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Cyclosporin A (CsA) and tacrolimus (FK506) are valuable
immunosuppressants for a range of clinical settings, including
(but not limited to) organ transplantation and the treatment of
autoimmune diseases. They function by inhibiting the activity
of the Ca®*/calmodulin-dependent phosphatase calcineurin to-
ward nuclear factor of activated T-cells (NF-AT) in T-lympho-
cytes. However, use of CsA is associated with more serious side
effects and worse clinical outcomes than FK506. Here we show
that CsA, but not FK506, causes activation of the integrated
stress response (ISR), an event which is normally an acute reac-
tion to various types of intracellular insults, such as nutrient
deficiency or endoplasmic reticulum stress. These effects of
CsA involve at least two of the stress-activated protein kinases
(GCN2 and PERK) that act on the translational machinery to
slow down protein synthesis via phosphorylation of the eukary-
otic initiation factor (eIF) 2« and thereby induce the ISR. These
actions of CsA likely contribute to the adverse effects associated
with its clinical application.

Cyclosporin A (CsA) is a well-established antibiotic and
immunosuppressant, used in a wide range of clinical settings,
including treatment of autoimmune diseases (1), often to pre-
vent graft rejection in organ transplant recipients (2), and as
therapy for lysosomal storage diseases (3, 4). The primary mech-
anism by which CsA functions is by forming a complex with
cyclophilin D, which in turn binds to and inhibits the activity of
calcineurin, a Ca®"/calmodulin-dependent phosphatase. CsA
acts as an immunosuppressant by inhibiting the activity of calci-
neurin toward nuclear factor of activated T-cells (NF-AT) in T-
lymphocytes. This impairs the translocation of NF-AT to the
nucleus and consequently the transcription of genes for immu-
nomodulatory factors, in particular interleukin 2 (IL-2) which is
required for full T-cell activation (5). FK506 (also termed tacro-
limus) is another structurally unrelated calcineurin inhibitor
and immunosuppressant.

FK506 binds to a different immunophilin, FKBP12 (6), and
may also exert additional effects independently of calcineurin
(7). For instance, with respect to liver transplantation, FK506 is
superior to CsA in improving survival (of patient and graft) and
preventing acute rejection after liver transplantation but is also
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reported to increase the risk of posttransplant diabetes mellitus
(8). Although the complications arising from immunosuppres-
sion are an anticipated outcome of their use, other potential
side effects of calcineurin inhibitors must be considered in clin-
ical practice, particularly with respect to their nephrotoxicity
(9, 10).

In yeast, the phosphatase calcineurin also dephosphorylates
and thereby inhibits the protein kinase Gen2 (general control
nondepressible 2), orthologous to mammalian GCN2 (11),
which phosphorylates eukaryotic initiation factor 2 (eIF2), a
key component of the protein synthesis machinery. Indeed,
another study (12) showed that, in yeast, FK506 activates
Gcen2, further supporting the notion that inhibition of calci-
neurin promotes activation of Gen2 (11). Physiologically,
GCN?2 is activated upon amino acid starvation, which is sig-
naled through the accumulation of uncharged tRNAs that in
turn bind to and activate GCN2 (13—-15). GCN2 phosphoryl-
ates the a-subunit of eIF2 at serine 51 (Ser-51) (16), thus in-
hibiting the activity of elF2’s guanine nucleotide-exchange
factor, eIF2B, and the translation of almost all mRNAs (17).
However, translation of a subset of mRNAs, such as that for
activating transcription factor (ATF) 4, is increased as an
indirect consequence of elF2a phosphorylation. ATF4 is
pivotal to the integrated stress response (ISR), a process that
is evoked by multiple stress stimuli, as ATF4 directly or indi-
rectly activates genes required for cellular adaptation to
stress, such as those involved in autophagy and resulting cell
recovery. However, if the stress is prolonged, the ISR can
promote apoptosis (18).

Gcen2 is the only elF2a kinase in yeast, whereas in mammals
there are three other eIF2 kinases (19). Expression of two of
these enzymes is restricted to certain cells or conditions: pro-
tein kinase R, which is induced by type I interferons and acti-
vated by dsRNA during viral infection, and the heme-regulated
elF2a kinase (HRI), which signals iron deficiency in erythroid
cells and is activated under conditions of lack of heme (18). The
third, rather widely expressed, kinase is protein kinase R-like
endoplasmic reticulum kinase (PERK), which is activated as a
consequence of stress in the endoplasmic reticulum (ER), such
as that elicited by the accumulation of unfolded or misfolded
proteins or by perturbations in the levels of certain ions in the
ER lumen (18).

This contrast between yeast and mammalian cells is of
interest with respect to the use of calcineurin inhibitors for
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immunosuppression, as several research groups have observed
an association between CsA administration and increases in
PERK levels but not GCN2. An increase in total PERK was
observed in RPTEC/TERT1 human renal epithelial cells upon
CsA treatment (20). Furthermore, in cervical cancerous SiHa
cells, CsA induced an increase in total PERK, with a modest
change in its electrophoretic migration suggesting its increased
phosphorylation (21). In glioma cells, an increase in phospho-
PERK (indicating its activation) was observed upon CsA treat-
ment (22). It must be noted, however, that GCN2 was not inves-
tigated in those studies. Nonetheless, these data collectively
suggest a possible connection between CsA and induction of
the ISR in mammalian cells, in addition to the link to GCN2
reported in yeast.

In this study, we examined whether calcineurin inhibitors
promote the ISR in human and murine cells and identify the
elF2a kinases involved. We show that, surprisingly, GCN2 can
also be activated by CsA and contributes to CsA’s induction of
the ISR. Furthermore, in stark contrast, FK506 does not elicit
these effects on elF2a phosphorylation or the ISR. Our data
thus provide further insights into the distinct effects of these
agents and a better understanding about the likely basis of dif-
ferences in clinical toxicity.

Results
CsA induces the ISR

To assess whether, as occurs in yeast, inhibition of calci-
neurin could elicit activation of eIF2 kinases, we first examined
the effect of the calcineurin inhibitors CsA and FK506 on elF2«
phosphorylation compared with brefeldin A (BFA), a known in-
ducer of the ISR and ER stress (23, 24). To that end, the human
cervical cancer HeLa and human lung carcinoma A549 cells
were treated with DMSO, BFA, or either of the calcineurin
inhibitors CsA or FK506 for 6 h prior to analysis of lysate sam-
ples by immunoblotting. In a similar fashion to BFA, CsA
induced the phosphorylation of elF2«a at serine 51 (elF2a P—
Ser-51) (Fig. 1A) but FK506 did not. When phosphorylated on
its a-subunit, eIF2 inhibits the activity of its own guanine nu-
cleotide exchange factor, eIF2B (17). Although this event inhib-
its general protein synthesis, it actually leads to enhanced trans-
lation of the mRNA encoding the transcription factor ATF4
(17, 18). Consistent with the increased phosphorylation of
elF2a P—Ser-51, CsA also increased the levels of the ATF4 pro-
tein, albeit not to the same extent as BFA (Fig. 14). In contrast,
FK506 had no effect on ATF4 protein levels, in line with its lack
of effect on elF2a phosphorylation.

To examine the effect of CsA and permit comparison with
an alternative inducer of the ISR (thapsigargin, TPG), HeLa or
A549 cells were exposed to BFA, CsA, or TPG for 6 h (Fig. 1B).
In both lines, CsA induced increased elF2a phosphorylation as
did BFA and TPG. In summary, whereas CsA (similar with BEA
or TPG) evoked the phosphorylation of elF2« and the ISR in
both cell lines tested, FK506 did not.

The compound ISRIB counters the inhibition of eIF2B by
phosphorylated elF2a, and thus its downstream effects (25).
HeLa and A549 cells were treated with BFA or CsA, with or
without ISRIB, prior to analysis of separate sets of lysates by im-
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Figure 1. CsA increases levels of ATF4 protein and activity. A, protein
extracts from HelLa and A549 cells treated with 1:500 DMSO, 5 um BFA, 10
um CsA, or 2 um FK506 for 6 h were immunoblotted with the indicated
antibodies. B, protein extracts from Hela and A549 cells treated with
1:1000 DMSO, 5 um BFA, 10 um CsA, or 1 um TPG for 6 h were immuno-
blotted with the indicated antibodies. All results are representative of
three independent experiments.

munoblotting or by qPCR. ISRIB attenuated the induction of
ATF4 by BFA and CsA in both cell lines (Fig. 24). Additionally,
ISRIB increased the phosphorylation of elF2a, likely because
GADD34, a targeting subunit for the phosphatase that acts on
phosphorylated elF2e, is normally up-regulated by increased
ATF4 levels (26) and is thus itself inhibited by ISRIB. Finally,
ATF4 drives transcription of multiple genes, including those
encoding CCAAT-enhancer—binding protein homologous pro-
tein (CHOP, also a transcription factor) (27) and the CHOP/
ATF4 target Tribbles homologue 3 (TRB3) (27), among others
(28). Both mRNAs were markedly induced by BFA or CsA, and,
as expected, these effects were reduced by ISRIB, and significantly
with respect to TRB3 in HeLa cells and CHOP in A549 cells
(Fig. 2B).

We also employed mouse embryonic fibroblasts (MEFs) in
which the sole phosphorylation site in e[F2« (Ser-51) (16) had
been changed to alanine to preclude phosphorylation and its
downstream consequences (elF2a5°1A5514) (29). These cells
(in addition to control MEFs) were treated with CsA for 2, 6, or
16 h. At each time point, CsA caused the up-regulation of
ATF4 in WT MEFs (Fig. S1), whereas no increase in ATF4 was
seen in the elF2a5°A%14 cells. Therefore, as expected, the
phosphorylation of elF2« is required for CsA’s ability to pro-
mote the ISR, as assessed by induction of ATF4, excluding the
possibility that CsA acts via other mechanisms to bring about
the ISR.

In summary, consistent with BFA and TPG, CsA induced a
classic stress response involving phosphorylation of elF2a, up-
regulation of the expression of ATF4, and induction of ATF4-
target genes.
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Figure 2. ISRIB inhibits the up-regulation ATF4 by CsA. A, protein extracts from HelLa and A549 cells treated with 1:1000 DMSO, 5 um BFA or 10 um CsA for
6 h, with or without 2 um ISRIB, were immunoblotted using the indicated antibodies. Results are representative of three independent experiments. B, total
RNA was extracted from similarly treated HelLa and A549 cells for evaluation via qPCR, employing primers designed to amplify fragments of the coding

sequences of CHOP and TRB3 and the internal control (B-actin). The data are the

mean of the three biological replicates. Error bars represent = S.D. Significance

was evaluated using two-way ANOVA. ANOVA summary for CHOP amplification in HeLa cells: Interaction F = 18.79 (2, 12), interaction P value = 0.0002; row fac-
tor F =158.2 (2, 12), row factor P value < 0.0001; column factor F = 35.72 (1, 12), column factor P value < 0.0001. ANOVA summary for TRB3 amplification in
Hela cells: Interaction F = 51.84 (2, 12), interaction P value < 0.0001; row factor F = 133.2 (2, 12), row factor P value < 0.0001; column factor F = 175.1 (1, 12),
column factor P value < 0.0001. ANOVA summary for CHOP amplification in A549 cells: Interaction F = 7.354 (2, 12), interaction P value = 0.0082; row factor F =
288.8 (2, 12), row factor P value < 0.0001; column factor F = 30.32 (1, 12), column factor P value = 0.0001. ANOVA summary for TRB3 amplification in A549 cells:

Interaction F = 2.271 (2, 12), interaction P value = 0.1458; row factor F=41.77 (2,

P value = 0.004. For clarity, not all the significant differences are indicated.

Both GCN2 and PERK contribute to induction of the ISR by CsA

As mentioned in the Introduction, several studies have indi-
cated that CsA activates PERK (20-22), whereas in yeast, it has
been demonstrated that calcineurin inhibition leads to activa-
tion of GCN2 (11). On the other hand, our data (Fig. 1) demon-
strate that an alternative inhibitor of calcineurin (FK506) does
not activate the ISR. To assess the involvement of these two
kinases in the induction of the ISR upon CsA treatment, WT,
GCN2~'~ (30), or PERK™ '~ (31) MEFs were treated with DMSO,
BFA, CsA, or histidinol for 6 h (Fig. 3A4). (Histidinol is an amino
alcohol that inhibits the activity of the histidyl-tRNA synthetase,
leading to the accumulation of uncharged tRNA™ and conse-
quent activation of GCN2.) As expected, upon BFA treatment of
either WT or GCN2~/~ MEFs, we observed a shift in the electro-
phoretic migration of PERK, indicative of its phosphorylation and
thus its activation. In both cell lines, the activation of PERK was
associated with a similar increase in ATF4 protein levels. As
expected, in PERK '~ MEFs no significant increase in ATF4 was
observed after BFA treatment (Fig. 3A). Reciprocally, histidinol

15136 J Biol. Chem. (2020) 295(44) 15134-15143

12), row factor P value < 0.0001; column factor F = 12.63 (1, 12), column factor

treatment induced the phosphorylation of GCN2 and increased
ATF4 expression only in WT and PERK '~ MEFs. As judged by
the mobility shift, CsA evoked activation of PERK in WT and
GCN2~ /'~ MEFs (Fig. 34), in line with earlier indications from gli-
oma cells (22). However, the shift appeared less pronounced with
CsA treatment than with BFA.

The key observation here is that in PERK ™/~ (or GCN27/")
MEFs, as in WT cells, CsA increases ATF4 protein levels (Fig.
3A). This indicates that PERK is not the only kinase that con-
tributes to the increase in the level of ATF4 protein caused by
CsA, although it is noticeable that the increase in ATF4 upon
CsA treatment was lower in GCN2~/~ MEFs than in the two
other genotypes. Although we failed to observe a significant
increase in the phosphorylation of GCN2 in response to CsA,
this observation does suggest a significant role of GCN2 in the
induction of ATF4 protein by CsA. Intriguingly, in PERK /™
cells, we observed a very marked increase in the levels of phos-
phorylated GCN2, even under basal conditions (Fig. 34). More-
over, it points to a potential compensatory mechanism between
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Figure 3. CsA mediated up-regulation of ATF4 requires the elF2«a kinases GCN2 or PERK. A, protein extracts from WT, GCN2 /7, and PERK ™/~ MEFs that
had been treated for 6 h with 1:1000 DMSO, 5 um BFA, 10 um CsA, or 2 mm histidinol were analyzed by immunoblotting with the indicated antibodies. B, pro-
tein extracts from WT MEFs treated for 6 h with 1:1000 DMSO, 5 um BFA, 10 um CsA, or 2 mm histidinol, with or without additional treatment with 5 um A92,
were immunoblotted with the indicated antibodies. C, protein extracts from PERK™/~ MEFs treated for 6 h with 1:1000 DMSO, 5 M BFA, 10 um CsA, or 2 mm
histidinol, with or without additional treatment with 5 um A92 were immunoblotted with the indicated antibodies. D, total RNA was extracted from WT,
GCN2~/~,and PERK ™/~ MEFs that had been treated for 6 h with 1:1000 DMSO or 10 um CsA with or without additional treatment with 5 um A92 and then eval-
uated via qPCR, employing primers designed to amplify fragments of the coding sequences of TRB3 and the internal control (B-actin). Error bars represent =
S.D. Significance was evaluated using two-way ANOVA. ANOVA summary: Interaction F = 28.24 (3, 16), interaction P value < 0.0001; row factor F = 71.61 (1,
16), row factor P value < 0.0001; column factor F = 170.6 (3, 16), column factor P value < 0.0001. For clarity, not all the significant differences are indicated. E,
protein extracts from A549 and Hela cells treated for 6 h with 1:1000 DMSO, 5 um BFA, 10 um CsA, or 2 mm histidinol, with or without additional treatment
with 5 um A92, were immunoblotted with the indicated antibodies. All results are shown as the mean of the three biological replicates.

S51A/S51A

the two kinases whereby the absence of one influences the The effect of histidinol was still evident in elF2« cells,

other, a phenomenon that has previously been observed in
GCN2-KO mice (32). In support of this, we also observed a
large increase in total PERK protein levels in e[F2q5°'A/5514
cells (Fig. S1). Further work focusing on the effects of CsA is
required to unravel the mechanisms involved.

The above data clearly show that CsA induces the phosphory-
lation of elF2a, an effect which can inhibit general protein syn-
thesis. To assess the effect of CsA on protein synthesis we
utilized the nonradioactive SUnSET method (33), in which
incorporation of puromycin into newly made proteins is assessed
in a quantitative way by analyzing cell lysates by immunoblot. As
shown in Fig. S2, as expected, BFA and histidinol each inhibited
puromycin incorporation over a 4-h treatment period. The effect
of BFA was attenuated in elF2a°1A/5514 cells (Fig. S2), consis-
tent with it being largely because of phosphorylation of elF2.

SASBMB

likely because this agent actually causes depletion of the level of
histidinyl-tRNAs, which are essential for protein synthesis, so
that it still inhibits this process in the knock-in cells. The weaker
effect of CsA was also retained in elF2a*>'/5°'* MEFs. Taken
together, these data indicate that CsA does inhibit protein syn-
thesis and that, although this effect is weaker than that of, e.g.
BFA, it still suffices to induce ATF4. Importantly, the data also
imply that CsA affects protein synthesis through additional
mechanisms, not only via eI[F2 phosphorylation; further work is
needed to study the mechanisms involved in this.

An inhibitor of GCN2 blunts the effects of CsA

To validate a potential role for GCN2 in the effects of CsA,
we made use of A92, a recently developed inhibitor of this

J. Biol. Chem. (2020) 295(44) 1513415143 15137
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kinase (34). As shown in Fig. 3B, A92 efficiently inhibited the
phosphorylation of GCN2 and the induction of the expression
of ATF4 following histidinol treatment in WT MEFs, confirm-
ing its efficacy. Remarkably, A92 also abolished the induction
of ATF4 expression caused by CsA. One unexpected observa-
tion was that A92 decreased ATF4 levels in BFA-treated cells,
which might, in principle, be explained by a nonspecific effect
of A92 on PERK activity. Nevertheless, no effect of A92 was
observed on the modest mobility shift of PERK under the dif-
ferent treatment conditions (Fig. 3B), suggesting it does not
affect PERK. To exclude a possible effect of A92 on PERK con-
founding our interpretation of the CsA data, we repeated the
experiment in PERK '~ MEFs. In these cells, we also observed
that A92 abolished the increase in ATF4 expression caused by
CsA (Fig. 3C), confirming that the inhibitory effect of A92 on
the regulation of ATF4 by CsA is not because of interference
with PERK. Finally, we also tested the impact of A92 on the
level of expression of the ATF4 target gene TRB3. Following
treatment with CsA for 6 h, we observed a significant increase
in TRB3 mRNA, which was significantly diminished by A92
treatment in accordance with the lower levels of ATF4 shown
in Fig. 3B. The results of a similar experiment with PERK ™/~
MEFs were comparable to those observed in W'T MEFs, in that
CsA induced an increase in TRB3 mRNA, and A92 significantly
reduced this increase (Fig. 3D). Overall, these data demonstrate
that, in addition to activating PERK, CsA treatment can stimu-
late GCN2 and thus the expression of ATF4 (as well as the
induction of at least one of its target genes, TRB3). Further-
more, in both human cancer cells lines tested (HeLa and A549),
A92 again strongly inhibited the induction of ATF4 by CsA
(Fig. 3E). These data further show that GCN2 contributes to
the effects of CsA on ATF4, i.e. the induction of the ISR.

CsA does not induce the ISR by inhibiting calcineurin

Previous data (12) have shown that FK506 can induce the
activation of Gen2 in yeast (35). However, our data from A549
cells (Fig. 1A) show that FK506, unlike CsA, did not induce
phosphorylation of eIF2« or up-regulation of the ATF4 protein.
In additional experiments, FK506 did not elicit the ISR in HeLa
cells (Fig. 4A), in contrast to CsA, as demonstrated by its failure
to increase ATF4 protein (Fig. 44) or CHOP mRNA (Fig. 4B)
levels in both lines. Importantly, these data imply that inhibi-
tion of calcineurin is not the mechanism by which CsA induces
the ISR.

In view of the lack of effect of FK506 on elF2« phosphoryla-
tion and related responses, it was relevant to verify its efficacy
confirming its ability to compete with rapamycin for binding
to their common partner, the immunophilin FKBP12, because
the rapamycin—-FKBP12 complex inhibits the function of the
mTOR complex 1 (mTORC1). Although the FK506-FKBP12
complex does not, FK506 can alleviate such inhibition and
restore mTORCI signaling (36). HeLa cells were therefore
exposed to a range of rapamycin concentrations (100 to 1 nm),
with or without co-treatment with FK506. mTORCI1 signaling
was then evaluated by immunoblotting for phosphorylated ri-
bosomal protein (rp) S6; this is an indirect target of mTORC1,
because rpS6 is phosphorylated at serines 240 and 244 (P—Ser-
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Figure 4. The calcineurin inhibitor FK506 does not increase ATF4 pro-
tein or activity, whereas CsA induces markers of ER stress. A, protein
extracts from HelLa and A549 cells that had been treated with 1:500 DMSO, 5
M BFA, 10 um CsA, or 2 um FK506 for 24 h were immunoblotted with anti-
bodies to ATF4 and B-actin. B, total RNA was extracted from Hela and A549
cells that had been treated with 1:500 DMSO, 10 um CsA, or 2 um FK506 for
24 h for evaluation via qPCR, employing primers designed to amplify frag-
ments of the coding sequences of CHOP and the internal control (B-actin).
Error bars represent * S.D. Significance was evaluated using one-way
ANOVA. ANOVA summary for Hela cells: F = 53.01, P value = 0.0002. ANOVA
summary for A549 cells: F = 129, P value < 0.0001.C, protein extracts from
Hela cells treated for 6 h with 1:500 DMSO or 2 um FK506 with or without
additional treatments with the indicated concentrations of rapamycin (RAPA)
were immunoblotted with antibodies for total and phospho (P)-rpS6 (P-Ser-
240/244) and B-actin. Results are representative of two independent experi-
ments. D, protein extracts from Hela and A549 cells treated with 1:1000
DMSO, 5 um BFA, 10 um CsA, or 2.5 mm monomethyl fumarate (MMF) for 24 h
were immunoblotted with antibodies to ATF4 and B-actin. Results are repre-
sentative of two independent experiments. E, protein extracts from A549
cells that had been treated with 1:1000 DMSO, 5 um BFA, 10 um CsA, or 2 um
FK506 for 6 h were immunoblotted with the indicated antibodies. Results are
representative of two independent experiments. F, total RNA was extracted
from Hela and A549 cells treated with 1:1000 DMSO, 5 um BFA, or 10 um CsA
for 6 h. This was used as a template for the preparation of cDNA, which was
analyzed by qualitative PCR, employing primers (42) designed to amplify full-
length (442 bp) and IRE1-processed (416 bp) fragments of the coding
sequences of XBP1. All results are represented as the mean of the three bio-
logical replicates, unless otherwise stated.

240/244) by p70S6K, which is itself activated by phosphoryla-
tion at threonine 389 by mTORCI1 (37, 38). Rapamycin elimi-
nated phosphorylation of rpS6 P—Ser-240/244, even at 1 nwm,
and this inhibition of mMTORCI1 signaling was, as expected, alle-
viated by FK506 (Fig. 4C), thus demonstrating its efficacy.
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CsA does not appeatr to induce the ISR through mitochondrial
stress

Given that our data suggest that CsA may exert its effects in-
dependently of inhibiting calcineurin (otherwise FK506 would
elicit similar reactions) our attention was drawn to another
binding partner for CsA, cyclophilin D. Cyclophilin D forms
part of the mitochondrial permeability transition pore whose
opening enhances the permeability of the mitochondrial mem-
brane and is associated with induction of mitochondrial stress
(39). We speculated that CsA may exert its effects on the ISR by
binding to and ablating cyclophilin D functions. To mimic this
effect of CsA without using that compound, we performed
siRNA-mediated knockdown of CYPD. However, this caused
no reproducible change in the modulation of ATF4 protein
(Fig. S3), indicating that impairment of cyclophilin D function
does not induce the ISR.

The ISR has recently been suggested to be a consequence of
the mitochondrial stress response in mammals. The enzyme
implicated in this effect (40) is mitochondrial fumarate hydra-
tase (encoded by the FH gene in humans), which catalyzes the
conversion of fumarate to L-malate. It was shown that either
knockdown of this mRNA or treatment of cells with mono-
methyl fumarate (to simulate the increase in fumarate resulting
from reduced FH expression or function) increased the expres-
sion of ATF4 and CHOP (40). To assess whether CsA could be
inducing the ISR by causing mitochondrial stress and, in turn,
interfering with fumarate hydratase, we repeated the latter
experiment. Interestingly, however, in our hands supplement-
ing the cells’ growth medium with monomethyl fumarate did
not itself elicit the expected increase of ATF4 protein in either
HeLa or A549 cells, unlike BFA or CsA (Fig. 4D). Finally, to
assess further the possibility that CsA-induced mitochondrial
stress accounts the activation of the ISR, ATP levels were meas-
ured using the CellTiter-Glo® Luminescent Cell Viability
Assay. If CsA induced mitochondrial stress in our experiments,
reduced ATP levels would be anticipated. Data were normal-
ized to the number of viable cells as determined by calcein AM
staining subsequent to treatment with vehicle, CsA, or FK506.
However, according to this assay, they were not significantly
altered by either CsA or FK506 (Fig. S4). Thus, collectively, our
data do not indicate that CsA induces the ISR through mito-
chondrial stress.

CsA also activates the IRET arm of the unfolded protein
response

Immunoblotting of A549 and Hela cells treated with either
BFA, CsA, or FK506 to detect BiP/grp78 demonstrated that
CsA (like BFA), but not FK506, increased the expression of BiP,
a chaperone protein which functions in the ER, indicating that
it elicits an ER stress response in these cell lines (Fig. 4E).
Indeed, in addition to activating PERK, ER stress also affects
the splicing of the mRNA encoding XBP1, a transcription fac-
tor that plays an important role in the unfolded protein
response (which in turn is triggered by ER stress) (35) and
whose activation involves splicing of the coding sequence of its
mRNA by IRE1 (41). To study this, total RNA was extracted
from HeLa and A549 cells that had been treated with DMSO,
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BFA, or CsA for 6 h and then analyzed by qualitative RT-PCR
employing primers designed to amplify full-length (442 bp) and
IRE1-processed (416 bp) fragments of the coding sequence of
XBP1 (42). In both lines, both BFA and CsA treatment
increased splicing of the XBP1 RNA, again indicating activation
of the unfolded protein response (Fig. 4F).

Discussion

Our data indicate that the calcineurin inhibitor CsA activates
both GCN2 and PERK in mammals (Fig. 5). However, strik-
ingly, FK506 did not elicit the same effects, which strongly
implies that inhibition of calcineurin itself is not responsible for
the effects of CsA on these kinases.

As mentioned previously, associations between calcineurin
activity and ISR inhibition have been suggested by studies in
both yeast and vertebrates. With respect to the former, calci-
neurin’s phosphatase activity has been implicated in the inhibi-
tion of Gen2 (11). Additionally, several research groups have
previously observed increases in total and/or phospho-PERK
levels (and, by implication, ER stress) following administration
of the calcineurin inhibitor CsA (20-22), although no mecha-
nistic information was provided and other eIF2 kinases were
not examined.

Physiologically, GCN2 is activated consequent to reduced in-
tracellular amino acid levels via binding of uncharged tRNA
(15). It is possible that CsA interacts directly with GCN2 in a
similar way to that of uncharged tRNA. Recently, an inhibitor
of GCN2 (termed A92) has been developed (34), and we have
demonstrated that this inhibited the effect of CsA on the ISR in
arange of cell lines (Fig. 3, B-E)

On the other hand, the ability of CsA to activate PERK seems
unlikely to be because of a specific direct effect on PERK itself,
as CsA also induced another arm of the unfolded protein
response, iLe. the altered splicing of XBP1 (Fig. 4, E and F).
Indeed, the up-regulation of the ER-localized chaperone BiP/
grp78 (an activator of both PERK and XBP1 splicing, which is
up-regulated upon ER stress) potentially implies an ability for
CsA to interfere with BiP/grp78. This suggests that CsA pro-
motes ER stress or a related process. Indeed, some previous
reports have hinted at effects of CsA (but not FK506) on ER
stress, as indicated by increased expression of the ER proteins
BiP/GRP78 and IRElq, alongside cellular vacuolation in cervi-
cal cancer SiHa cells (21). The authors concluded that the dif-
fering effects were not because of inhibition of calcineurin,
which is consistent with our observations that they are not
evoked by FK506. Furthermore, CsA, which has also been
implicated in posttransplantation diabetes mellitus (8), has
been shown to promote XBP1 splicing in pancreatic -cells,
although interestingly neither ATF4 nor BiP/grp78 was
affected (43). Finally, certain ER proteins are also reported to be
elevated in children who had received CsA and developed ne-
phrotic syndrome (44), supporting potential clinical relevance
of our findings. Our data imply that proteins induced by ER
stress may be valuable as biomarkers of CsA toxicity. Our data
also imply that CsA inhibits protein synthesis by additional
mechanisms, not only by inducing the phosphorylation of
elF2a.
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Figure 5. CsA activates both GCN2 and PERK in mammalian cells.

An unexpected outcome of this work was the observations
made in derivatives of MEFs where either PERK or GCN2 had
been removed, or where the regulatory phosphorylation site in
elF2a (Ser-51) has been mutated. In PERK '~ cells, we
observed a large increase in the levels of phosphorylated GCN2
(Fig. 34), whereas in eIF2a°°"*/5*14 cells there was a dramatic
increase in total PERK protein levels, even under basal condi-
tions (Fig. S1). This indicates novel, uncharacterized links
between these components of the ISR, whereby the absence of
one of them may cause increases in another, perhaps as a feed-
back mechanism to compensate for the deficiency. Not only
does this indicate bidirectional crosstalk through the ISR path-
way, but also suggests that even in normal conditions, there is a
basal level of ISR activity which, no matter how low, is still cru-
cial to cellular function. This should form the basis of future
studies.

In summary, the major findings of our study include the
first evidence that CsA can evoke increased phosphorylation
of elF2a and downstream ISR through either GCN2 or
PERK. Furthermore, although both act as immunosuppres-
sants by inhibiting calcineurin activity, our data demon-
strate that CsA elicits eIlF2-mediated stress responses in
mammalian cells but FK506 does not. This strongly suggests
that CsA’s mode of action in these phenomena is not by in-
hibiting calcineurin. Importantly, as FK506 does not acti-
vate these stress responses, this difference likely helps to
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explain its lesser side effects as compared with CsA, result-
ing in better tolerance and outcomes in patients who have
undergone transplant surgery.

Experimental procedures
Chemicals for cell treatments

All chemicals were purchased from Sigma-Aldrich. Brefeldin
A (BFA), rapamycin, CsA, FK506, thapsigargin (TPG), and ISR
inhibitor (ISRIB, integrated stress response inhibitor) (25) were
each dissolved in DMSO, while histidinol dihydrochloride, pu-
romycin, and monomethyl fumarate were prepared in Milli-Q
water.

Cell culture

A549 cells derived from cancerous lung tissue, HeLa cells
derived from cervical cancer cells, and all genotypes of mouse
embryonic fibroblasts were maintained in Dulbecco’s modified
Eagle’s medium with 10% (v/v) fetal bovine serum (Life Tech-
nologies) and 100 units/ml penicillin/streptomycin (Sigma-
Aldrich) and incubated at 37°C and 5% (v/v) COs.

RNA extraction

Cells grown in 6-well plates were washed using 2 ml PBS, fol-
lowed by the addition of 500 wl TRIzol Reagent (Thermo
Fisher). Total RNA was then prepared according to the manu-
facturer’s instructions and provided a template for complemen-
tary DNA (cDNA) preparation.

Qualitative RT-PCR

c¢DNA was first synthesized from total RNA using the Super-
Script III First-Strand Synthesis System (Life Technologies).
Fifty ul reactions were prepared using cDNA (prepared with
6.25 ng starting RNA), 100 nm forward and reverse primers,
1 unit HotStarTaq DNA polymerase, 1X Q-solution, 1 mm
MgCl,, 200 uM ANTP mix, and Milli-Q water. Reactions were
performed at 95°C for 15 min; 35 times (94°C for 1 min; 60°C
for 1 min; 72°C for 1 min); 72°C for 10 min. Previously pub-
lished oligonucleotide primers (42) were employed to amplify a
portion of the coding sequence of XBP1 and flanking the 26 nu-
cleotides removed by IRE1.

Quantitative real time PCR (qPCR)

c¢DNA was first prepared from total RNA using the Super-
Script III First-Strand Synthesis System (Life Technologies).
Oligonucleotide primers designed to amplify fragments of the
coding sequences of the genes of interest (Table 1) and the in-
ternal control, B-actin. To each well were added 0.84X SYBR
Green Fast Mix (Applied Biosystems), 5-10 ul cDNA (6.25—
12.5 ng starting RNA), 200 nMm forward and reverse primers and
Milli-Q water to 20 ul. qPCR reactions proceeded as follows on
an ABI Step One Plus qPCR instrument (Applied Biosystems):
95°C for 20 s; 40 times (95°C for 3 s; 60°C for 30 s). The compar-
ative threshold cycle protocol was employed to determine
amounts of the target mRNA.
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Table 1
Oligonucleotides employed in this study for PCR

Cyclosporine A induces integrated stress response

Gene Accession Human/Mouse Forward (5'—3’) Reverse (5'—3')
CHOP NM_004083.5 H CAGCTGAGTCATTGCCTTTC TTGATTCTTCCTCTTCATTTCC
TRB3 NM_021158.4 H GTATACCTGCAAGGTGTACC AAAAAGGCGTAGAGGAGCTG
XBP1 (42) NM_005080 H CCTTGTAGTTGAGAACCAGG GGGGCTTGGTATATATGTGG
TRB3 NM_175093.2 M CCAGAGATACTCAGCTCCCG GAGGAGACAGCGGATCAGAC
B-actin CTGGCACCACACCTTCTAC GGGCACAGTGTGGGTGAC
Immunoblotting during the last 30 min of the experiment. Then, the cells were

Cells grown in 6-well plates were washed using 2 ml ice-cold
PBS, then lysed with 100-300 ul RIPA buffer supplemented with
2.5 mMm NayH,P,0; (Sigma-Aldrich), 1 mm B-glycerophosphate
(Sigma-Aldrich), 1 mm NagVO, (Sigma-Aldrich), and 1X Prote-
ase Inhibitor mixture (Roche). Cells were then rocked for 30 min
at 4°C, scraped, and transferred to a microcentrifuge tube. Cell
suspensions were centrifuged at 15,871 X g for 30 min at 4°C,
then the supernatant was maintained and transferred to new
microfuge tubes. Protein concentration was quantified for sample
normalization using the Lowry procedure (45).

Equal amounts (by protein) of samples were subjected to
SDS-PAGE, then transferred to a nitrocellulose membrane.
The membrane was blocked for ~90 min in PBS containing
0.1% Tween 20 and 2% (w/v) BSA at 4°C. Membranes were
then rolled overnight at 4°C in the same solution supplemented
with one of the following antibodies: 1/1000 rabbit polyclonal
anti-ATF4 (Cell Signaling Technology); 1/1000 mouse mono-
clonal anti-elF2«a (Cell Signaling Technology); 1/1000 rabbit
polyclonal anti-elF2a P-S51 (Cell Signaling Technology); 1/
1000 rabbit monoclonal anti-BiP (Cell Signaling Technology);
rabbit monoclonal anti-GCN2 P-T899; 1/1000 (Abcam); 1/
1000 rabbit monoclonal anti-GCN2 (Cell Signaling Technol-
ogy); 1/5000 mouse monoclonal anti-puromycin clone 12D10
(Millipore), or 1/10000 mouse monoclonal anti—fB-actin
(Sigma-Aldrich). The following day, the membrane was washed
three times for 5 to 10 min at room temperature in PBS con-
taining 0.1% Tween 20, then incubated at room temperature
for 1 h in PBS containing 0.1% Tween 20 and 2% BSA plus
1/3000 horseradish peroxidase-linked sheep anti-mouse (GE
Healthcare), goat anti-rabbit (Millipore), or 1/5000 mouse anti-
human B-actin (Sigma-Aldrich) IgG. The membrane was then
washed three times for 5 to 10 min at room temperature in PBS
with 0.1% Tween 20, drained, treated with the SuperSignal
West Pico Plus Chemiluminescent Substrate (Thermo Fisher),
developed on a LAS-4000 apparatus (Fujifilm), and analyzed
using Multigauge 1D software (Fujifilm). In some cases, further
densitometric quantification was implemented using Image]
(National Institutes of Health).

CellTiter-Glo assay

ATP levels of cells grown in 96-well plates were determined via
the application of a CellTiter-Glo® Luminescent Cell Viability
Assay and normalized to viable cell number as determined via cal-
cein AM, according to the manufacturer’s instructions (Promega).

Measure of protein synthesis by SUnSET

SUNSET experiments were performed as described previ-
ously (33), briefly cells were treated with 5 ug/ml of puromycin
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harvested, and immunoblotting was performed using TGX
FastCast Stain-Free Acrylamide 10% gel (Bio-Rad). Stain-free
imaging allows for the normalization of the puromycin signal
to the total protein on a blot.

Statistics

Unless otherwise stated, immunoblotting and qualitative
RT-PCR experiments were performed in biological triplicate.
qPCR experiments were performed in biological triplicate, with
each replicate analyzed in turn in technical triplicate. For data
represented graphically, error bars represent = S.D. of the indi-
cated number of independent experiments performed. The
specific test used to determine statistical significance is indi-
cated in the relevant figure legend. Note: * = p < 0.05, ** = p <
0.01, *** p = <0.001, **** p = < 0.0001.

Data availability

All data of this publication have been contained within this
manuscript or are available from the corresponding author
(Chris Proud; SAHMRI, Adelaide, Australia; E-mail: Christopher.
Proud@sahmri.com) upon reasonable request.
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