRI complex may also
lead to enhancement of Bag3-dependent targeting of HRI to autophagy and the corresponding drop in
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its level (Figure 21). Accordingly, to observe enhanced phosphorylation of elF2a despite the drop of the HRI
levels, the overall activity of HRI should be enhanced very strongly. On the other hand, depletion of Bag3
using siBag3 reduces the interaction between HRI with Hsp70 alone or Hsp70-abnormal proteins complex,
and thus inhibits activation of HRI by either JG-98 or MG132 (Figures 2C and 3C). In addition, depletion of
Bag3 prevents autophagic targeting of HRI, and its levels increase (Figure 3L). Accordingly, upon depletion
of Bag3, the activity of HRI is reduced despite its higher levels (Figure 4).

Interactions between Bag3 and HRI are even more complicated, since recent work demonstrated that HRI
regulates Bag3 and HspB8-dependent autophagic degradation of aggregated proteins (Mukherjee et al.,
2021). Therefore, HRI appears to be an integral part of response to the buildup of abnormal proteins that
cooperates with Bag3 in signaling and autophagy upon proteotoxic stress.

Overall, this work uncovered a novel Hsp70-Bag3-HRI pathway that detects the buildup of abnormal pro-
teins in the cytosol and regulates phosphorylation of elF2a. In turn, elF2a. integrates proteotoxicity signals
both from ER and cytosol (Summary figure).

Limitations of the study

As a paradigm of proteotoxicity, we used inhibition of proteasome, which leads to accumulation of
abnormal newly synthesized polypeptides. It is unclear if other types of abnormal cytoplasmic proteins
(e.g. heat-denatured proteins) signal via the same pathway.
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trim_galore_v0.5.0 Babraham Bioinformatics Trim Galore, RRID:SCR_011847
FastQC_v0.11.7 Babraham Bioinformatics FastQC, RRID:SCR_014583
Hisat2_v2.1.0 daehwankimlab HISAT2, RRID:SCR_015530
GRch38.97 ucsc NA

samtools_v1.9 N/A SAMTOOLS, RRID:SCR_002105
featureCounts_v1.6.3 N/A featureCounts, RRID:SCR_012919
Bioconductor packages Bioconductor RRID:SCR_006442
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Shivani Patel (shivanip@ariel.ac.il, patel.shiva2593@gmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data supporting the findings of this publication can be found within the supporting information and the
primary publication except those noted here. The transcriptome analysis related raw FASTQ files, count file
and differentially expressed gene list can be accessed via accession number GSE171440 at GEO database
(Gene Expression Omnibus (GEO), RRID:SCR_005012). Codes for analysis of transcriptome analysis was
used as indicated (Kumar et al., 2021).

Image illustrations: Created with BioRender.com (Academic license and permissions attached).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

MCF10A (human breast epithelial, ATCC Cat# CRL-10317, RRID:CVCL_0598) cells were grown in DMEM/F-
12 1:1(Cat#01-170-1A, Biological Industries) medium supplemented with 5% horse serum (Cat. #04-0041A,
Bl-Biologicals), 20 ng/mL epidermal growth factor (Cat. #AF-100-15,Peprotech, 1 mg), 0.5 ng/mL hydrocor-
tisone(Cat. #H-0888, Sigma), 10 ng/mL human insulin (Cat. #19278, Sigma), and 100 ng/mL cholera toxin
(Cat. #C-8052, Sigma). HEK293 T (ATCC Cat# CRL-3216, RRID:CVCL_0063) cells were grown in DMEM
high glucose with 10% Fetal Bovine Serum (FBS, Cat. #04-007-1A, Bl-Biologicals). All cultures were supple-
mented with L-glutamine (Cat. #03-020-1B, Bl-Biologicals), L-alanyl-L-glutamine (Cat. #03-022-1B, BI-Bio-
logicals), penstrep (Cat. #03-031-1B, Bl-Biologicals), and were grown in a humidified incubator at 37°C
and 5% CO2 (Meriin et al., 2018). Cell cultures were checked for mycoplasma contamination routinely at
six-week intervals.

METHOD DETAILS

Reagents and antibodies

JG98 was purchased from AdooQ BIOSCIENCE (Catalog No.: A18734), MG132 from Biomol (LKT-
M2400.5), 6% formaldehyde (Cat#FX0415) and DAPI (4',6-Diamidine-2'-phenylindole dihydrochloride,
Cat# 10236276001) from Sigma, Blasticidin S HCI (Cat# A1113903) from Thermo Fisher Scientific.
Antibodies against, Phospho-elF2a._Ser51 (Cell Signaling Technology Cat# 3597, RRID:AB_390740);
EIF2AK1/HRI- (Proteintech Cat# 20499-1-AP, RRID:AB_10697665) or EIF2AK1/HRI- (Abcam Cat#
ab28530, RRID:AB_869595), anti-Bag3 (Proteintech Cat# 10599-1-AP, RRID:AB_2062602) and B-actin
(Novus Cat# NB600-501, RRID:AB_10077656), a-K48 Ubiquitin linkage antibody (RRID:AB_2894847,
Cat#A101-050), Recombinant Human Hisé6-Ubiquilin-1 Tandem UBA (UBE110) were from Boston Biochem.
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Constructs and oligonucleotides

The retroviral expression vector pCXbsr containing Her2/NeuT was described previously (Yaglom et al.,
2014). For pull-down experiments we used pcDNA3.1-based plasmids used for overexpression of N-termi-
nally His-tagged Bag3 Full length described previously (T.A. Colvin et al., 2014a; Meriin et al., 2018).

We used the following siGENOME siRNAs purchased from Dharmacon (Supplement table): nontargeting
siRNA no. 5, BAG3 (D-011957-01), GCN2 (D-016634-02), DDIT3 (M-017609-01), HRI (M-006968-00) , siPERK
(sc-36213) and siPKR (sc-36263) from Santa Cruz, see also Table S3.

Real time PCR analysis

Total RNA was isolated from cells using Qiagen RNeasy Plus Mini kit (Cat. #74134;, GmbH). The gScript
cDNA Synthesis Kit (Quanta Bio, Cat. #95047-100) was used to convert Tug mRNA into cDNA. gRT-PCR
was performed using the PerfeCTa SYBR Green FastMix ROX (Quanta Bio, Cat. #95073-012) according
to the manufacture’s protocols; expression levels of B-Actin were used as an internal control. Real-time
analysis was performed with a AriaMx Real-Time PCR System (Agilent AriaMx Real-time PCR System,
RRID:SCR_019469) instrument using the primers (Supplement table) from Integrated DNA technologies
(IDT), Belgium. For primer details see also Table S4.

Virus preparation and infection

Retroviral expression vector pCXbsr expressing HER2/Neu gene under Blasticidin S HCI (Cat# A1113903)
from Thermo Fisher Scientific was used. Only pCXbsr without any insert was used as an ‘empty or E' vector
control. Retroviruses were produced as reported before (Gabai et al., 2009b; Yaglom et al., 2014). Briefly,
HEK293 T cells were co-transfected with plasmids expressing retroviral proteins Gag-Pol, Vesicular soma-
titis virus G glycoprotein and our gene of interest or enhanced green fluorescent protein (Gabai et al.,
2009b) using Lipofectamine 3000 (Cat. #L3000015,Invitrogen, Boston, USA). After 48 hours of transfection,
supernatants containing the retroviral particles were collected, aliquoted, and frozen at —80°C until use.
Cells were infected with diluted supernatant in the presence of 8 pg/mL Polybrene overnight, and were
selected with blasticidin (10 pg/mL) 48 h after infection. Retroviral vectors expressing enhanced green fluo-
rescent protein was used as infection efficiency indicator: virus dilution was used to achieve approximately
90% of infected cells being GFP positive 2 days after infection. Transformation of Neu/Her2 was also quan-
tified through gPCR represented by Cq(AR) values (See also Figure S1).

Immunofluorescence

Cells were fixed at room temperature (RT) using 4% paraformaldehyde for 5 min and permeabilized at RT in
0.2% Triton X-100 in PBS for 10 min. Cells were washed two times with PBST (1xPBS,0.05% Tween) and incu-
bated with DAPI (1:10000) for 5 min at RT, followed by three additional washes with PBST. Imaging was per-
formed at 20x, blue channel (Ex. 390/22, Em. 440/40) using Hermes Wiscon Imaging System (IDEA Bio-Med-
ical Ltd., WiScan Hermes High Content Imaging System, RRID:SCR_021786) that captured numerous
images per well listed in respective figure legends. Image analysis was performed using inbuilt software
package system (Athena Wisoft, Ver: V1.0.10).

Immunoprecipitation and immunoblotting

Cells were lysed with lysis buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA,
1 mM Na3VO4, 50 mM B-glycerophosphate, 50 mM NaF) supplemented with Protease Inhibitor Cocktail
(Cat. #P8340, Sigma) and Phenylmethylsulfonyl fluoride (PMSF). Samples were adjusted to have equal con-
centration of total protein and subjected to PAGE electrophoresis followed by immunoblotting with
respective antibodies (Meriin et al., 2018).

Raw images of immunoprecipitation and immunoblotting

Please refer Data S1 for raw data images. All the images presented in current manuscript has been availed
as separate supplement file.

Pull-down experiments

For pull-down analysis of Bag3 and associated proteins, HEk293 T cells were transfected in 10 cm dishes
with full length Bag3 construct, treated with different conditions. The cells were washed with DPBS, fixed
with 1.2% formaldehyde for 10 minutes at room temperature, then Tris-HCI (pH 7.4) was added to 50 mM
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final concentration which was followed by a wash with 50 mM Tris-HCI (pH 7.4) in DPBS at 4°C. The cells
were lysed in: DPBS (Bl Biologicals) supplemented with 30 mM NaCl, 10 mM Hepes (pH 7.4), 1.5 mM
MgClI2 , 0.5% Triton X-100, 5% glycerol, 10 mM imidazole, T mM PMSF and Protease Inhibitor Cocktails
(Sigma: P8849). All steps were carried out at 4 C. The lysates were passed 3 times through a syringe
(21G needle), clarified by centrifugation for 7 minutes at 16,000x g. The supernatants were adjusted to
have equal concentration of total protein and loaded on 15 pl of HisPur Ni-NTA Resin (Cat. #88221,Thermo-
Fisher Scientific). After incubation for 40 minutes, the flow through was allowed to pass through the beads
twice more, and the beads were washed five times with DPBS supplemented with 146 mM NaCl, 20 mM
Tris-HCI (pH 8.0), 0.5% Triton X-100, 5% glycerol, 15 mM imidazole. The His-tagged Bag3 along with asso-
ciated proteins was eluted with 300 mM imidazole in 50 mM Na(PO4) (pH 6.8), 300 mM NaCl. The eluted
samples were immunoblotted with respective antibodies (Meriin et al., 2018).

For pull-down analysis of ubiquitinated polypeptides, MCF10A (Untransformed) cells plated on 10 cm dish
and treated with JG-98 for 12 hours or left untreated. After that cell were washed with DPBS and fixed with
1.2% formaldehyde followed by a wash with 50 mM Tris-HCl (pH 7.4) in DPBS at 4°C. The cells were lysed in:
DPBS (Bl Biologicals) supplemented with 30 mM NaCl, 10 mM Hepes (pH 7.4), 1.5 mM MgCl,, 0.5% Triton
X-100, 5% glycerol, 10 mM imidazole, T mM PMSF and Protease and Phosphatase Inhibitor Cocktails
(Sigma: P8340). All steps were performed at 4°C and clarified by centrifugation for 7 minutes at 16,000x
g. The supernatants were adjusted to have equal concentration of total protein and then supplemented
with 10 pg of His6-Ubiquilin-1 Tandem UBA (BostonBiochem: UBE-110). After incubation for 60 minutes,
15 ul of HisPur Cobalt Resin (Pierce, ThermoFisher Scientific) were added, and all the following steps
described for the His-tagged Bag3 pull-down were performed (Meriin et al., 2018).

Data analysis

Hermes Wiscon Imaging System with Athena Winsoft software package (V1.0.10) was used for immunoflu-
orescence experiments. Fiji-lmageJ (Fiji, RRID:SCR_002285) was used for all quantification of immunoblot-
ting. Transcriptome analysis was done using pipeline developed inhouse, differentially expressed genes
were computed through limma package (LIMMA, RRID: SCR_010943), (McCarthy et al., 2012; Ritchie
et al., 2015; Robinson et al., 2010). Further gene enrichment was computed using the Broad Institute soft-
ware package for gene set enrichment analysis (Gene Set Enrichment Analysis, RRID:SCR_003199), Also, R
studio packages and GraphPad Prism_v9 (GraphPad Prism, RRID:SCR_002798) was used to compute sta-
tistical parameters and plotting. Statistical analysis was performed by Student’s t test, one-way analysis
of variance (ANOVA), or two-way ANOVA as appropriate. Data were expressed as means + SEM.

RNAseq processing

RNA was extracted from cells using the RNeasy Mini kit (Cat. #74104, Qiagen). Library preparation strategy
(BGISEQ-500) was adopted and performed by BGI, China.

Data processing

We developed our own pipeline to analyze the data where reads were first trimmed and clipped for
quality control in trim_galore_v0.5.0 (Trim Galore, RRID:SCR_011847) and checked for each sample
using FastQC_v0.11.7 (FastQC, RRID:SCR_014583). Data was aligned by Hisat2_v2.1.0 (HISAT2, RRID:
SCR_015530) using hg38, GRch38.97. High-quality reads were then imported into samtools_v1.9 using
htslib 1.9 (SAMTOOLS, RRID:SCR_002105) conversion to BAM file. Gene-count summaries were generated
with featureCounts_v1.6.3 (featureCounts, RRID:SCR_012919): A numeric matrix of raw read counts was
generated, with genes in rows and samples in columns, and used for differential gene expression analysis
with the Bioconductor packages (Bioconductor, RRID:SCR_006442), (McCarthy et al., 2012; Ritchie et al.,
2015; Robinson et al., 2010).
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