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© Transactivation response element RNA-binding protein (TRBP or TARBP2) initially identified to play an

. important role in human immunodeficiency virus (HIV) replication also has emerged as a regulator of
microRNA biogenesis. In addition, TRBP functions in signaling pathways by negatively regulating the
interferon-induced double-stranded RNA (dsRNA)-activated protein kinase (PKR) during viral infections
and cell stress. During cellular stress, PKR is activated and phosphorylates the o subunit of the
eukaryotic translation factor elF2, leading to the cessation of general protein synthesis. TRBP inhibits
PKR activity by direct interaction as well as by binding to PKR’s two known activators, dsSRNA and

: PACT, thus preventing their interaction with PKR. In this study, we demonstrate for the first time that

. TRBP is phosphorylated in response to oxidative stress and upon phosphorylation, inhibits PKR more

. efficiently promoting cell survival. These results establish that PKR regulation through stress-induced

. TRBP phosphorylation is an important mechanism ensuring cellular recovery and preventing apoptosis
due to sustained PKR activation.

The double-stranded RNA (dsRNA)-activated protein kinase (PKR) is an interferon (IFN)-induced serine/threo-
* nine protein kinase expressed ubiquitously in mammalian cells’-. Although IFNs induce expression of PKR at a
- transcriptional level, PKRs kinase activity stays latent until it binds to one of its activators leading to its autophos-
© phorylation and catalytic activation®. The best-characterized cellular substrate of PKR is the translation initiation
factor, eIF2q, the phosphorylation of which on serine 51 (S51) results in an inhibition of protein synthesis>®. An
immediate response of cells exposed to various forms of stress is a general inhibition of protein synthesis, which
is mainly caused by the increased S51 phosphorylation of elF2a”. The elF2a phosphorylation thus serves an
important function to block the general protein synthesis and allow cells to either recover from stress or undergo
apoptosis when damage is beyond repair®. PKR plays an important role in regulating apoptosis after exposure to
several diverse stress signals that include viral pathogens, oxidative stress, endoplasmic reticulum (ER) stress, and
growth factor or serum deprivation®'.
: During viral infections, the double-stranded (ds) RNA, which is a replication intermediate for several
© viruses'!, activates PKR by a direct interaction. The dsRNA binds to PKR via the two dsRNA-binding motifs
. (dsRBMs) present at the N terminus'?~'%, changing the conformation of PKR to expose its ATP-binding site!®!”
and consequent autophosphorylation'®. The two dsRBMs also mediate dsRNA-independent protein-protein
interactions with other proteins that carry similar domains'>?°. Among these are proteins inhibitory for PKR
© activity such as TAR RNA-binding protein (TRBP)?!, and also a PKR activating protein (PACT)*>?*. PKR acti-
: vation in response to stress signals is tightly regulated by PACT and TRBP, both acting to regulate its catalytic
: activity by a direct interaction with PKR as well as with each other**?. As the dsRBMs in PKR, PACT, and TRBP
. mediate protein-protein interactions?, these three proteins form both heterodimers as well as homodimers and
- the stress-dependent phosphorylation of PACT changes the relative strengths of PKR-PACT, PACT-TRBP, and
. PACT-PACT interactions to bring about a timely and transient PKR activation with precise control?*%. This reg-
ulates the general kinetics as well as level of eIF2a phosphorylation thereby influencing the cellular response to
stress either as recovery and survival or elimination by apoptosis®.
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TRBP has three dsRBMs; the first two are true dsRBMs and interact with dsRNA, while the third
carboxy-terminal dsRBM mediates TRBP’s interactions with other proteins such as Dicer, and Merlin*>?**’, TRBP
inhibits PKR by interacting with dsRNA and sequestering it away from PKR as well as by forming PKR-TRBP
heterodimers?"*!. In the absence of viral infections and stress signals, TRBP forms heterodimers with both PKR
and PACT, preventing their association and PACT-mediated PKR activation®*2. Importantly, the stress-induced
serine 287 phosphorylation of PACT decreases its interaction with PKR inhibitory protein TRBP thereby fur-
ther aiding in rapid PKR activation following exposure to stress signals®*?*. In contrast, not much is known
about how similar post-translational modifications may affect TRBP’s interaction with PKR and consequently,
its ability to inhibit PKR during cellular stress. Previous reports indicate that TRBP is phosphorylated by the two
MAPKs; ERK 1/2 and JNK, with specific effects on RISC component stability and PKR activation by endogenous
Alu transcripts during mitosis respectively®**. In this study, we used various biochemical assays to determine if
TRBP undergoes stress-induced phosphorylation, and if this affects TRBP’s ability to inhibit PKR during oxida-
tive stress. Our findings implicate MAPKs (ERK1/2 and JNK) in oxidative stress-induced TRBP phosphorylation,
and show that TRBP phosphorylation significantly enhances TRBP’s ability to interact with and inhibit PKR
during oxidative stress to regulate apoptosis.

Results

TRBP overexpression inhibits oxidative stress-induced apoptosis. To evaluate TRBPs effect on
the cellular response to oxidative stress, we established a stable HeLa-Tet off cell line that would conditionally
overexpress Flag-TRBP only when doxycycline was absent from the growth medium. A HeLa-Tet off cell line with
stably transfected empty vector pTRE2pur was established as a control. We initially characterized 20 individual
puromycin resistant clones and selected one clone that showed the least expression of Flag-TRBP in the presence
of doxycycline and showed a good induction of Flag-TRBP expression in the absence of doxycycline. As seen in
Fig. 1A, the Flag-TRBP expression is induced to high levels in a time dependent manner after removal of doxy-
cycline from the growth medium (lanes 2-5). We used these cells for assaying the effects of TRBP overexpression
on apoptosis induced by oxidative stress. After the cells were grown in doxycycline-deficient growth medium for
24h, they were exposed to sodium arsenite to induce oxidative stress. The cells were thus expressing high level of
Flag-TRBP when exposed to oxidative stress and this allowed us to assay the effect of TRBP overexpression on
cellular apoptosis and PKR activation.

In order to compare the relative apoptosis in control and TRBP overexpressing cells we used DNA fragmen-
tation analysis. DNA fragmentation is a late marker of apoptotic cells as the DNA is cleaved by caspase-activated
DNases (CADs) into nucleosomal fragments of 180 bp*. As seen in Fig. 1B, the control cells stably transfected
with empty vector (EV-HeLa) showed high levels of DNA fragmentation in response to sodium arsenite (lanes
5-8). In comparison, the cells overexpressing Flag-TRBP (TRBP-HeLa) have significantly less DNA fragmen-
tation after exposure to sodium arsenite (lanes 1-4). These results indicate that TRBP overexpressing cells are
significantly protected from oxidative stress-induced apoptosis.

In order to further assess the protection from cellular apoptosis by TRBP overexpression, we compared the
cleavage of Poly-ADP Ribose Polymerase (PARP1) in response to arsenite. The 116 kDa protein PARP1I is cleaved
into an 89 kDa fragment by Caspase-3 in response to apoptosis-inducing stimuli**. We measured and quantified
PARPI cleavage in both sets of cells after treatment with arsenite (Fig. 1C,D). As seen in Fig. 1C, there is a steady
increase in the levels of cleaved PARP1 in the control (EV-HeLa) and TRBP-overexpressing (TRBP-HeLa) cells in
a time dependent manner. After 24 hours of arsenite exposure, there is significantly more cleaved PARP1 in the
EV-HeLa cells (Lane 4) as compared to the TRBP-HeLa cells (Lane 8). The percentage of cleaved PARP1 is about
90% in the HeLa cells (Fig. 1D, 24 hr), and only about 45% in the TRBP-HeLa cells (Fig. 1D, 24 hr). These results
indicate that caspase-3 activation and subsequent PARP1 cleavage is significantly impaired in cells overexpress-
ing TRBP, and demonstrate that TRBP overexpression protects the cells from apoptosis in response to oxidative
stress.

Both ERK and JNK phosphorylate TRBP in response to oxidative stress. In order to determine if
TRBP undergoes post-translational modifications in response to stress signals with any functional implications
on TRBP’s ability to inhibit PKR. Western blot analysis of extracts from TRBP-HeLa cells over 24 hours of expo-
sure to sodium arsenite revealed the presence of an additional Flag-TRBP band with reduced electrophoretic
mobility as indicated by an asterisk (Fig. 2A) that increased in intensity from 8 to 12 hours after arsenite treat-
ment and declined at 24 hours after treatment (Fig. 2A, Flag-TRBP panel, Lanes 5-8). These results suggested
that the slow migrating Flag-TRBP band may be indicative of TRBP phosphorylation at late time points after
arsenite exposure. Interestingly, we also noted that the strengthening of the TRBP doublet banding pattern from
8 to 12 hours after treatment coincides with a decrease in phosphorylated eIF2a levels at these time points after
sodium arsenite treatment (Fig. 2B: p-eIF2« panel, Lanes 6-7) and a decrease in phosphorylated PKR levels
(Fig. 2B: p-PKR panel, Lanes 5-7). The phospho-eIF2a levels show a decrease at 4h (Fig. 2B, lane 5) and the
phospho-TRBP is also detectable at 4h (Fig. 2A, lane 5), although the phosphorylation of TRBP continues to
rise at 8 and 12h (Fig. 2A, lanes 6-7), also coinciding with a further decrease in phospho-eIF2« levels (Fig. 2B,
lanes 6-7). These results suggest that TRBP phosphorylation may regulate PKR activation and consequent eIF2c.
phosphorylation in response to arsenite. To test this, we investigated if the slow migrating TRBP band resulted
from phosphorylation by using phosphatase treatment in the presence and absence of phosphatase inhibitors.
Phosphatase treatment of cell extract prepared 8 and 12 hours after arsenite treatment completely removed
the stress-induced slow- migrating band (Fig. 2B, lanes 5 and 8), demonstrating that the slower mobility band
(denoted ‘p-TRBP’) did result from TRBP phosphorylation in response to oxidative stress. The p-TRBP band
persisted when the phosphatase treatment was performed in the presence of phosphatase inhibitors, thereby
confirming that the disappearance of the band in lanes 5 and 8 was indeed due to phosphatase activity and not
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Figure 1. TRBP overexpression protects cells from arsenite-induced apoptosis. (A) Establishment of a stable
doxycycline-inducible HeLa cell line overexpressing flag-TRBP. HeLa- Tet off (Clontech) cells were transfected
with either FlagTRBP/pTRE2pur expression construct or pTRE2pur (Clontech) empty vector (EV). Puromycin
resistant clones were isolated, characterized, and one clone (TRBP-HeLa) that showed inducible expression

of FlagTRBP was selected for further studies. Induction of FlagTRBP expression after removal of doxycycline
from the growth medium at indicated time points is shown. Western blot analysis of cell lysates using 50 ug of
total protein was performed using anti-Flag and anti-3-actin antibodies. The black line between lanes 3 and 4
represents where different lanes from the same western blot were joined. (B) DNA Fragmentation Analysis.
TRBP-HelLa cells overexpressing FlagTRBP (Lanes 1-4) or EV-HeLa control cells (Lanes 5-8) were treated
with 10 uM sodium arsenite for 48, 72, and 96 hours, fragmented DNA was isolated and analyzed. M: 100-bp
ladder, Lanes 1 & 5: 48 hr treatment. Lanes 2 & 6: 72 hr treatment, Lanes 3 & 7: 96 hr treatment, and Lanes 4 &
8: untreated cells. (C) Analysis of PARP cleavage in response to arsenite treatment. TRBP-HeLa and EV-HeLa
cells were treated with 25 uM sodium arsenite for the indicated time points, and western blot analysis using anti-
PARP antibody was performed on cell lysates containing 50 pg of total protein to assess increases in poly ADP-
ribose polymerase (PARP1) cleavage. Western blot was also performed with anti-GAPDH antibody to ensure
equal protein in all samples. (D) Quantification of PARP cleavage. PARP1 and cleaved PARP1 bands were
quantified using ImageQuant TL Software. The percentage of cleaved PARP1 was calculated as (cleaved PARP1
band intensity/cleaved + uncleaved bands intensities) X 100. Bars represent percentages of cleaved PARP1 from
3 independent experiments. Error bars represent standard deviation (S.D.) from three experiments. Student’s t
tests were performed to determine statistical significance — ns: not significant, asterisk: p value of 0.000352.

due to the presence of any contaminating proteolytic activity. These results indicate a possible link between the
timing of PKR activation and its eventual inactivation during cell stress and the timing of TRBP phosphorylation
in response to oxidative stress.

The Mitogen-activated protein kinase (MAPK) signaling pathways are activated in response to diverse stim-
uli*’, and elicit either pro-apoptotic or pro-survival cellular responses. Previous studies have demonstrated
that MAPKs such as the Extracellular-signal regulated Kinase (ERK 1/2) and c-Jun N-terminal kinase (JNK)
play important roles in mediating the cellular response to oxidative stress®®. To test if ERK 1/2 phosphorylates
TRBP in response to oxidative stress, we pretreated the Flag TRBP overexpressing cells with the MEK inhibi-
tor PD0325901, and exposed the cells to sodium arsenite. In the samples not pretreated with PD0325901, we
observed the p-TRBP band at 8 and 12 hrs after treatment (Fig. 2D: TRBP panel, Lanes 1-4). Furthermore, we
also observed that the increase in TRBP phosphorylation closely mirrored the increase in phospho-ERK levels
at 8, and 12 hours of treatment (Fig. 2D, p-ERK panel, Lanes 1-4). With the inhibition of ERK phosphorylation,
(Fig. 2D, p-ERK panel, Lanes 5-8) the p-TRBP band is significantly diminished (Fig. 2D, TRBP panel, Lanes 5-8).
To test if JNK also phosphorylates TRBP in response to oxidative stress, we pretreated the Flag TRBP overex-
pressing cells with the JNK inhibitor SP600125, and exposed the cells to sodium arsenite. In the samples not pre-
treated with SP600125, we observed the p-TRBP band at 8 and 12 hrs after treatment (Fig. 2E: TRBP panel, Lanes
1-4). Furthermore, we also observed that the increase in TRBP phosphorylation closely mirrored the increase
in phospho-JNK levels at 8, and 12 hours of treatment (Fig. 2E, p-ERK panel, Lanes 1-4). With the inhibition of
JNK phosphorylation, (Fig. 2E, p-JNK panel, Lanes 5-8) the p-TRBP band is completely absent (Fig. 2E, TRBP
panel, Lanes 5-8). The results in Fig. 2D,E suggest that both ERK and JNK phosphorylate TRBP in response to
oxidative stress.
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Figure 2. TRBP is phosphorylated by ERK and JNK in response to arsenite-induced oxidative stress. (A)
TRBP’s electrophoretic mobility shifts in response to sodium arsenite treatment. A western blot analysis of

50 pg protein per lane from HeLa-TRBP cells treated with 10 uM sodium arsenite at the indicated time points is
shown. Western blot analysis was performed with anti-Flag and anti-( actin antibodies. The slower migrating
TRBP band at 8h, and 12h is indicated by an asterisk. The line between lanes 1 and 2 as well as between lanes

3 and 4 represents where lanes from the same western blot were joined. (B) PKR phosphorylation and eIF2a
phosphorylation kinetics in response to sodium arsenite treatment. HeLa cells were treated with 10 pM sodium
arsenite and cell extracts were prepared at the indicated time points. PKR and eIlF2a phosphorylation status

at each time point was determined by a western blot analysis using anti-phospho-PKR and anti-phospho-
elF2a specific antibodies using 100 ug and 10 ug of total protein respectively. Each blot was subsequently
stripped and re-probed with anti- eIF2c or anti-PKR antibody to ensure equal loading in all lanes. (C) TRBP is
phosphorylated in response to oxidative stress. Extracts from untreated, and 8 h, or 12 h arsenite-treated TRBP-
HeLa cells were prepared in the presence or absence of phosphatase inhibitor (PPi) as indicated above the lanes
and subsequently treated with phosphatase (Ptase) or left untreated as indicated. Western blot to was performed
with anti-Flag antibody followed by anti- 3-actin antibody. (D) ERK is phosphorylated in response to oxidative
stress and phosphorylates TRBP. TRBP overexpressing TRBP-HeLa cells were treated with 10 pM arsenite alone
or in combination with the MEK inhibitor PD0325901 for 24 hours. Cell extracts were made at the indicated
time points, and western blot analysis was performed using anti-Flag, anti-phospho-ERK, anti-total ERK, and
anti-GAPDH antibodies. (D) JNK is phosphorylated in response to oxidative stress and phosphorylates TRBP.
TRBP overexpressing TRBP-HeLa cells were treated with 10 .M arsenite alone or in combination with the MEK
inhibitor SP600125 for 24 hours. Cell extracts were made at the indicated time points, and western blot analysis
was performed using anti-Flag, anti-phospho-JNK, anti-total JNK, and anti-GAPDH antibodies.

Effect of TRBP phosphorylation on cellular response to stress. Having demonstrated that TRBP is
phosphorylated by JNK and ERK 1/2 in response to oxidative stress, we wanted to determine how TRBP phos-
phorylation affects the oxidative stress and PKR-mediated cellular apoptosis. To evaluate the involvement of
phosphorylation, we generated a phospho-defective TRBP point mutant (TRBP AAAA) which contains alanine
for serine substitution at 4 sites (5142, $152, S283, S286) previously identified as MAPK/ERK 1/2 substrate sites*.
Of these sites, S142 and S152 have also been previously shown to be phosphorylated by JNK*. A phospho-mimic
TRBP point mutant (TRBP DDDD) was also generated by substituting aspartic acid for serine at the same four
sites (Fig. 3A).

To examine the effect of TRBP phosphorylation on oxidative stress-induced apoptosis, we transfected HeLa
cells with each TRBP phospho-mutant as well as wt TRBP and observed changes in the induction of apoptosis
in response to oxidative stress. As seen in Fig. 3B, the cells transfected with the empty vector (EV) alone showed
5.6% apoptosis (Untreated, black bar) in the absence of stress which increased to 46.9% at 24 after sodium arsenite
treatment (24 hrs, black bar). The DDDD TRBP phospho-mimic mutant showed significantly reduced apoptosis
in response to oxidative stress with only 29.1% cells undergoing apoptosis at 24 h after treatment (24 hrs, red bar).
Statistical analysis also showed a significant difference between the % apoptosis in the cells expressing the empty
vector as compared to the cells expressing the TRBP phospho-mimic mutant, indicating that TRBP phosphoryla-
tion does have a protective effect on cells during oxidative stress. Analysis of the % apoptosis in the cells express-
ing the AAAA TRBP phospho-defective mutant to that of cells expressing EV showed no statistical difference
(24 hrs, blue bar), highlighting the importance of phosphorylation for TRBP’s anti-apoptotic activity. The cells
overexpressing the wt TRBP showed 34.3% apoptosis, which is more compared to the cells overexpressing DDDD
TRBP, but less than the cells overexpressing AAAA TRBP. This suggests that the wt TRBP overexpression allows
for higher amounts of phospho-TRBP than the levels with endogenous TRBP in EV transfected cells, thus making
it more effective that AAAA TRBP in preventing prolonged phosphorylation of eIF2a and apoptosis.
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Figure 3. TRBP phosphorylation inhibits PKR-mediated apoptosis during cell stress. (A) Schematic
representation of TRBP phosphorylation sites. Blue boxes represent the three double-stranded RNA binding
motifs (dsRBMs), M1, M2, and M3. Red vertical lines represent previously identified ERK 1/2 phosphorylation
sites at S142, S152, $283, and S286. (B) Expression of phospho-mimic TRBP protects cells during oxidative stress.
HeLa cells were transfected with 200 ng pEGFPC1 (EV) alone (black bars) or with 200 ng each of pPEGFPC1 and
Flag TRBP AAAA/pcDNA 3.1 (blue bars), 200 ng each of pEGFPCI and Flag TRBP DDDD/pcDNA 3.1~ (red
bars) or 200 ng each of pEGFPCI and Flag wt TRBP/pcDNA 3.1~ (green bars). 24 hours after transfection, the
cells were treated with 25 uM sodium arsenite, fixed and stained with DAPI nuclear stain. At least 300 EGFP-
positive cells were scored as apoptotic or live based on nuclear condensation indicated by intense DAPI nuclear
staining and cell morphology. The percentage of cells undergoing apoptosis (% apoptosis) was calculated using
the formula: (EGFP- expressing cells with intense DAPI nuclear staining/Total EGFP-expressing cells) x 100.
Bars represent averages = S.D. from three independent experiments. One-way ANOVA followed by post-hoc
Tukey test was performed, ns: not significant, asterisk *p value of 0.043. asterisk **p value of 0.007. (C) and

(D) Phospho-mimic TRBP inhibits PKR mediated apoptosis more efficiently than phospho-defective TRBP

(C) HeLa cells were plated on coverslips and transfected with 500 ng of wt PKR/pEGFPC1 and 20 ng of empty
vector pPCDNA3.1~ (wt PKR; black bar) or with 500 ng of wt PKR/pEGFPC1 + 20 ng of Flag TRBP AAAA/
pcDNA 3.1 (blue bar) or 500 ng of wt PKR/pEGFPC1 + 20 ng of Flag TRBP DDDD/ pcDNA 3.1~ (red bar).

24 hours after transfection, the cells were fixed and mounted in Vectashield mounting media with DAPI nuclear
stain. Representative fluorescent micrographs of HeLa cells transfected with wt PKR pEGFPCI alone (Panel A),
or in combination with Flag TRBP AAAA/pcDNA 3.1~ (Panel B) or Flag TRBP DDDD/pcDNA 3.1~ (Panel

C) are shown. At least 500 EGFP-PKR expressing cells showing green fluorescence were scored as apoptotic
(white arrows) or live (white arrowheads) based on nuclear condensation indicated by intense DAPI staining
and cellular morphology. The cells showing intense DAPI staining and rounded morphology were scored as
apoptotic. The percentage of cells undergoing apoptosis was determined as described in (A). Bars represent
averages + S.D. from three independent experiments. One-way ANOVA followed by post-hoc Tukey test was
performed, asterisk *p value 0.0034, double asterisk **p value 0.0002, *p value 0.0134. (D) Phospho-mimic TRBP
expression abrogates mitochondrial depolarization during PKR-mediated apoptosis. HeLa cells were plated on
coverslips and transfected with 500 ng of wt PKR/pEGFPC1 and 20 ng of empty vector pPCDNA3.1~ (wt PKR;
black bar) or with 500 ng of wt PKR/pEGFPC1 + 20 ng of Flag TRBP AAAA/pcDNA 3.1~ (blue bar) or 500 ng of
wt PKR/pEGFPC1 + 20 ng of Flag TRBP DDDD/ pcDNA 3.1~ (red bar). 24 hours after transfection, changes in
the mitochondrial potential of transfected cells were assessed using the MitoPT TMRM Assay kit and observed
by fluorescence microscopy. Representative fluorescent micrographs of the cells transfected with wt-PKR
pEGFPCI alone (wt-PKR-EGFP +EV, Panel A), and AAAA TRBP (wt-PKR-EGFP + AAAA, Panel B) or DDDD
TRBP (wt-PKR-EGFP + DDDD, Panel C) are represented. At least 500 PKR expressing cells (GFP positive, green
fluorescent cells) were scored as live (white arrowheads) or dead (white arrows) based on decreased or absent red
fluorescence. The PKR expressing, green fluorescent cells that showed diminished or no MitoPT staining (red
fluorescence) were counted as apoptotic and the green fluorescent cells that showed good MitoPT staining (red
fluorescence) were counted as live. The percentage of cells undergoing apoptosis (% apoptosis) was calculated
using the formula: (EGFP- expressing cells with decreased or absent red fluorescence/Total EGFP-expressing
cells) x 100. Bars represent averages = S.D. from three independent experiments. One-way ANOVA followed by
post-hoc Tukey test was performed, asterisk *p value 0.0108, double asterisk **p value 0.0003, *p value 0.0002.
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Figure 4. The phosphorylated TRBP isoform efficiently reverses PKR’s growth inhibition phenotype in yeast.
(A) Yeast growth inhibition assay. Yeast INVScI cells were co-transformed with wt PKR/pYES2 and empty
vector pYES3CT (PKR alone), wt PKR/pYES2 and K296R PKR/pYES3CT (PKR+K296R), wt PKR/pYES2 and
wt TRBP/pYES3CT (PKR+wtTRBP), wt PKR/pYES2 and AAAA TRBP/pYES3CT (PKR+AAAA), or wt PKR/
pYES2 and DDDD TRBP/pYES3CT (PKR + DDDD). Ten microliters of transformed yeast cells (ODyy = 10,

1, 0.1, 0.01) were spotted on double dropout media (-uracil, - tryptophan) with either glucose (+GLU) or
galactose (+GAL) as sole carbon source. Plates were incubated for three days at 30 °C. Transformation of
INVScl with wt PKR/pYES2 and empty vector pYES3CT served as a control showing growth inhibition on
galactose plates, while transformation with wtPKR/pYES2 and K296R PKR/pYES3CT served as a positive
control for inhibition of PKR and a reversal of growth inhibition phenotype.

We next examined the effect of TRBP phosphorylation on PKR-induced apoptosis. An overexpression of
active PKR in mammalian cells is sufficient to trigger cellular apoptosis in the absence of any stress signals®>*.
It has been previously observed by us and others that a PKR-EGFP fusion construct encodes a constitutively
active PKR, which induces apoptosis when transfected in mammalian cells*'. Thus, cells were transfected with
a constitutively active PKR expression plasmid (wt-PKR-EGFP+EV) or in combination with the TRBP AAAA
phospho-defective or DDDD phospho-mimic mutant and assayed for changes in apoptosis induced by active
PKR. We used nuclear condensation as the hallmark sign of apoptosis as indicated by the intense DAPI nuclear
fluorescence®”. There is a significant amount of apoptosis at 87.5% (Fig. 3C, wt PKR, black bar) in transfected cells
that express constitutively active PKR. The percentage cell death is significantly reduced with the co-expression
of both AAAA phospho-defective (65.9%) and DDDD phospho-mimic TRBP (49.5%) mutants with PKR-EGFP
(Fig. 3C, wt PKR+ AAAA and wt PKR + DDDD, blue and red bars). Consistent with our previous results in
Fig. 3A, we also observe greater reduction in apoptosis with expression of the TRBP phospho-mimic mutant,
indicating that although AAAA phospho-defective mutant can still inhibit PKR, the DDDD phosphor-mimic
mutant inhibits PKR much more efficiently.

We further assayed apoptosis by using the mitochondrial membrane depolarization as an early marker for
apoptotic cells®. The effect of TRBP phospho-mutants (TRBP AAAA or TRBP DDDD) on apoptosis induced by
constitutively active PKR-EGFP was measured. Similar to our result in Fig. 3C, we observed apoptosis (~75%)
in cells expressing constitutively active PKR. Cells co-expressing the AAAA TRBP phospho-defective mutant
had a 16% decrease in cell death compared to the cells expressing PKR-EGFP alone, while the cells co-expressing
the DDDD TRBP phospho-mimic mutant had a 63% decrease in cell apoptosis compared to the cells express-
ing PKR-EGFP alone. The DAPI nuclear condensation assay shows lesser difference between AAAA TRBP and
DDDD TRBP as this is a late marker of apoptosis, whereas the Mito-PT assay is measuring an early marker of
apoptosis, which shows a more pronounced difference between AAAA TRBP and DDDD TRBP. Taken together,
these results clearly demonstrate that TRBP phosphorylation is protective during oxidative stress, and this pro-
tection is mediated via inhibition of PKR.

TRBP phosphorylation inhibits PKR’s kinase activity more efficiently. To determine if protec-
tion from apoptosis was a direct result of enhanced PKR inhibition by the phosphorylated TRBP isoform, we
performed a yeast growth inhibition assay using the INVScl S. cerevisiae yeast strain. The expression of active
PKR in S. cerevisiae suppresses yeast growth, and this growth inhibition can be reversed by co-expression of
PKR inhibitors such as the dominant negative PKR mutant, K296R!2***, We introduced a galactose-inducible
wt PKR yeast expression plasmid (wt PKR/pYES2) in combination with K296R, wt TRBP, AAAA TRBP, or
DDDD TRBP expression plasmids (pYES3CT) into INVScl yeast cells. As seen in Fig. 4, induction of PKR
expression on galactose-containing media inhibited yeast cell growth (+GAL panel, wt PKR alone). We also
observed that co-expression of K296R or wt TRBP reversed the PKR-mediated growth phenotype (+GAL
panel, K296R, wt TRBP) in accordance with previous reports that have shown that K296R and TRBP inhibit
PKR activity®**. Interestingly, when we co-expressed the phospho-deficient TRBP mutant (AAAA TRBP), it
was unable to reverse the growth phenotype (compare wt PKR alone to AAAA TRBP, +GAL panel) suggesting

| (2078) 8:1020 | DOI:10.1038/541598-018-19360-8



www.nature.com/scientificreports/

that TRBP phosphorylation is crucial for TRBP’s ability to inhibit PKR. On the other hand, co-expression of the
phospho-mimic TRBP mutant (DDDD TRBP) reversed the PKR-mediated growth inhibition more efficiently
as compared to wt TRBP. It is interesting that the inhibition of PKR dependent growth suppression by wt TRBP
is less efficient than DDDD TRBP but more efficient than AAAA TRBP. This would indicate that the wt TRBP
is being phosphorylated in yeast and depending on what percentage of wt TRBP is phosphorylated, it is able to
inhibit PKR more efficiently than AAAA TRBP but less efficiently that DDDD TRBP. These results indicate that
phosphorylated TRBP inhibits PKR’s kinase activity in a more efficient manner.

Stress induced TRBP phosphorylation enhances TRBP-PKR interactions, while weakening
TRBP-TRBP interactions. To understand how stress-induced phosphorylation of TRBP affects its interac-
tion with PKR, we used the yeast-two hybrid system to test the strength of interaction between PKR and TRBP
phospho-mimic and phospho-defective point mutants. The TRBP DDDD and TRBP AAAA point mutants were
expressed in yeast as GAL4 DNA binding domain fusion proteins (pGBKT7) with PKR was expressed as a GAL4
activation domain fusion protein. In this system, a stronger interaction between TRBP and PKR is indicated
by increased yeast growth in media lacking tryptophan, leucine, and histidine in the presence of the imidazole
glycerol-phosphate dehydratase competitive inhibitor, 3-Amino-1,2,4-triazole (3-AT). As seen in Fig. 5A, the
TRBP DDDD point mutant shows significantly stronger interaction with PKR as compared to the TRBP AAAA
point mutant, suggesting that the stronger PKR inhibition by DDDD TRBP we observed in Figs 3 and 4 results
from an enhanced TRBP-PKR interaction. In this assay, the interaction of wt TRBP with PKR is stronger than
the interaction between AAAA TRBP and PKR but weaker than the interaction between DDDD TRBP and PKR.
These results indicate that the wt TRBP may be phosphorylated somewhat inefficiently by a MAP kinase family
member in yeast, resulting in an intermediate level of interaction between PKR and TRBP.

We further confirmed the effect of phospho-deficient or phospho-mimic mutations on TRBP’s interaction
with PKR using a co-immunoprecipitation assay from mammalian cell extracts. As seen in Fig. 5B, we observed
that significantly more flag-PKR co-immunoprecipitated with myc-DDDD TRBP than with myc-AAAA TRBP
or with myc-wt TRBP (IP Flag panel, Lanes 6-8). The Myc panels demonstrate that comparable amounts of
Myc-TRBP were immunoprecipitated (IP Myc panel, lanes 6-8), thereby confirming that the significant differ-
ence seen in the co-immunoprecipitated PKR bands reflects difference in TRBP-PKR interactions. The absence
of co-immunoprecipitated Flag-PKR without co-expression of Flag-TRBP (IP, Lane 5) rules out any nonspecific
immunoprecipitation of PKR. Also, similar to the results in Fig. 5A, wt TRBP showed intermediate level of inter-
action with PKR in mammalian cells, which was stronger than AAAA TRBP but weaker than DDDD TRBP. This
indicates that as wt TRBP is capable of getting phosphorylated, its interaction level with PKR will depend on
what percentage of total wt TRBP is in phosphorylated state whereas 0% of AAAA TRBP and 100% of DDDD
TRBP will behave as phospho-TRBP. Taken together, these results strongly demonstrate that stress-induced TRBP
phosphorylation significantly strengthens the interaction between TRBP and PKR, which prevents sustained PKR
activation and inhibits excessive apoptosis.

Since we showed enhanced interaction with PKR resulting in more efficient PKR inhibition with the
phospho-mimic DDDD TRBP mutant, we tested if we observe significantly increased TRBP-PKR interaction
in response to arsenite at 8 and 12 hours post-treatment when we observe the strongest TRBP phosphorylation
(Fig. 2A). We tested this by assaying if TRBP from treated cells interacts better with PKR in a pull-down assay. As
seen in Fig. 5C, in the absence of stress signals there is weak interaction between PKR and TRBP (Bound panels,
Lane 2) which substantially decreases at 2 and 4hours (Bound panels, Lanes 3 and 4) due to PKR’s disassociation
from TRBP in response to stress. We observed much stronger re-association between PKR and TRBP at 8 hours
and 12 hours after treatment (Bound panels, Lanes 5 and 6). A quantification of the pull down assay shown as a
bar graph shows that both the reduction in TRBP-PKR interaction after stress and the reassociation of TRBP with
PKR at later time points after stress is statistically significant. Thus, our results suggest that TRBP’s interaction
with PKR and consequently its ability to inhibit PKR effectively during cell stress is closely linked to its phospho-
rylation status.

Since stress-induced phosphorylation is essential for efficient PACT-PACT interactions®, we investigated how
phosphorylation affects TRBP-TRBP interactions. We expressed both TRBP phospho-mutants in yeast as GAL4
DNA-binding domain fusion proteins (pGBKT7) and GAL4 activation domain fusion proteins (P GADT7) and
assayed for the strength of TRBP AAAA and TRBP DDDD homomeric interactions by the amount of yeast
growth on nutrient deficient media in the presence of 3-AT. As seen in Fig. 5D, yeast cells expressing both AAAA
TRBP expression vectors show growth at all dilutions, indicating strong homodimer interaction between unphos-
phorylated TRBP proteins. In contrast to this, there was a complete absence of growth even at the most concen-
trated dilution of yeast cells (10 OD) expressing both DDDD TRBP yeast expression vectors, which indicates that
TRBP phosphorylation is unfavorable to the formation of TRBP homodimers.

We also examined TRBP AAAA and TRBP DDDD homomeric interactions in mammalian cells using
a co-immunoprecipitation assay. As seen in Fig. 5E, we observed that significantly less myc-DDDD TRBP
was co-immunoprecipitated with Flag-DDDD TRBP (IP Myc panel, Lane 1) compared to the myc-AAAA
TRBP co-immunoprecipitated with Flag-AAAA TRBP (IP Myc panel, Lane 3). The Flag panels demonstrate
that comparable amounts of Flag-DDDD TRBP (IP panel, Lane 1) and Flag-AAAA TRBP (IP panel, Lane 3)
were immunoprecipitated, thereby confirming that the significant difference seen in co-immunoprecipitated
bands reflects difference in TRBP homomeric interactions. The absence of co-immunoprecipitated
myc-DDDD or myc-AAAA TRBP without co-expression of Flag-DDDD TRBP (IP, Lane 2) or Flag-AAAA
TRBP (IP, Lane 4) rules out any nonspecific immunoprecipitation. Taken together, these results demonstrate
that stress-induced TRBP phosphorylation weakens homomeric interactions between TRBP molecules while
simultaneously enhancing TRBP-PKR interactions, which plays an important role in attenuating sustained
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Figure 5. TRBP phosphorylation strengthens PKR-TRBP interaction and weakens TRBP-TRBP interaction. (A)
Phospho-mimic TRBP mutant interacts stronger with PKR compared to the phospho-defective TRBP mutant in
yeast two-hybrid assay. PKR/pGAD424 and either AAAA TRBP/pGBKT7, DDDD TRBP/pGBKT?7, or wt TRBP/
PGBKT7 were co-transformed into AH109 yeast cells and selected on SD double dropout media (-tryptophan,

- leucine). Ten microliters of transformed yeast cells (ODgy, =10, 1, 0.1, 0.01) were spotted on SD triple

dropout media (-tryptophan, - leucine, - histidine) containing 10 mM 3-amino-1,2,4-triazole (3-AT). Plates
were incubated for 3 days at 30 °C. Transformation of PKR in pGAD424 and pGBKT?7 empty vector served as a
negative control. (B) Phosphomimic TRBP mutant shows stronger heteromeric interaction with PKR compared
to the phosphodefective TRBP mutant in mammalian cells. HeLa cells were transfected with Flag K296R PKR/
pcDNA 3.1 and either myc TRBP AAAA/pcDNA 3.1, myc wt TRBP/pcDNA 3.17, or myc TRBP DDDD/
pcDNA 3.17. The cells were harvested 24 hours after transfection, and myc AAAA, DDDD or wt TRBP was
immunoprecipitated using anti-myc monoclonal antibody conjugated agarose beads. Co-immunoprecipitated
Flag PKR was analyzed by western blot analysis with an anti-Flag antibody (IP: x Flag (PKR) panel). The blot
was subsequently re-probed with anti-myc antibody to ensure equal myc TRBP immunoprecipitation from each
sample (IP: x myc (TRBP) panel). Equal Flag PKR and myc TRBP expression in all samples was tested by western
blot analysis of equal amounts of total cell lysate with anti-myc, and anti-Flag antibodies (input: x Flag (PKR)
and x myc (TRBP) panels). (C) Changes in TRBP association with PKR. Flag TRBP overexpressing cells were
treated with 25 M sodium arsenite for the indicated time points. Cell extracts were prepared in the presence of
a phosphatase inhibitor and 25 pg of cell extract was incubated with 500 ng of pure recombinant hexahistidine
(His)-tagged PKR immobilized on Ni*"-agarose beads. After washing the beads, PKR-associated Flag TRBP was
analyzed by SDS polyacrylamide gel electrophoresis followed by western blot analysis with anti-Flag antibody.
Western blot analysis was also performed with anti-His antibody to ensure equal His- PKR in each sample.

25 g of cell extract was also analyzed by western blot analysis with anti-Flag and anti-GAPDH antibodies to
ensure equal addition of cell lysate for each pull down (Input). Quantification of TRBP-PKR pull down: Band
intensities were quantified using ImageQuant TL Software, and the ratios of bound TRBP to bound PKR across
all samples were calculated and normalized to the band intensities of Flag-TRBP input for each sample. Bound
TRBP/his-PKR ratios for all samples were all expressed relative to the control sample (Lane 2). Averages from
three independent experiments are plotted as bar graphs + S.D. One-way ANOVA followed by post-hoc Tukey
test was performed, asterisk *p value 0.0000012 and double asterisk **p value 0.0066374. (D) Phosphomimic
TRBP mutant shows stronger homomeric interaction compared to the phosphodefective TRBP mutant in yeast
two-hybrid assay. AAAA TRBP or DDDD TRBP point mutants in pGADT7 and pGBKT7 were co-transformed
into AH109 yeast cells and selected on SD double dropout media (-tryptophan, -leucine). Ten microliters of
transformed yeast cells (ODgy, = 10, 1, 0.1, 0.01) were spotted on SD triple dropout media plate (tryptophan,
-leucine, -histidine) containing 10 mM 3-amino-1,2,4-triazole (3-AT). Plates were incubated for 5 days at 30°C.
Transformation of pPGADT7 and pGBKT?7 empty vectors served as a negative control. (E) Phosphomimic TRBP
mutant shows stronger homomeric interaction compared to the phosphodefective TRBP mutant in mammalian
cells. HeLa cells were transfected with either myc TRBP DDDD/pcDNA 3.1~ and Flag TRBP DDDD/pcDNA
3.1~ or Flag TRBP AAAA/pcDNA 3.1~ and myc TRBP AAAA/pcDNA 3.17. The cells were harvested 24 hours
after transfection, and Flag TRBP AAAA or DDDD was immunoprecipitated using anti-Flag monoclonal
antibody conjugated agarose beads. The co-immunoprecipitation of myc-TRBP was analyzed by western blot
analysis with an anti-myc antibody (IP: x Myc panel). Blot was subsequently stripped and re-probed with anti-
Flag antibody to ensure equal Flag-TRBP immunoprecipitation from each sample (IP: x Flag panel). Equal
AAAA TRBP and DDDD TRBP expression in all samples was tested by western blot analysis of equal amounts
of total cell lysate with anti-myc, and anti-Flag antibodies (Input: x Myc and x Flag panels).

PKR activation during cell stress and inhibits excessive apoptosis. The results presented here contribute to
our understanding of how PKR activity is regulated negatively at later time points after oxidative stress to
prevent excessive apoptosis.
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Figure 6. A schematic model of PKR-TRBP interaction in response to oxidative stress. As previously
established (refs'®?'??), in the absence of stress, TRBP heterodimerizes with PKR, PKR is catalytically inactive
and eIF2a is not phosphorylated. At early time points after ER stress, TRBP dissociates from PKR and PKR is
activated leading to its autophosphorylation and e[F2a phosphorylation. At late time points after stress, TRBP
is phosphorylated by ERK and JNK and interacts with PKR with higher affinity. The cells recover by forming
TRBP-PKR heterodimers and turning oft PKR and eIF2a phosphorylation. Phosphorylated TRBP largely
remains monomeric as TRBP-TRBP interactions are weakened by phosphorylation of TRBP.

Discussion

Activation of PKR during cellular stress is regulated by PACT and TRBP, PACT acting positively to activate PKR
and TRBP acting negatively to suppress excessive PKR activity?>?*?. Initially at early time points after stress,
PACT activates PKR to aid inhibition of protein synthesis via phosphorylation of e[F2a?>?>#¢. Qur results pre-
sented here, demonstrate that TRBP is phosphorylated by ERK 1/2 and JNK in response to oxidative stress at late
time points and the phosphorylated TRBP inhibits PKR’s kinase activity more efficiently to protect cells from
apoptosis. In addition, the enhanced PKR inhibition and protection from apoptosis by phospho-TRBP is brought
about by an increased interaction between phospho-TRBP and PKR as well as decreased phospho-TRBP homo-
meric interactions. The timely downregulation of PKR activity and eIF2« phosphorylation is achieved in part by
induction of GADD34, a regulatory subunit of protein phosphatase 1 (PP1)*#%. Our data indicates that TRBP
also plays an important role in the downregulation of PKR activity. Thus, PKR activity during cell stress is dictated
not only by stress-induced changes in interactions between PACT and PKR, but also by interactions between
PKR and TRBP. TRBP interacts with both PACT and PKR and although TRBP phosphorylation enhances its
affinity for PKR while reducing the TRBP-TRBP interactions, we observed no effect of TRBP phosphorylation
on TRBP-PACT interactions (data not shown). On the contrary, stress-induced PACT phosphorylation reduces
the PACT-TRBP interactions while increasing PACT-PACT interactions and PACT-PKR interactions, thereby
leading to PKR activation®*. Strikingly, although TRBP and PACT are very homologous, the stress-induced
phosphorylation affects the protein-protein interaction properties of PACT and TRBP quite differently.

Based on our data, we present a schematic model for TRBP-mediated downregulation of PKR activity at late
time points after cellular stress. As depicted in Fig. 6, PKR and unphophorylated TRBP interact under unstressed
conditions in the cell, preventing PKR activation, and eIF2a phosphorylation. Unphosphorylated TRBP also
forms homodimers efficiently. In response to oxidative stress, PKR is activated by phosphorylated PACT homod-
imers (not depicted) and eIF2« is phosphorylated to bring about a transient protein synthesis inhibition. TRBP
at this point remains unphosphorylated, and efficiently forms TRBP-TRBP homodimers. Late after the onset
of the stressful event, ERK1/2 and JNK phosphorylate TRBP, leading to significantly decreased TRBP-TRBP
interactions, and increased TRBP-PKR interactions. Phospho-TRBP interacts with PKR at significantly higher
affinity to bring about efficient PKR inactivation, and eIF2« is dephosphorylated. Phospho-TRBP does not form
homodimers efficiently and this could partly explain efficient PKR inhibition as it is established that PKR is acti-
vated mainly by trans-autophosphorylation and PKR-PKR interactions. Thus, monomeric phospho-TRBP could
potentially function to inhibit PKR by preventing PKR-PKR interactions.

The dsRBM motifs present in PKR, TRBP, and PACT possess the characteristic alpha-beta-beta-beta-alpha
fold that has two well-characterized functions to bind structured RNA molecules and to mediate protein-protein
interactions!**. This motif is widely distributed in eukaryotic proteins, as well as in proteins from bacteria and
viruses and the dsSRBM-containing proteins are involved in a variety of cellular processes ranging from RNA
editing, nucleocytoplasmic transport, RNA localization, protein phosphorylation in translational control, and
contain a variable number of dsRBM domains®. In addition, dsRBMs can also recognize non-RNA targets (pro-
teins and DNA), and act in combination with other dsRBMs and non-dsRBM motifs to play a regulatory role in
catalytic processes®. Our work presented here add one more layer of complexity to the versatility of the dSRBM as
it demonstrates that phosphorylation sites residing outside the dsSRBM influence the strength of protein-protein
interactions mediated via the dsRBMs. This also underscores the importance of optimal juxtaposition of the
multiple dsRBM motifs relative to each other in regulating protein interactions as the phosphorylation of specific
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serines outside the motif can possibly bring about significant changes in overall protein conformations. In other
members of the diverse family of dsSRBM-containing proteins, the role of phosphorylation and post-translational
modifications in regulating interactions with RNA or proteins remains to be investigated in future.

Our results on the effect of TRBP phosphorylation on PKR activity are in agreement with Kim et al. who
reported that phospho-TRBP efficiently inhibits PKR during M-G1 transition to regulate cell cycle®. In this
study, the phosphorylation of TRBP during M-G1 transition was shown to be mediated by JNK. Of the four sites
we studied, S142 and S152 were also identified by Kim et al. to be phosphorylated by JNK during M phase. ERK
mediated phosphorylation of TRBP on S142, S152, S283, and S286 was reported in response to mitogenic sign-
aling and was accompanied by a coordinated increase in the levels of growth-promoting miRNAs and a reduc-
tion in the levels of tumor suppressor let-7 miRNA*. TRBP phosphorylation was has been reported to occur in
response to metabolic stress and inhibition of TRBP phosphorylation during metabolic stress reduced inflam-
mation and improved systemic insulin resistance and glucose metabolism>***. However, the exact functions
of TRBP and PKR in high-fat diet-induced obesity and associated metabolic and inflammatory complications
remains unclear and controversial®>. TRBP plays an important pro-viral function in HIV infected cells by regulat-
ing PKR activity and promoting HIV replication®**’. Any effect of TRBP phosphorylation in HIV-infected cells
also remains unexplored at present. Our work on the impact of TRBP phosphorylation on the stress signaling
pathway and cellular survival thus presents an additional paradigm for exploring the existence and importance
of such TRBP-mediated regulatory mechanisms in virus infected cells as well as miRNA expression and function
in response to cellular stress.

Methods

Reagents, Cell Lines and Antibodies. HeLaM and HeLa Tet off cells were cultured in Dulbeccos Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum and penicillin/streptomycin. Transfections were
performed with Effectene Transfection Reagent (Qiagen) according to the manufacturer’s protocol.

Tetracycline inducible cell lines stably expressing Flag TRBP were generated by transfection of HeLa Tet off
cells with 500 ng of Flag TRBP/pTRE2pur expression plasmid. Selection of puromycin-resistant colonies was car-
ried out 24 hours after transfection by the addition of 700 ng/ml puromycin. Another cell line was also established
using the pTRE2 puro plasmid as a control. Doxycycline inducibility was quantified in Flag TRBP/pTRE2pur cell
clones after removal of doxycycline by western blot analysis.

Sodium arsenite, phosphatase inhibitor cocktail (Phosphatase Inhibitor Cocktail 2 — P5726), and the JNK
inhibitor (SP600125, Catalog number S5567) were purchased from Sigma Aldrich. MEK1/MEK?2 inhibitor
(PD0325901) was purchased from Calbiochem (444968).

Antibodies used are as follows: mouse monoclonal anti-FLAG M2 HRP (Sigma-Aldrich A8592), mouse
monoclonal anti-c-Myc HRP 9E10 (Santa Cruz Biotechnology SC-40), mouse monoclonal anti-polyhistidine
clone His-1 HRP (Sigma-Aldrich A7058), mouse monoclonal anti-PKR (R&D systems MAB1980), rabbit pol-
yclonal anti-phospho PKR Thr 451 (Cell Signaling Technology 3075), rabbit monoclonal anti-Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® (Cell Signaling Technology 4370), rabbit monoclonal
anti-p44/42 MAPK (Erk1/2) (137F5) (Cell Signaling Technology 4695), rabbit polyclonal anti-PARP (Cell
Signaling Technology 9542), mouse monoclonal anti-3-Actin HRP (Sigma-Aldrich A3854), mouse monoclo-
nal anti-GAPDH HRP (Sigma-Aldrich G9295), goat anti-mouse IgG HRP (Sigma-Aldrich A3682), and goat
anti-rabbit IgG HRP (BioRad 170-6515).

Plasmids. The Flag TRBP/BSIIKS*, wt TRBP/pGBKT7, myc wt TRBP/pcDNA 3.1-, Flag K296R PKR/
pcDNA 3.1, K296R PKR/pGAD424 and PKR /pYES2 expression plasmids were prepared as described previ-
ously**%*, Full length TRBP1 ORF with an N-terminal Flag tag from Flag TRBP/BSIIKS™ was inserted into the
NotI and EcoRV restriction sites of the tetracycline-responsive vector, pTRE2pur (Clontech) to generate Flag
TRBP/pTRE2pur. The phospho-defective (TRBP AAAA) and phospho-mimic (TRBP DDDD) point mutants
were generated at S121, S131, S262, and S265 by substituting each serine with alanine or aspartic acid using the
following primers:

TRBP sense:

5'-GCTCTAGACATATGGAAATGCTGGCCGCCAACC-3/

S$121D antisense:

5/-GTTCCATGGCGGGGTCCCTGGTTAGGACTACAGATGGAACTGGGG-3/

S121A antisense:

5-GTTCCATGGCGGGGGCCCTGGTTAGGACTACAGATGGAACTGGGG-3'

S131D sense:

5'-CGCCATGGAACTGCAGCCCCCTGTCGACCCTCAGC-3’

$262D S265D antisense:

5" CGGAGCTCACTGAGGACACGGCAGCAGGCAGGGCCCAGGGCACCCAGGTCGCCCA
GGTCGCAACTGC-3'

S131A sense:

5/-CGCCATGGAACTGCAGCCCCCTGTCGCCCCTCAGC-3’

S262A S265A antisense:
5"CGGAGCTCACTGAGGACACGGCAGCAGGCAGGGCCCAGGGCACCCAGGGCGCCCAGGGC
GCAACTGC-3'

The PCR products were sub-cloned into the pPGEMT-Easy vector (Promega) and each sequence was veri-
fied. Full length AAAA TRBP and DDDD TRBP point mutants were generated in the pGBKT?7 yeast expression
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vector (Clontech) by three-piece ligation of NdeI-Ncol restriction fragment from S121A or S121D/pGEMT-Easy,
Ncol-Sacl restriction fragment from S131D S262D S265D or S131A S262A S265A/pGEMT Easy and Ndel-Sacl
cut TRBP/pGBKT?7. Each point mutant was subsequently introduced into the pPGADT7 yeast expression vector
(Clontech) by insertion of the NdeI-BamHI restriction fragment from AAAA TRBP or DDDD TRBP/pGBKT?7
into the Ndel-BamHI restriction sites in pGADT?7.

Flag-tagged full length AAAA and DDDD TRBP point mutants in pcDNA 3.1 (Invitrogen) were generated
by first introducing the NdeI-BamHI restriction piece from AAAA TRBP/pGBKT7 or DDDD TRBP/pGBKT7
into NdeI-BamHI cut Flag/TRBP BSIIKS*, and then inserting the Xbal-BamHI restriction fragment from Flag/
AAAA TRBP BSIIKS™ or Flag/DDDD TRBP BSIIKS™ into the Xbal-BamHI sites in pcDNA 3.1". Myc-tagged
full length AAAA and DDDD TRBP point mutants were generated by introducing HincII-BamHI restriction
fragments from AAAA TRBP/pGBKT7 and DDDD TRBP/pGBKT?7 into the EcoRV-BamHI restriction sites in
pcDNA 3.1".

DNA Fragmentation analysis. 5 x 10° Flag TRBP/pTRE2pur and pTRE2pur HeLa tet off cells described
in “Reagents, Cell Lines and Antibodies” were treated with 10 uM sodium arsenite for the indicated time points.
Cells were collected and washed with ice cold 1 x PBS, and lysed in 100 ul of lysis buffer (10 mM Tris-HCl pH 7.5,
10mM EDTA, and 0.5% Triton-X 100) for 5 minutes on ice. Lysates were centrifuged at 13200 rpm for 5 minutes,
and were incubated with 100 pg Proteinase K at 37 °C for 2 hours. 5l of 6 M NaCl and 110 ul of isopropanol were
subsequently added to the lysates which were then incubated at —20 °C overnight. The precipitated DNA was then
collected by centrifugation at 14,000 rpm for 5 minutes. After the isopropanol was removed from each sample,
the DNA was dissolved in 20 pl TE Buffer (10 mM Tris-HCI pH 7.5, 10 mM EDTA). The DNA was incubated with
20 pg/ml RNase A at 37 °C for 1 hour before analysis on a 1.5% agarose gel.

Western blot analysis.  Cells were treated with sodium arsenite alone or in combination with 10pM MEK1/
MEK?2 inhibitor PD0325901 (Calbiochem) or 10 pM JNK inhibitor SP600125 and harvested at indicated time
points. Cells were washed twice with ice cold 1 x PBS. Harvested cells were lysed in western lysis buffer (2%
Triton X-100, 20 mM Tris-HCl pH 7.5, 100 mM KCl, 200 mM NaCl, 4 mM MgCl,, 40% Glycerol, and phosphatase
inhibitor cocktail 2 (Sigma) at 1:100 dilution) for 5minutes on ice. Lysates were centrifuged at 13,200 rpm for
2 minutes. Protein concentration in the supernatant was quantified using Bradford reagent. Western blot was
performed with the indicated antibodies and western blot images were analyzed using the Typhoon FLA 7000
and ImageQuant LAS 4000 (GE Health).

TRBP-PKR pull-down assay. Flag TRBP/pTRE2pur HeLa Tet off cells grown to 50% confluency in
100-mm dishes were treated with 25 M sodium arsenite for the indicated time points. Cell extracts were pre-
pared in 100 pl co-immunoprecipitation buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM dith-
iothreitol (DTT), 1% Triton-X 100, 2% Glycerol, and phosphatase inhibitor cocktail 2 (Sigma) at 1:100 dilution).
25 g of cell extract was bound to 500 g of recombinant, hexahistidine-tagged PKR (His-PKR) protein immobi-
lized on Ni*"-agarose resin (Novagen) in 100 ul co-immunoprecipitation buffer at 4 °C for 1 hour. The beads were
washed in 500 ul of co-immunoprecipitation buffer three times and bound Flag-TRBP was analyzed by western
blot analysis using anti-Flag antibody. Blot was then stripped and re-probed with anti-His antibody to ascertain
equal His-PKR pull down. 25 g aliquots of whole cell-lysate were analyzed by western blot analysis with anti-Flag
and anti-GAPDH antibodies to ensure that equal amounts of cell lysate were used for immunoprecipitation.

TRBP-PKR Co-immunoprecipitation assay. HelLa cells were transfected in 6-well culture dishes with (i)
250 ng Flag K296R PKR/pcDNA 3.1- (ii) 100 ng myc AAAA TRBP/pcDNA 3.1~ and 250 ng Flag K296R PKR/
pcDNA 3.1 (iii) 100 ng myc wt TRBP/pcDNA 3.1~ and 250 ng Flag K296R PKR/ pcDNA 3.1~ (iv) 100 ng myc
DDDD TRBP/pcDNA 3.1" and 250 ng Flag K296R PKR/pcDNA 3.1~ using the Effectene reagent (Qiagen).
24 hours after transfection, cell extracts were prepared in co-IP buffer (150 mM NaCl, 20 mM Tris-HCI pH 7.5,
1mM EDTA, 1% Triton X-100, 20% Glycerol). Myc AAAA TRBP, wt TRBP, and DDDD TRBP were immunopre-
cipitated with anti-c-myc agarose beads (Santa Cruz Biotechnology) in co- IP buffer overnight on a rotating wheel
at 4°C. The agarose beads were washed 5 times in co-IP buffer and the bound proteins were analyzed by western
blot analysis with the anti-c-myc (Santa Cruz Biotechnology) and anti-Flag (Sigma) antibodies.

TRBP-TRBP Co-immunoprecipitation assay. HelLa cells were co-transfected in 6-well culture dishes
with 250 ng each of (i) myc TRBP DDDD/pcDNA 3.1~ and Flag TRBP DDDD/pcDNA 3.17, (ii) myc TRBP
DDDD/pcDNA 3.1~ and pcDNA 3.1 (iii) myc TRBP AAAA/pcDNA 3.1~ and Flag TRBP AAAA/pcDNA
3.17, (iv) myc TRBP AAAA/pcDNA 3.1~ and pcDNA 3.1 using the Effectene reagent (Qiagen). 24 hours after
transfection, cell extracts were prepared in co-IP buffer (150 mM NaCl, 30 mM Tris-HCI pH 7.5, 1 mM MgCl,,
10% Glycerol, 0.4% Igepal). Flag TRBP AAAA and Flag TRBP DDDD were immunoprecipitated with anti-Flag
mab-agarose (Sigma) in co- IP buffer. The agarose beads were washed 5 times in co-IP buffer. The bound pro-
teins were then analyzed by western blot analysis with the anti-c-myc (Santa Cruz Biotechnology) and anti-Flag
(Sigma) antibodies.

Yeast growth inhibition assay. Wild-type and TRBP phospho-mimic and phospho-defective point
mutants were subcloned into the pYES3CT yeast expression plasmid (Invitrogen). Wild-type PKR was subcloned
into the pYES2 yeast expression vector (Invitrogen) as previously described for galactose inducible PKR expres-
sion. The constructs were introduced into InvSc1 yeast cells (Invitrogen) using the Clontech Yeast Transformation
Kit. Transformed yeast cells were grown to an ODgy, of 2 in YPD media (yeast extract, peptone, and dextrose).
500 pl of each culture was pelleted and resuspended in an appropriate amount of distilled water to yield an ODgg,
of 10. Serial dilutions were then made to yield ODy, values of 1, 0.1, and 0.01. 10 pl of each dilution was then
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spotted onto synthetic medium lacking uracil and tryptophan and containing either glucose or galactose as a
carbon source (Clontech).

Yeast Two-Hybrid Interaction Assay. To test TRBP-PKR interaction, full length K296R PKR was
expressed as a GAL4 DNA-activation domain fusion protein from the pGAD424 vector and wt TRBP and the
AAAA and DDDD TRBP point mutants were expressed as GAL4 DNA-binding domain fusion proteins from the
PGBKT7 vector. Full length AAAA and DDDD TRBP point mutants were expressed as GAL4 DNA-activation
domain fusion proteins from the pGADT?7 vector and GAL4 DNA-binding domain fusion proteins from the
pGBKT7 vector to test TRBP-TRBP interaction. The AAAA TRBP and DDDD TRBP pGBKT7/pGADT?7 con-
struct pairs and PKR/pGAD424 and AAAA (DDDD) TRBP/pGBKT?7 construct pairs were co-transformed into
AH109 yeast cells (Clontech) and the transformed yeast cells were plated on double dropout SD minimal medium
lacking tryptophan and leucine. In order to check for the transformants’ ability to grow on triple dropout media,
transformed yeast cells were grown to an ODy, of 2 in YPD media (yeast extract, peptone, and dextrose). 500l
of each culture was pelleted and resuspended in an appropriate amount of distilled water to yield an ODgy, of
10. Serial dilutions were then made to yield ODy, values of 1, 0.1, and 0.01. 10 pl of each dilution was then spot-
ted onto triple dropout SD minimal media lacking histidine, tryptophan, and leucine in the presence of 10 mM
3-amino-1,2,4-triazole (3-AT). Plates were incubated at 30 °C for 3 days for the PKR-TRBP interaction assay and
5 days for the TRBP-TRBP interaction assay.

Apoptosis Assay. HelLa cells were grown to 50% confluency in six-well plates and co-transfected with 200 ng
of Flag wt TRBP, TRBP AAAA or TRBP DDDD/pcDNA 3.1~ and 200 ng of pEGFPC1 (Clontech) using Effectene
(Qiagen). Cells were also co-transfected with 200 ng BSIIKS™ (Agilent) and 200 ng pEGFPC1 as a control. The
cells were observed for GFP fluorescence 24 hours after transfection using an inverted fluorescence microscope
(EVOS® FL Imaging System). Cells were treated with 25 1M sodium arsenite, and cellular morphology was mon-
itored at 1 hour intervals. 12 hours after treatment, the cells were rinsed with ice-cold phosphate buffered saline
(PBS) and fixed in 2% paraformaldehyde for 10 minutes. Cells were washed twice in ice-cold PBS and permea-
bilized with 0.1% Triton-X for 10 minutes, after which the cells were washed twice in ice-cold PBS. Cells were
stained with the DAPI nuclear stain (4,6-diamidino-2-phenylindole) at 0.5 jig/ml in PBS for 10 minutes at room
temperature in the dark. The cells were rinsed once with PBS and viewed under the fluorescent microscope. At
least 300 GFP-positive cells were counted as apoptotic or live based on their morphology. Cells showing normal
flat morphology were scored as live, while cells showing cell shrinkage, membrane blebbing, rounded morphol-
ogy and nuclear condensation with intense fluorescence as apoptotic. The percentage of cells undergoing apop-
tosis (Percent apoptosis) was calculated using the formula: (EGFP- expressing cells with intense DAPI nuclear
staining/Total EGFP-expressing cells) x 100.

PKR-inhibition and apoptosis assay. HeLa cells were grown on coverslips and transfected with 500 ng of
wt PKR pEGFPCI and 20 ng pcDNA 3.17, Flag TRBP AAAA/pcDNA 3.17, or Flag TRBP DDDD/pcDNA 3.1~
using Effectene (Qiagen). 24 hours after transfection, the cells were rinsed with ice-cold phosphate buffered saline
(PBS) and fixed in 2% paraformaldehyde for 10 minutes. Cells were washed twice in ice-cold PBS and permeabi-
lized with 0.1% Triton-X for 10 minutes, after which the cells were washed twice in ice-cold PBS. The cover slips
were mounted in Vectashield mounting medium containing DAPI (Vector Laboratories). Cells were then viewed
under the fluorescence microscope (EVOS® FL Imaging System). At least 500 EGFP-positive cells were scored as
live or apoptotic as described in ‘Apoptosis Assay’

Estimation of Mitochondrial Membrane Potential. HeLa cells were grown to 50% confluency in
six-well plates and transfected with 500 ng of wt PKR pEGFPC1 and 20 ng pcDNA 3.1-, Flag TRBP AAAA/
pcDNA 3.1, or Flag TRBP DDDD/pcDNA 3.1-. MitoPT® TMRM assay was performed using the manufacturer’s
instructions (ImmunoChemistry Technologies MitoPT® TMRM Assay Kit). Green fluorescence (EGFP-PKR)
and changes in red fluorescence (changes in mitochondrial polarization) were observed under an inverted flu-
orescence microscope (EVOS® FL Imaging System). At least 500 PKR expressing cells (GFP positive cells) were
scored as live or dead based on decreased or absent red fluorescence. The percentage of cells undergoing apoptosis
(Percent apoptosis) was calculated using the formula: (EGFP- expressing cells with decreased or absent red fluo-
rescence/Total EGFP-expressing cells) x 100.

Statistical analysis. Statistical significance of western blot quantifications and percent apoptosis were deter-
mined by two-tailed Student’s T-test assuming equal variance or one-way ANOVA followed by post-Hoc Tukey
test respectively. Figure legends indicate the statistical test used, and p values are denoted by brackets and special
characters. Alpha level was p=0.05.

Data availability statement. All data generated during this study are included in this published article
(and its Supplementary Information files).

References

1. Garcia, M. A. et al. Impact of protein kinase PKR in cell biology: from antiviral to antiproliferative action. Microbiol Mol Biol Rev70,
1032-1060 (2006).

2. Meurs, E. et al. Molecular cloning and characterization of the human double-stranded RNA-activated protein kinase induced by
interferon. Cell62, 379-390 (1990).

3. Williams, B. R. PKR; a sentinel kinase for cellular stress. Oncogenel8, 6112-6120 (1999).

4. Sadler, A. J. & Williams, B. R. Structure and function of the protein kinase R. Curr Top Microbiol Immunol316, 253-292 (2007).

5. Katze, M. G. Regulation of the interferon-induced PKR: can viruses cope? Trends Microbiol3, 75-78 (1995).

SCIENTIFICREPORTS | (2018) 8:1020 | DOI:10.1038/s41598-018-19360-8 12



www.nature.com/scientificreports/

10.

11.
12.

13.
14.
15.
16.
17.

18.
. Chang, K. Y. & Ramos, A. The double-stranded RNA-binding motif, a versatile macromolecular docking platform. Febs J272,

20.
21.
22.

23.
. Daher, A. et al. TRBP control of PACT-induced phosphorylation of protein kinase R is reversed by stress. Molecular and Cellular

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
. McCubrey, J. A., Lahair, M. M. & Franklin, R. A. Reactive oxygen species-induced activation of the MAP kinase signaling pathways.

39.

40.

41.

42.
43.
44,
45.

46.

. Samuel, C. E. The eIF-2 alpha protein Kinases, regulators of translation in eukaryotes from yeasts to humans. J Biol Chem268,

7603-7606 (1993).

. Holcik, M. & Sonenberg, N. Translational control in stress and apoptosis. Nat Rev Mol Cell Biol6, 318-327 (2005).
. Pakos-Zebrucka, K. et al. The integrated stress response. EMBO Rep17, 1374-1395, https://doi.org/10.15252/embr.201642195

(2016).

. Gil, J., Alcami, J. & Esteban, M. Induction of apoptosis by double-stranded-RNA-dependent protein kinase (PKR) involves the alpha

subunit of eukaryotic translation initiation factor 2 and NF-kappaB. Mol Cell Biol19, 4653-4663 (1999).

Marchal, J. A. et al. The impact of PKR activation: from neurodegeneration to cancer. Faseb j28, 1965-1974, https://doi.org/10.1096/
£.13-248294 (2014).

Garcia, M. A., Meurs, E. E & Esteban, M. The dsRNA protein kinase PKR: Virus and cell control. Biochimie89,799-811 (2007).
Feng, G. S., Chong, K., Kumar, A. & Williams, B. R. Identification of double-stranded RNA-binding domains in the interferon-
induced double-stranded RNA-activated p68 Kinase. Proc Natl Acad Sci USA89, 5447-5451 (1992).

Green, S. R. & Mathews, M. B. Two RNA-binding motifs in the double-stranded RNA-activated protein kinase, DAI. Genes Dev6,
2478-2490 (1992).

Katze, M. G. et al. Functional expression and RNA binding analysis of the interferon-induced, double-stranded RNA-activated,
68,000-Mr protein kinase in a cell-free system. Mol Cell Biol11, 5497-5505 (1991).

Patel, R. C. & Sen, G. C. Identification of the double-stranded RNA-binding domain of the human interferon-inducible protein
kinase. ] Biol Chem?267,7671-7676 (1992).

Nanduri, S., Carpick, B. W,, Yang, Y., Williams, B. R. & Qin, J. Structure of the double-stranded RNA-binding domain of the protein
kinase PKR reveals the molecular basis of its dSSRNA-mediated activation. Embo J17, 5458-5465 (1998).

Nanduri, S., Rahman, E, Williams, B. R. & Qin, J. A dynamically tuned double-stranded RNA binding mechanism for the activation
of antiviral kinase PKR. Embo J19, 5567-5574 (2000).

Cole, J. L. Activation of PKR: an open and shut case? Trends Biochem Sci32, 57-62 (2007).

2109-2117 (2005).

Patel, R. C., Stanton, P., McMillan, N. M., Williams, B. R. & Sen, G. C. The interferon-inducible double-stranded RNA-activated
protein Kinase self-associates in vitro and in vivo. Proc Natl Acad Sci USA92, 8283-8287 (1995).

Benkirane, M. et al. Oncogenic potential of TAR RNA binding protein TRBP and its regulatory interaction with RNA-dependent
protein kinase PKR. Embo J16, 611-624 (1997).

Patel, C. V., Handy, L., Goldsmith, T. & Patel, R. C. PACT, a stress-modulated cellular activator of interferon-induced double-
stranded RNA-activated protein kinase, PKR. ] Biol Chem275, 37993-37998 (2000).

Patel, R. C. & Sen, G. C. PACT, a protein activator of the interferon-induced protein kinase, PKR. Embo J17, 4379-4390 (1998).

Biology29, 254265, https://doi.org/10.1128/ MCB.01030-08 (2009).

Singh, M., Castillo, D., Patel, C. V. & Patel, R. C. Stress-induced phosphorylation of PACT reduces its interaction with TRBP and
leads to PKR activation. Biochemistry50, 45504560, https://doi.org/10.1021/bi200104h (2011).

Laraki, G. et al. Interactions between the double-stranded RNA-binding proteins TRBP and PACT define the Medipal domain that
mediates protein-protein interactions. RNA Biol5, 92-103, 6069 [pii] (2008).

Singh, M. & Patel, R. C. Increased interaction between PACT molecules in response to stress signals is required for PKR activation.
J Cell Biochem113, 2754-2764, https://doi.org/10.1002/jcb.24152 (2012).

Vaughn, L. S. et al. Altered Activation of Protein Kinase PKR and Enhanced Apoptosis in Dystonia Cells Carrying a Mutation in
PKR Activator Protein PACT. ] Biol Chem290, 22543-22557, https://doi.org/10.1074/jbc.M115.669408 (2015).

Daniels, S. M. & Gatignol, A. The multiple functions of TRBP, at the hub of cell responses to viruses, stress, and cancer. Microbiol Mol
Biol Rev76, 652-666, https://doi.org/10.1128/mmbr.00012-12 (2012).

Daniels, S. M. et al. Characterization of the TRBP domain required for dicer interaction and function in RNA interference. BMC Mol
Biol10, 38, https://doi.org/10.1186/1471-2199-10-38 (2009).

Park, H. et al. TAR RNA-binding protein is an inhibitor of the interferon-induced protein kinase PKR. Proc Natl Acad Sci USA91,
4713-4717 (1994).

Dabher, A. et al. Two dimerization domains in the trans-activation response RNA-binding protein (TRBP) individually reverse the
protein kinase R inhibition of HIV-1 long terminal repeat expression. ] Biol Chem276, 33899-33905 (2001).

Kim, Y. et al. Deletion of human tarbp2 reveals cellular microRNA targets and cell-cycle function of TRBP. Cell Rep9, 1061-1074,
https://doi.org/10.1016/j.celrep.2014.09.039 (2014).

Paroo, Z., Ye, X., Chen, S. & Liu, Q. Phosphorylation of the human microRNA-generating complex mediates MAPK/Erk signaling.
Cell139, 112-122, https://doi.org/10.1016/j.cell.2009.06.044 (2009).

Nagata, S., Nagase, H., Kawane, K., Mukae, N. & Fukuyama, H. Degradation of chromosomal DNA during apoptosis. Cell Death
Differ10, 108-116, https://doi.org/10.1038/sj.cdd.4401161 (2003).

Tewari, M. et al. Yama/CPP32 beta, a mammalian homolog of CED-3, is a CrmA-inhibitable protease that cleaves the death substrate
poly(ADP-ribose) polymerase. Cell81, 801-809 (1995).

Peti, W. & Page, R. Molecular basis of MAP kinase regulation. Protein Sci22, 1698-1710, https://doi.org/10.1002/pro.2374 (2013).

Antioxid Redox Signal8, 1775-1789, https://doi.org/10.1089/ars.2006.8.1775 (2006).

Balachandran, S. et al. Activation of the dsSRNA-dependent protein kinase, PKR, induces apoptosis through FADD-mediated death
signaling. Embo J17, 6888-6902 (1998).

Srivastava, S. P., Kumar, K. U. & Kaufman, R. J. Phosphorylation of eukaryotic translation initiation factor 2 mediates apoptosis in
response to activation of the double-stranded RNA- dependent protein kinase [In Process Citation]. J Biol Chem273, 2416-2423
(1998).

Takizawa, T., Tatematsu, C. & Nakanishi, Y. Double-stranded RNA-activated protein kinase (PKR) fused to green fluorescent protein
induces apoptosis of human embryonic kidney cells: possible role in the Fas signaling pathway. ] Biochem (Tokyo)125, 391-398
(1999).

Smyth, P. G. & Berman, S. A. Markers of apoptosis: methods for elucidating the mechanism of apoptotic cell death from the nervous
system. Biotechniques 32, 648-650, 652, 654 passim (2002).

Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol35, 495-516, https://doi.org/10.1080/01926230701320337
(2007).

Chong, K. L. et al. Human p68 kinase exhibits growth suppression in yeast and homology to the translational regulator GCN2. Embo
J11, 1553-1562 (1992).

Cosentino, G. P. ef al. Double-stranded-RNA-dependent protein kinase and TAR RNA-binding protein form homo- and
heterodimers in vivo. Proc Natl Acad Sci USA92, 9445-9449 (1995).

Singh, M., Fowlkes, V., Handy, I, Patel, C. V. & Patel, R. C. Essential role of PACT-mediated PKR activation in tunicamycin-induced
apoptosis. Journal of Molecular Biology385, 457-468, https://doi.org/10.1016/j.jmb.2008.10.068 (2009).

SCIENTIFICREPORTS | (2018) 8:1020 | DOI:10.1038/s41598-018-19360-8 13


http://dx.doi.org/10.15252/embr.201642195
http://dx.doi.org/10.1096/fj.13-248294
http://dx.doi.org/10.1096/fj.13-248294
http://dx.doi.org/10.1128/MCB.01030-08
http://dx.doi.org/10.1021/bi200104h
http://dx.doi.org/10.1002/jcb.24152
http://dx.doi.org/10.1074/jbc.M115.669408
http://dx.doi.org/10.1128/mmbr.00012-12
http://dx.doi.org/10.1186/1471-2199-10-38
http://dx.doi.org/10.1016/j.celrep.2014.09.039
http://dx.doi.org/10.1016/j.cell.2009.06.044
http://dx.doi.org/10.1038/sj.cdd.4401161
http://dx.doi.org/10.1002/pro.2374
http://dx.doi.org/10.1089/ars.2006.8.1775
http://dx.doi.org/10.1080/01926230701320337
http://dx.doi.org/10.1016/j.jmb.2008.10.068

www.nature.com/scientificreports/

47. Kazemi, S. et al. Control of alpha Subunit of Eukaryotic Translation Initiation Factor 2 (eIF2alpha) Phosphorylation by the Human
Papillomavirus Type 18 E6 Oncoprotein: Implications for e[F2alpha-Dependent Gene Expression and Cell Death. Mol Cell Biol24,
3415-3429 (2004).

48. Rojas, M., Vasconcelos, G. & Dever, T. E. An elF2alpha-binding motif in protein phosphatase 1 subunit GADD34 and its viral
orthologs is required to promote dephosphorylation of eIF2alpha. Proc Natl Acad Sci USA112, E3466-3475, https://doi.org/10.1073/
pnas.1501557112 (2015).

49. Fierro-Monti, I. & Mathews, M. B. Proteins binding to duplexed RNA: one motif, multiple functions. Trends Biochem Sci25, 241-246
(2000).

50. Saunders, L. R. & Barber, G. N. The dsRNA binding protein family: critical roles, diverse cellular functions. Faseb J17, 961-983
(2003).

51. Barber, G. N. The NFAR's (nuclear factors associated with dsRNA): evolutionarily conserved members of the dsSRNA binding protein
family. RNA Biol6, 35-39, 7565 [pii] (2009).

52. Kim, Y. et al. PKR is activated by cellular dsSRNAs during mitosis and acts as a mitotic regulator. Genes Dev28, 1310-1322, https://
doi.org/10.1101/gad.242644.114 (2014).

53. Nakamura, T. et al. A critical role for PKR complexes with TRBP in Immunometabolic regulation and eIF2alpha phosphorylation
in obesity. Cell Rep11, 295-307, https://doi.org/10.1016/j.celrep.2015.03.021 (2015).

54. Nakamura, T., Arduini, A., Baccaro, B., Furuhashi, M. & Hotamisligil, G. S. Small-molecule inhibitors of PKR improve glucose
homeostasis in obese diabetic mice. Diabetes63, 526-534, https://doi.org/10.2337/db13-1019 (2014).

55. Lancaster, G. I. et al. PKR is not obligatory for high-fat diet-induced obesity and its associated metabolic and inflammatory
complications. Nat Commun7, 10626, https://doi.org/10.1038/ncomms10626 (2016).

56. Burugu, S., Daher, A., Meurs, E. E & Gatignol, A. HIV-1 translation and its regulation by cellular factors PKR and PACT. Virus
Res193, 65-77, https://doi.org/10.1016/j.virusres.2014.07.014 (2014).

57. Clerzius, G., Gelinas, J. F. & Gatignol, A. Multiple levels of PKR inhibition during HIV-1 replication. Rev Med Virol21,42-53, https://
doi.org/10.1002/rmv.674 (2011).

58. Fasciano, S., Hutchins, B., Handy, I. & Patel, R. C. Identification of the heparin-binding domains of the interferon-induced protein
kinase, PKR. Febs J272, 1425-1439 (2005).

59. Patel, R. C. & Sen, G. C. Requirement of PKR dimerization mediated by specific hydrophobic residues for its activation by double-
stranded RNA and its antigrowth effects in yeast. Mol Cell Biol18,7009-7019 (1998).

Acknowledgements
This work was supported in part by a pilot grant to RCP from the Center for Targeted Therapeutics at University
of South Carolina supported by NIH COBRE grant IP20GM109091.

Author Contributions
E.C. planned and performed all experiments, interpreted the results, and prepared the figures; R.C.P. supervised
the work, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19360-8.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1020 | DOI:10.1038/s41598-018-19360-8 14


http://dx.doi.org/10.1073/pnas.1501557112
http://dx.doi.org/10.1073/pnas.1501557112
http://dx.doi.org/10.1101/gad.242644.114
http://dx.doi.org/10.1101/gad.242644.114
http://dx.doi.org/10.1016/j.celrep.2015.03.021
http://dx.doi.org/10.2337/db13-1019
http://dx.doi.org/10.1038/ncomms10626
http://dx.doi.org/10.1016/j.virusres.2014.07.014
http://dx.doi.org/10.1002/rmv.674
http://dx.doi.org/10.1002/rmv.674
http://dx.doi.org/10.1038/s41598-018-19360-8
http://creativecommons.org/licenses/by/4.0/

	Stress-induced TRBP phosphorylation enhances its interaction with PKR to regulate cellular survival

	Results

	TRBP overexpression inhibits oxidative stress-induced apoptosis. 
	Both ERK and JNK phosphorylate TRBP in response to oxidative stress. 
	Effect of TRBP phosphorylation on cellular response to stress. 
	TRBP phosphorylation inhibits PKR’s kinase activity more efficiently. 
	Stress induced TRBP phosphorylation enhances TRBP-PKR interactions, while weakening TRBP-TRBP interactions. 

	Discussion

	Methods

	Reagents, Cell Lines and Antibodies. 
	Plasmids. 
	DNA Fragmentation analysis. 
	Western blot analysis. 
	TRBP-PKR pull-down assay. 
	TRBP-PKR Co-immunoprecipitation assay. 
	TRBP-TRBP Co-immunoprecipitation assay. 
	Yeast growth inhibition assay. 
	Yeast Two-Hybrid Interaction Assay. 
	Apoptosis Assay. 
	PKR-inhibition and apoptosis assay. 
	Estimation of Mitochondrial Membrane Potential. 
	Statistical analysis. 
	Data availability statement. 

	Acknowledgements

	Figure 1 TRBP overexpression protects cells from arsenite-induced apoptosis.
	Figure 2 TRBP is phosphorylated by ERK and JNK in response to arsenite-induced oxidative stress.
	Figure 3 TRBP phosphorylation inhibits PKR-mediated apoptosis during cell stress.
	Figure 4 The phosphorylated TRBP isoform efficiently reverses PKR’s growth inhibition phenotype in yeast.
	Figure 5 TRBP phosphorylation strengthens PKR-TRBP interaction and weakens TRBP-TRBP interaction.
	Figure 6 A schematic model of PKR-TRBP interaction in response to oxidative stress.




