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SUMMARY

TRBP functions as both a Dicer cofactor and a PKR
inhibitor. However, the role of TRBP in microRNA
(miRNA) biogenesis is controversial and its regula-
tion of PKR in mitosis remains unexplored. Here,
we generate TRBP knockout cells and find altered
Dicer-processing sites in a subset of miRNAs but
no effect on Dicer stability, miRNA abundance, or
Argonaute loading. By generating PACT, another
Dicer interactor, and TRBP/PACT double knockout
(KO) cells, we further show that TRBP and PACT do
not functionally compensate for one another and
that only TRBP contributes to Dicer processing. We
also report that TRBP is hyperphosphorylated by
JNK in M phase when PKR is activated by cellular
double-stranded RNAs (dsRNAs). Hyperphosphory-
lation potentiates the inhibitory activity of TRBP on
PKR, suppressing PKR in M-G1 transition. By gener-
ating human TRBP KO cells, our study clarifies the
role of TRBP and unveils negative feedback regula-
tion of PKR through TRBP phosphorylation.

INTRODUCTION

Transactivation response element RNA-binding protein (TRBP)

was originally identified as a protein that binds to the RNA of hu-

man immunodeficiency virus type 1 and enhances its translation

and replication (Dorin et al., 2003; Gatignol et al., 1991, 1996).

TRBP is a double-stranded RNA (dsRNA)-binding protein with

three dsRNA-binding domains (dsRBDs), two of which are highly

conserved. TRBP recognizes secondary structure on RNAs with

its two N-terminal dsRBDs (dsRBD1 and dsRBD2; Daviet et al.,

2000). The third C-terminal dsRBD (dsRBD3) does not bind to

RNAs but mediates protein-protein interaction to Merlin, Dicer,

and protein activator of the interferon-induced protein kinase

(PACT) in an RNA-independent manner (Haase et al., 2005; Lar-

aki et al., 2008; Lee et al., 2004, 2006).

TRBP is a multifaceted protein with two well-characterized

functions (Daniels and Gatignol, 2012; Gatignol et al., 2005). It
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is an integral component of Dicer-containing complexes and as-

sists Dicer in generating small RNA-induced silencing complex

(RISC) (Chendrimada et al., 2005; Haase et al., 2005; MacRae

et al., 2008). Dicer is a key component in the biogenesis of

�22 nt long small noncoding RNAs called microRNAs (miRNAs)

that negatively regulate complementary target mRNAs (Ha and

Kim, 2014). The canonical miRNA biogenesis pathway consists

of two sequential processing reactions of a primary transcript

by RNase III enzymes (Lee et al., 2002). Drosha, together with

DGCR8, cleaves the primary transcript into �65 nt long precur-

sor with a stem loop structure (Denli et al., 2004; Gregory

et al., 2004; Han et al., 2004; Landthaler et al., 2004; Lee et al.,

2003). The resulting precursormiRNA (pre-miRNA) is then recog-

nized by Dicer-TRBP complex, which produces �22 nt mature

miRNA duplex (Bernstein et al., 2001; Grishok et al., 2001; Hut-

vágner et al., 2001; Ketting et al., 2001; Knight and Bass,

2001). One strand of the duplex is then loaded onto Argonaute

(Ago) protein to induce RNA silencing (Hammond et al., 2001;

Mourelatos et al., 2002; Tabara et al., 1999).

Through the dsRBD3, TRBP interacts with the region between

DEXH and helicase domain of Dicer (Daniels et al., 2009; Lee

et al., 2006). It has been reported that this interaction stabilizes

Dicer and that knockdown of TRBP results in decreased expres-

sion of miRNAs (Chendrimada et al., 2005; Melo et al., 2009).

However, the role of TRBP in Dicer stabilization and pre-miRNA

processing is rather controversial, as other studies failed to

reproduce such effects (Haase et al., 2005; Lee et al., 2006).

Through in vitro reconstitution system, it has been demonstrated

that, without TRBP, the accuracy of Dicer cleavage is compro-

mised, leading to generation of truncated iso-miRs (Lee and

Doudna, 2012). The tuning of the miRNA length by Dicer cofac-

tors has been also demonstrated in mouse and fly systems

where depletion of TRBP or Loquacious (Loqs), a fly homolog

of TRBP, resulted in generation of shorter iso-miRs (Fukunaga

et al., 2012). However, analysis of human TRBP in cellular level

is currently lacking and TRBP-sensitive cellular miRNAs remain

to be identified.

In addition to Dicer processing, TRBP can regulate the loading

of Dicer cleavage products onto Ago during RISC assembly.

It was first demonstrated in Drosophila where R2D2, a cofactor

of Drosophila Dicer-2, senses the thermodynamic asymmetry

of a small interfering RNA (siRNA) duplex and loads the strand
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with less-stable 50 end to Ago2 (Ghildiyal et al., 2010; Liu et al.,

2003, 2006; Tomari et al., 2004, 2007). In human, however, it is

still debatable whether or not TRBP is required in RISC loading.

It has been demonstrated that Dicer and TRBP regulate RISC

formation (Noland and Doudna, 2013; Noland et al., 2011).

Consistent with this, cells derived from TRBP knockout (KO)

mice showed impaired small-hairpin-RNA-mediated silencing

activity, suggesting the importance of TRBP in Dicer cleavage

and RISC loading (Daniels et al., 2009). In contrast, a recent

study indicated that Dicer/TRBP is dispensable in the loading

of miRNA onto Ago (Betancur and Tomari, 2012).

Another well-characterized function of TRBP is its role as a

cellular inhibitor of dsRNA-dependent protein kinase (PKR)

(Park et al., 1994; Sanghvi and Steel, 2011). Upon binding to a

stretch of dsRNAs, PKR dimerizes and undergoes autophos-

phorylation (Patel et al., 1995). Once phosphorylated, PKR

suppresses bulk translation by inducing phosphorylation of the

a subunit of eIF2 (Meurs et al., 1992) and controls multiple

signaling pathways to induce interferon response (Takada

et al., 2007; Yang et al., 2010). TRBP forms heterodimer with

PKR via dsRBD1 and dsRBD2 in an RNA-independent manner

and uses the dsRBD3 to prevent PKR activation (Cosentino

et al., 1995; Daher et al., 2001; Gupta et al., 2003). Recently,

we have shown that PKR is strongly activated in cells undergoing

mitosis (Kim et al., 2014). Yet it is unknownwhether the activity of

TRBP is modulated in cell cycle and contributes to the mitotic

activation of PKR.

In this study, we address the outstanding questions on the

function of TRBP by generating transcription-activator-like

effector nuclease (TALEN)-based KO HeLa cells. Using these

cells, we examined the effect of TRBP depletion on (1) Dicer sta-

bilization, (2) miRNA abundance, (3) Dicer cleavage site selec-

tion, and (4) Ago loading. In addition, we also investigated the

cell-cycle function of TRBP via its regulation of PKR activation

during mitosis. By sequencing small RNAs from the KO cells,

we here show that TRBP depletion has no significant effect on

overall miRNA abundance but affects Dicer processing of a sub-

set of pre-miRNAs, resulting in the generation of iso-miRs with

shifted seed sequences. Similar analysis using PACT and

TRBP/PACT double KO cells further confirms that TRBP, but

not PACT, regulates the length of mature miRNAs. Moreover,

our analysis reveals that TRBP and PACT are dispensable for

Ago loading but TRBP can indirectly affect the strand selection

because of the shift of cleavage sites. Lastly, we report that

TRBP is hyperphosphorylated during mitosis, which augments

its inhibitory activity on PKR. Overall, our work provides a

comprehensive KO study on the function of human TRBP in

miRNA biogenesis and unveils negative feedback regulation of

mitotic PKR via hyperphosphorylation of TRBP.

RESULTS

Generation of TRBP KO HeLa Cells
To generate TRBP KO HeLa cells, we used TALEN proteins

designed to target human tarbp2 gene (Figure 1A). In human

cells, two adjacent promoters of the tarbp2 locus produce

TRBP1 and TRBP2 mRNA isoforms with TRBP1 mRNA lacking

the first exon (Figure 1A; Haase et al., 2005). We therefore
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designed the TALEN constructs to target a region between

dsRBD1 and dsRBD2, which is commonly expressed in both iso-

forms. Sanger DNA sequencing of genomic DNA extracted from

isolated single-cell clones confirmed the presence of frameshift

mutations at the target region (Figure S1A). We established cell

lines from two of such clones and designated them as TRBP

KO no. 1 and no. 2.

We carried out western blotting to confirm the depletion of

TRBP protein in these KO clones, which did not show any

detectable band around the size of full-length TRBP (Figure 1B).

To further confirm the depletion of TRBP, we performed western

blot analysis with the lysate from wild-type HeLa cells treated

with siRNA against TRBP for 24 hr. Whereas we could still detect

weak TRBP band in the knockdown sample, we could not

observe any band in the KO samples (Figure S1B). Note that,

in both knockdown and KO samples, we did not observe any sig-

nificant decrease in the level of Dicer, which contradicted the

previously reported stabilization effect of TRBP on Dicer (Figures

1B and S1B; Chendrimada et al., 2005). At the same time, our

data are consistent with other reports where knockdown of

TRBP was not accompanied by decrease in Dicer expression

(Haase et al., 2005; Lee et al., 2006). Lastly, we performed a

serial dilution of wild-type lysates and estimated the extent of

the KO. Whereas we could still detect faint TRBP bands when

we loaded 1 mg of protein lysate of wild-type cells, we could

not observe any band in 50 mg protein sample of KO cells, indi-

cating that, in our KO cells, TRBP expression is depleted more

than 98% of that of the wild-type cells (Figure S1C).

Steady-State Level of miRNAs Remains Unaffected in
TRBP KO Cells
Because TRBP is known to interact with Dicer and regulate

pre-miRNA processing, we set out to characterize the effect of

TRBPKOon theexpression level ofendogenousmiRNAs.Weper-

formed deep sequencing for three biological replicates on 18–

30 nt RNAs from wild-type and TRBP KO no. 1. Surprisingly, the

global distribution of miRNA reads was very similar between

wild-type and KO cells, suggesting the abundance of miRNAs

might not be affected by TRBP depletion (Figure 1C). Previous

studies have identified a subset of miRNAs such as let-7f, miR-

99a, andmiR-100, whose expression levels were particularly sen-

sitive to the modulation of TRBP (De Vito et al., 2012; Melo et al.,

2009). However, even this group of miRNAs did not show any sig-

nificant change in our high-throughput data (Table S1). Because

our analysis cannot rule out the possibility of the global downregu-

lation of miRNAs without affecting their relative distribution, we

performed northern blotting and quantitative RT-PCR (qRT-PCR)

on a number of miRNAs. In contrast to previous reports, TRBP

KO and wild-type cells showed similar miRNA levels (Figures 1D

and 1E). Overall, our results suggest that the global pre-miRNA

processing is still functional without TRBP and that the steady-

state level of miRNAs do not change in cells that lack TRBP.

One possible alternative interpretation of our data is the func-

tional redundancy of TRBP and PACT, another Dicer interactor.

PACT is a paralog of TRBP and also consists of three dsRBDs

with two N-terminal dsRBDs that are highly similar to those of

TRBP dsRBD1 and dsRBD2 (Patel and Sen, 1998). Similar to

TRBP, PACT binds near the helicase domain of Dicer via its third
ors
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Figure 1. Generation of TRBPKOHeLaCells

with TALEN

(A) Schematics of TRBP mRNA and protein

isoforms with scissors indicating the TALEN-tar-

geting region, which is around 2,839 nt down-

stream of the transcriptional start site (TSS) of

TRBP2 mRNA. Red triangles show the corre-

sponding deleted regions in mRNA and protein

isoforms.

(B) The depletion of TRBP protein was confirmed

by western blotting of KO clones. All lanes are from

a single blot, and the excised region is indicated

with a dashed line. WT, wild-type.

(C) Small RNA sequencing of TRBP KO and wild-

type cells reveal that the global distribution of

miRNAs remained unaffected by the depletion of

TRBP. An average of three libraries is plotted with

dashed lines, indicating the boundaries for 2-fold

change. miRNAs with greater than 100 reads per

million (rpm) in at least one of the libraries were

analyzed.

(D and E) Northern blot analysis (D) and qRT-PCR

(E) measurement of several miRNA expressions

in the indicated cells. The relative level of each

miRNA is normalized first to the intensity of U6

small nuclear RNA and again to the miRNA level

from wild-type cells. qRT-PCR data are pre-

sented as a mean of three biological replicates

with error bars indicating SEM. snRNA, small

nuclear RNA.
dsRBD and was proposed to function in pre-miRNA processing

based on transient knockdown experiment (Lee et al., 2006).

Thus, in TRBP KO cells, PACT may compensate for the loss of

TRBP in pre-miRNA processing.

To test this, we generated PACT KO cells using TALEN

constructs that target prkra gene, which encodes PACT (Fig-

ure 2A). In addition, we generated TRBP/PACT double KO

cells by transfecting TRBP KO no. 1 with the TALEN plasmids

targeting prkra loci. We checked the mutation in the targeted

region using Sanger DNA sequencing (Figure S1A) and

confirmed by western blotting that PACT and/or TRBP ex-

pression were successfully abolished in the selected clones

(Figure 2B).
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Next, we prepared small RNA

sequencing libraries with PACT and

the double KO cells in order to assess

the functional redundancy of TRBP and

PACT in Dicer processing. However,

similar to our results on TRBP KO

cells, the global distribution of miRNAs

did not change in PACT KO as well

as in the double KO cells (Figure 2C;

Table S1). Our subsequent northern

blotting and qRT-PCR analysis revealed

that the expression levels of selected

miRNAs were not affected substantially

in these KO cells (Figures 2D and 2E).

Overall, our data on various KO cells

clearly demonstrate that, at least in
HeLa cells, TRBP and PACT do not influence the steady-state

level of miRNAs.

TRBP Affects Dicer Cleavage Sites
In addition to affecting the rate, TRBP has been shown to be

required for accurate Dicer processing (Fukunaga et al., 2012;

Lee and Doudna, 2012). In mouse and fly systems, KO of

TRBP or Loqs resulted in the generation of shorter miRNA iso-

forms, indicating that the accuracy of Dicer cleavage was

compromised (Fukunaga et al., 2012). In human, similar shift in

Dicer cleavage sites was demonstrated through in vitro reconsti-

tution system using pre-miR-200a (Lee and Doudna, 2012). We

explored this miscleavage and generation of iso-miRs globally
ovember 6, 2014 ª2014 The Authors 1063
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Figure 2. Generation and Characterization of PACT and TRBP/PACT Double KO Cells

(A) A schematic of prkra gene with the TALEN target site indicated with scissors. Red triangles denote the location of deletion site in PACT mRNA and protein.

(B) The depletion of PACT and/or TRBP protein was confirmed via western blotting of the KO clones.

(C) Small RNA sequencing revealed that the global distribution of miRNAs remained unaffected by the depletion of PACT and/or TRBP. miRNAs sequencing

reads in PACT KO (left) and TRBP/PACT double KO (right) cells are plotted against those of wild-type cells with dashed lines, indicating the boundaries for

2-fold change.

(D and E) Northern blot analysis (D) and qRT-PCR (E) quantification of several miRNA expressions in the indicated cells. The relative level of each miRNA is

normalized to that of U6 small nuclear RNA and again to the miRNA level from the wild-type cells. qRT-PCR data are presented as a mean of three biological

replicates with error bars indicating SEM.
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by analyzing our small RNA sequencing data. As the 30 ends of

miRNAs are frequently modified after Dicer processing (Ameres

and Zamore, 2013), we used only the 50 ends of the 30-arm-

derived miRNAs (3p-miRNAs) to assess Dicer cleavage sites.

To quantify the degree of miscleavage, we first identified the

most abundant 3p isoform of a given miRNA in wild-type cells.

Then, we examined the change in the expression fraction of

this particular isoform (read number of the isoform divided by

the sum of all 3p isoforms) between wild-type and TRBP KO

cells. We found that, for 13 out of 92 3p-miRNAs examined,

this ratio is altered in TRBP KO cells (Figure 3A; Table S2).

Note that most of them showed decreased ratio, indicating

that the 50 heterogeneity of 3p-miRNAs is increased (Figure 3A).

Our subsequent analysis on PACT and the double KO cells re-

vealed that, whereas similar group of miRNAs showed altered

Dicer cleavage sites in the double KO cells, no significant differ-

ences were detected in PACT KO cells compared to those of

wild-type cells (Figure 3A). Thus, the changes in Dicer cleavage

sites we observed in TRBP and the double KO cells likely reflect

the effects of TRBP depletion.

As a control, we examined Drosha cleavage sites using the 50

ends of the 50-arm-derived miRNAs, which remained unaffected

in TRBP KO cells (Figure S2A). Similarly, we detected no signif-

icant differences in Drosha-processing sites in PACT and the

double KO cells (Figures S2B and S2C). Thus, the observed dif-

ferences in isoforms are derived from altered Dicer processing,

not Drosha processing.

To validate the observed shift in Dicer-processing sites, we

carried out northern blot analysis with total RNAs extracted

from wild-type and different KO cells. Among the candidate

miRNAs tested, miR-126-3p and miR-30a-3p showed an in-

crease in the signal intensity of the band, corresponding to the

1 nt truncated isoform in TRBP and the double KO cells (Figures

3B, 3C, and S3). As a control, we tested the expression patterns

of thesemiRNAs in PACT KO cells, which hardly showed any dif-

ferences compared to those of wild-type cells (Figures 3B and

S3). Considering that the seed sequences ofmiRNAs are located

at 2–7 nt relative to the 50 ends, our data suggest that, without

TRBP, Dicer generates iso-miRs with shifted seed sequences,

which would result in the miRNAs targeting a different set of

mRNAs (Figure 3C).

TRBP Indirectly Affects Guide Strand Selection
After Dicer cleavage, one strand of the resulting duplex is loaded

onto Ago to form RISC. It has been demonstrated using

Drosophila that the strand selection is determined by the relative

thermodynamic stabilities of the base pairs at the 50 ends of the

duplex (Khvorova et al., 2003; Schwarz et al., 2003). For most

miRNAs, the strand with the less-stable 50 end enters the RISC,

whereas the other strand undergoes degradation (Schwarz

et al., 2003). The observed change in Dicer cleavage sites in

TRBP KO cells could potentially reverse the relative thermody-

namic stabilities of theduplex,whichwould alter the strandselec-

tion and lead to the loading of the opposite strand onto Ago. Such

possibility was already demonstrated by ectopically expressing

two different miR-200a duplexes (Lee and Doudna, 2012).

To examine whether this ‘‘arm switching’’ also occurs for

endogenous miRNAs, we performed northern blotting on Ago2-
Cell R
immunoprecipitated (IP) RNA from wild-type and different KO

cells. First, we checked the IP efficiency by performing western

blotting on the immunoprecipitates (Figure S4A). We chose

miR-30a as a likely candidate of arm switching based on the ther-

modynamic stability analysis. Whereas the 5p strand is favored

for normal Dicer cleavage products, 3p becomesmore favorable

strand for truncated miR-30a duplex (Figure S4B). Consistent

with our prediction, in TRBP KO cells, Ago2-bound 21 nt miR-

30a-3p was accumulated without accompanied increase in the

23 nt 5p strand, which is the complementary strand (Figures 3D

and S4C). Similar accumulation of 21 nt 3p strand was observed

in our sequencing data, suggesting thatmore 3p strands become

protected by Ago in TRBP KO cells (Figure 3E). Note that this

accumulation was not observed in PACT KO cells both in north-

ernblotting and in sequencingdata,whereasweobserved similar

phenomenon in the double KO cells. Therefore, our data provide

in cell demonstration of the switch in strand selection by Ago in

the absence of TRBP due to Dicer miscleavage.

In all of the KO cells examined, ‘‘the thermodynamic stability’’

rule for the strand selection was still applicable as the strandwith

less-stable 50 end entered Ago. This suggests that RISC loading

is still functional in the KO cells and TRBP and PACT are dispens-

able for the guide strand selection. At the same time, our data

reveal that TRBP can affect the outcome of strand selection for

a number of miRNAs by generating iso-miRs with reversed rela-

tive thermodynamic stability.

Combined, our high-throughput analysis of the KO cells reveal

that, without TRBP, Dicer exhibits increased frequency of mis-

cleavage of pre-miRNAs that results in truncated iso-miRs with

shifted seed sequences and, in some cases, alteration of the

strand selection for Ago. At the same time, the steady-state level

of miRNAs remained unaffected and Ago loading is still func-

tional. Therefore, we conclude that TRBP is required for accurate

processing of a subset of pre-miRNAs by Dicer, but it does not

control the rate of Dicer processing and is dispensable for

RISC loading.

TRBP Is Hyperphosphorylated during Mitosis
In addition to its role as a Dicer cofactor, TRBP was also impli-

cated as an inhibitor of PKR (Park et al., 1994). Recently, we

have shown that PKR is regulated in cell cycle, where it is

strongly activated during mitosis by cellular dsRNAs (Kim

et al., 2014). PACT, an activator of PKR, did not play a role in

the observed activation of PKR (Kim et al., 2014), but the contri-

bution by TRBP remained to be explored. Thus, using TRBP KO

cells, we examined possible cell-cycle function of TRBP via its

regulation of PKR during mitosis.

We began by testing whether endogenous TRBP can regulate

PKR activation. We transfected wild-type and the KO cells with a

low dose of polyinosinic:polycytidylic acid (poly I:C), a long

dsRNA that can activate PKR (Offermann et al., 1995), and incu-

bated them for 1 hr to mildly induce PKR activation. As a control,

we used siLuc duplex that is too short to induce PKR activation.

Consistent with previous reports, we found that the degree of

PKR activation is greater in TRBP and the double KO cells

compared to that of the wild-type cells (Figure 4A; Park et al.,

1994; Sanghvi and Steel, 2011). The activity of phospho-PKR

(pPKR) assessed by the phosphorylation of eIF2a (peIF2a) was
eports 9, 1061–1074, November 6, 2014 ª2014 The Authors 1065
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Figure 3. TRBP Depletion Results in Dicer Miscleavage and Arm Switching

(A) The degree of Dicer miscleavage was assessed by identifying the most-abundant isoform of a given 3p miRNA in wild-type cells and comparing how the

expression fraction of this particular isoform changes between wild-type and TRBP (left), PACT (middle), or the double KO (right) cells. The red dots represent the

miRNAs, whose expression patterns were confirmed via northern blotting.

(B) Northern blotting of miR-126 and miR-30a confirm the generation of truncated iso-miRs in the absence of TRBP whereas they remain unaffected in PACT-

depleted cells.

(C) A diagram of pre-miR-126 (upper) and pre-miR-30a (lower) with blue and red dashed lines indicating Dicer cleavage sites in TRBP KO or wild-type cells,

respectively. miRNA seed sequences are shown in bold.

(D) Northern blotting of miR-30a on Ago2-IPed RNA show accumulation of 21 nt 3p strand in TRBP KO cells whereas loading of the 5p strand remained

unaffected.

(E) Analysis of our sequencing data also confirmed the Ago2-IP result, where we observed increased expression of truncated 3p-strand ofmiR-30a in the absence

of TRBP (TRBP and the double KO) whereas the reads of the corresponding 5p-strand remained unchanged.

1066 Cell Reports 9, 1061–1074, November 6, 2014 ª2014 The Authors
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Figure 4. TRBP KO Cells Show Retarded

Growth Rate with Prolonged G2/M Phase

(A) Transfection of poly I:C resulted in stronger

PKR activation (pPKR) and activity on eIF2a

phosphorylation (peIF2a) in TRBP-depleted cells

compared to wild-type or PACT KO cells. All lanes

are from a single blot, and the excised region is

indicated with a dashed line. Quantified band in-

tensity normalized by that of GAPDH is presented

below. An average of two biological replicates is

shown with SEM as error bars.

(B) FACS profile of wild-type and TRBP KO cells

(left), which show increased fraction of cells in G2/

M phase. An average of five replicates is shown

with error bar indicating SEM (right). *p < 0.01.

(C) Growth rate of TRBPKO cells wasmeasured by

seeding 100,000 cells and counting the cell num-

ber every 24 hr. Both clones show retarded cell

growth compared to that of wild-type cells. An

average of three replicates is shown with SEM as

error bars.

(D) At the same time, the viability was not

compromised in the KO cells. An average of three

replicates is shown with SEM as error bars.
also increased in TRBP and the double KO cells (Figure 4A).

Hence, our data clearly indicate that endogenous TRBP can pre-

vent PKR activation in response to the introduction of long

dsRNAs. Of note, depletion of PACT moderately increased the

level of pPKR and peIF2a (Figure 4A). One possibility is that

PKR activation by PACT requires stress conditions as shown

previously (Daher et al., 2009; Singh et al., 2011).

As PKR can regulate cell-cycle progression (Dagon et al.,

2001; Kim et al., 2014; Zamanian-Daryoush et al., 1999), we

asked whether the depletion of TRBP also affects cell-cycle dis-

tribution. Our fluorescence-activated cell sorting (FACS) analysis

revealed that TRBP KO cells show increased fraction of cells in

G2/M phase (Figure 4B). The magnitude of the effect was mild,

but we reproducibly observed similar extent of increase in the

fraction of G2/M phase in both KO clones. Increased G2/M

fraction is typically accompanied by decrease in G1 fraction,

suggesting faster growth. However, we found that the growth

rate of the KO clones was slower than that of wild-type cells (Fig-

ure 4C). The viability assessed by trypan blue staining was not

compromised (Figure 4D), indicating that the decreased growth

rate reflects increased duration of the cell cycle rather than

increased cell death. Combined with the FACS data, our results

indicate that TRBP KO cells show retarded cell growth due to

increased duration of G2/M phase. As overexpressing PKR in

Chinese hamster ovary cells resulted in G2/M phase arrest

(Dagon et al., 2001), the observed increase in G2/M population

is consistent with overactivation of PKR in TRBP KO cells.

To examine possible cell-cycle-dependent regulation of

TRBP, we performed western blotting on wild-type asynchro-
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nous (AS) cells or cells arrested in G1, S,

orM phase (see Experimental Procedures

for details). Interestingly, we observed

a mobility shift of TRBP by �5 kDa

in M-phase-arrested cells (Figure 5A). To
test if this slow migrating band reflected modified form of the

protein, we arrested TRBP KO no. 1 in S or M phase following

the same arrest scheme as we used for wild-type cells. We could

not detect any TRBP bands in the KO cells, suggesting that our

antibody is specifically detecting TRBP protein in both phases,

and the slowly migrating band is indeed a modified form of

TRBP (Figure S5). Thus, we conclude that TRBP is posttransla-

tionally modified in M phase, which results in the mobility shift

of the protein on a SDS-PAGE gel.

To rule out the possibility that the observed phenomenon was

an artifact of nocodazole treatment, wemonitored TRBP expres-

sion in cells released from the double thymidine block, which

synchronized cells at S phase. Using FACS, we confirmed that

the cells progress throughcell cycle in near synchrony (Figure 5B,

lower panel). The slow-moving TRBP band appeared �8 hr after

the release as cells began to enter M phase (Figure 5B). The

maximum level of the modified TRBP expression occurred 2 hr

later, when most of the cells exited the mitotic phase. Note

that the modified TRBP was detected again 22 hr after the

release, when the cells enteredMphase for the second time (Fig-

ure 5B). Thus, our data suggest that TRBP is reversibly modified

in M phase of proliferating cells.

Considering that a large number of proteins are phosphory-

lated in M phase (Olsen et al., 2010) and phosphorylation could

lead to retardation of protein mobility on a SDS-PAGE gel, we

examined whether TRBP was phosphorylated. We prepared to-

tal protein lysates of AS cells or cells arrested in S or M phase

and treated them with l phosphatase for 30 min at 30�C. The
modified TRBP band was nearly completely abolished, and the
ovember 6, 2014 ª2014 The Authors 1067
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Figure 5. TRBP Is Hyperphosphorylated

during Mitosis

(A) Western blot of TRBP, Dicer, Ago2, and PACT

in HeLa cells arrested at different cell-cycle pha-

ses. A slowly migrating band corresponding to

modified TRBP is observed in M-phase-arrested

sample.

(B) Dynamic pattern of TRBP modification in cell

cycle was examined by releasing cells synchro-

nized at S phase and collecting them every 2–4 hr.

(C) Treating the total cell lysate of M-phase-

arrested cells with l phosphatase resulted in the

increased mobility of TRBP on a SDS-PAGE gel.

Phospho-histone H3 (pH3), which specifically

appears during mitosis, was used as a positive

control of the phosphatase treatment.
unmodified band was restored by the phosphatase treatment

(Figure 5C). We denote our observation as ‘‘hyperphosphoryla-

tion’’ of TRBP to distinguish it from a previously reported phos-

phorylation by ERK (Paroo et al., 2009).

JNK Is an Upstream Kinase of TRBP
Hyperphosphorylation
Next, we sought out the upstream signal of TRBP hyperphos-

phorylation by using small chemical inhibitors of different

signaling pathways. We treated M-phase-arrested cells with

the following inhibitors: Ly294002 phosphatidylinositol 3-kinase

inhibitor; rapamycin mTOR inhibitor; GF109203X PKC in-

hibitor; PD98059 MEK inhibitor; SP600125 JNK inhibitor; and

SB203580 p38 mitogen-activated protein kinase inhibitor.

Notably, MEK inhibitor treatment had no effect, suggesting that

TRBP hyperphosphorylation is clearly different from previously

reported TRBP phosphorylation by ERK (Figure 6A; Paroo

et al., 2009). Instead, we observed clear dephosphorylation of

TRBP when we treated cells with SP600125 for 3 hr, indicating

that TRBP is phosphorylated by JNKor by its downstreamkinase

(Figure 6A).

To test whether JNK can directly phosphorylate TRBP, we

performed in vitro kinase assay using purified JNK and TRBP.

Because we and others have shown that JNK is activated during

mitosis (Kim et al., 2014; Ribas et al., 2012), we purified phos-

pho-JNK (pJNK) from M-phase-arrested cells and incubated it

with full-length recombinant TRBP (glutathione S-transferase

[GST]-TRBP) and radioisotope-labeled ATP. We observed

a distinct band of autoradiography signal at a size corresponding
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to GST-TRBP (Figure 6B). As a control, we

incubated purified pJNK with just GST,

which did not show any specific autora-

diography signal (Figure 6B). Thus, our

in vitro kinase assay clearly indicates

that TRBP is directly phosphorylated by

pJNK purified from mitotic cells, although

we cannot exclude a possibility that

other kinases may also participate in

TRBP phosphorylation in cells.

We further characterized TRBP hyper-

phosphorylation by identifying putative
phosphorylation sites. We used NetPhos 2.0 software (Blom

et al., 1999) and obtained a total of 12 serine and threonine res-

idues that are likely to be phosphorylated by pJNK. We then

generated three different phospho mutant constructs of TRBP

(Figure 6C): one with all 12 sites mutated to alanine (TRBP-mut

1); one with the N-terminal eight sites mutated (TRBP-mut 2);

and one with the C-terminal four sites mutated (TRBP-mut 3).

When we ectopically expressed these TRBP mutant constructs

in M-phase-arrested cells, the first two failed to be phosphory-

lated whereas the last one showed a pattern similar to that

of wild-type TRBP (Figure 6D). Note that ectopic expression of

wild-type and TRBP-mut 3 resulted in a significant fraction of

the protein remained as unmodified. This is likely due to very

high expression level of exogenous TRBP, which overwhelmed

the amount of its modifying enzyme. Hence, we conclude that

N-terminal region of TRBP is phosphorylated during mitosis.

TRBP Hyperphosphorylation Is a Widespread
Phenomenon Occurring during Mitosis
Considering that cell cycle is a general process, we hypothesized

that TRBP hyperphosphorylation occurs in other cells derived

from different tissues. Previously, we have shown that JNK is

phosphorylated in multiple cancer cells as well as in mouse em-

bryonic stem cells during mitosis (Figures 6E–6G; Kim et al.,

2014). We also observed hyperphosphorylation of TRBP in these

cells (Figures 6E–6G).Hence, hyperphosphorylation is a common

feature occurring acrossmultiple cancer cell lines (cervical: HeLa,

leukemia: K562, and breast: MDA-MB-231) as well as in non-

cancer, nonhuman cell line (mouse embryonic stem cells: R1).
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Figure 6. JNK Is an Upstream Kinase of TRBP Hyperphosphorylation

(A) Western blot of M-phase-arrested cells treated with different kinase inhibitors. TRBP is dephosphorylated when cells were treated with the JNK inhibitor

SP600125.

(B) Incubation of GST-TRBP with pJNK immunoprecipitated from M-phase-arrested cells resulted in the phosphorylation of TRBP, indicated by the strong

autoradiography signal at the region corresponding to GST-TRBP. Autoradiography is shown on the top with Coomassie staining on the bottom. Arrows indicate

the location of GST-TRBP.

(C) Schematics of the three TRBP phospho mutant constructs used in this study.

(D) Ectopic expression of TRBPmutant constructs in M-phase-arrested cells revealed that the putative phosphorylation sites are located in the N-terminal region

of the protein, as TRBP-mut 1 and -mut 2 were not phosphorylated. All lanes are from a single blot, and the excised region is indicated with a dashed line.

(E–G) Western blotting of cell-cycle-arrested K562 (E), MDA-MB-231 (F), or R1 (G) cells showed that the mitotic activation of JNK and hyperphosphorylation of

TRBP occur in multiple cell lines.
Hyperphosphorylation Enhances Inhibitory Activity of
TRBP on PKR
To understand the biological function of TRBP hyperphosphory-

lation, we first examined whether the subcellular localization was
Cell R
affected. However, our immunocytochemistry data showed that

TRBP remained dispersed throughout the cytosol in both S- and

M-phase-arrested cells (Figure 7A). We then performed coIP and

examined the interaction between TRBP with its known binding
eports 9, 1061–1074, November 6, 2014 ª2014 The Authors 1069
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Figure 7. Hyperphosphorylation Enhances the Inhibitory Activity of TRBP on PKR

(A) Immunocytochemistry of TRBP in S- or M-phase-arrested cells. TRBP is distributed throughout the cytosol in both phases.

(B) Immunoprecipitating Dicer or PACT in AS-, S-, or M-phase-arrested cells reveal that the amount of TRBP bound to Dicer or PACT stayed nearly constant in

cell cycle.

(C) At the same time, immunoprecipitating PKR resulted in more TRBP coIPed in M-phase-arrested sample. IgG, immunoglobulin G.

(D) Induction of PKR activation by transfecting poly I:C on cells expressing different TRBP constructs. Western blotting analysis reveal that the phospho-mimic

TRBP showed the strongest effect on suppressing PKR activation and its activity on phosphorylating eIF2a. Quantified western blot signal intensity for pPKR and

peIF2a normalized by that of GAPDH is presented below. An average of three biological replicates is shown with error bars representing SEM. *p < 0.05. WB,

western blot.

(E) Similarly, coexpression of PKR with different TRBP constructs also resulted in the phospho-mimic TRBP showing the strongest inhibitory activity on PKR

activation and activity. Quantified western blot signal intensity for pPKR and peIF2a normalized by that of GAPDH is presented below. An average of three

biological replicates is shown with error bars representing SEM. *p < 0.05.

(F) In vitro PKR phosphorylation assay confirms that pTRBP immunoprecipitated from M-phase-arrested cells is more effective in suppressing PKR

autophosphorylation compared to unphosphorylated TRBP from S-phase-arrested cells. GAPDH immunoprecipitate was used as a negative control. Location of

pPKR is indicated with an arrow. The relative autoradiography signal of pPKR for samples incubated with TRBP immunoprecipitates is presented below. An

average of four biological replicates is shown with error bars representing SEM. **p < 0.01.
partners, specifically Dicer, PACT, and PKR. When we pulled

down Dicer or PACT, we did not observe any significant

differences between cell cycle samples, suggesting that TRBP

hyperphosphorylation does not affect its interaction with Dicer

or PACT (Figure 7B). At the same time, when we pulled down

PKR, we observed a significant increase in the amount of

TRBP coIPed in M-phase-arrested cells compared to those in
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S-phase-arrested cells (Figure 7C). The coIP results indicate

that the interaction between TRBP and PKR is enhanced when

TRBP is hyperphosphorylated.

The dominant action mechanism of TRBP-mediated inhibition

of PKR is via direct binding (Cosentino et al., 1995; Gupta et al.,

2003). Thus, we asked whether the increased interaction

between TRBP and PKR can strengthen the activity of TRBP
ors



on inhibiting PKR. First, we generated a phospho-mimic form of

TRBP (TRBP-mimic) by replacing eight putative phosphorylation

sites of TRBP to aspartic acid. We then expressed phospho

mutant 2 or phospho-mimic form of TRBP on TRBP KO cells

and performed PKR IP experiment. We found that phospho-

mimic TRBP interacted more strongly to PKR than the phospho

mutant (Figure S6A). This is consistent with our earlier IP exper-

iment using cell cycle samples, where hyperphosphorylated

TRBP showed increased interaction with PKR (Figure 7C). To

further confirm our data, we performed a converse IP experiment

where we pulled down TRBP using flag beads and examined the

amount of coIPed PKR. We again observed that phospho-mimic

TRBP interacted more strongly to PKR than the phospho mutant

(Figure S6B). Of note, the increased interaction between PKR

and phospho-mimic TRBP occurred only when we transfected

cells with poly I:C to induce PKR activation. This suggests that

pTRBP may interact more strongly to pPKR than to PKR.

To test the effect of increased interaction between TRBP and

PKR, we examined the ability of different TRBP mutants in inhib-

iting PKR. We first expressed wild-type, phospho mutant 2, or

phospho-mimic TRBP on TRBP KO no. 1. Approximately 45 hr

later, we transfected these cells with poly I:C and incubated

them for additional 3 hr to induce PKR activation. We observed

reduced PKR activation in cells with ectopic TRBP expression

compared to Mock control cells that were transfected with a

null vector (Figure 7D). This result again confirms that TRBP is

indeed an inhibitor of PKR. More importantly, this inhibitory ef-

fect of TRBP on PKR is augmented when the phospho-mimic

form was expressed (Figure 7D). This effect is also apparent

when we examined the pattern of peIF2a, which can be used

as readout of pPKR activity (Figure 7D). The amount of TRBP ex-

pressed is similar in all three samples, suggesting that phospho-

mimic TRBP is amore-potent inhibitor of PKR, which is likely due

to its stronger interaction to PKR.

AnalternativewayofactivatingPKR isbysimplyoverexpressing

the protein. Hence,wecotransfected cellswith plasmids express-

ing flag-PKR and one of the three TRBP proteins for 48 hr. We

observed a significant cell death when PKR was overexpressed

with a blank vector (Mock sample) and could not include it in this

analysis. By just comparing other three samples that coexpress

PKR and different forms of TRBP, we found that phospho-mimic

TRBP showed the strongest inhibitory effect on PKR activation

as well as on its activity to phosphorylate eIF2a (Figure 7E).

Lastly, we tested the effect of pTRBP on PKR more directly

by performing in vitro kinase assay. We utilized the fact that

the upstream kinase of PKR activation is another PKR molecule,

and thus, we did not need purified activator of PKR. We com-

bined purified PKR with TRBP immunoprecipitated from S- or

M-phase-arrested cells and examined the activation of PKR by

measuring the incorporation of radioisotope-labeled ATP. We

found that, when PKR is incubated with TRBP fromM-phase-ar-

rested cells, the level of pPKR visualized by autoradiography

signal was reduced (Figure 7F). As a control, we used immuno-

precipitated GAPDH to rule out the possibility that the observed

effect was due to a small amount of phosphatase present in

the immunoprecipitate from M-phase-arrested cells. Together,

these evidences suggest that hyperphosphorylation enhances

the inhibitory activity of TRBP on PKR.
Cell R
DISCUSSION

TRBP is a ubiquitously expressed protein that mediates cross-

talk between different cellular processes (Daniels and Gatignol,

2012). It is implicated in the regulation of miRNA biogenesis as

well as in the inhibition of PKR (Haase et al., 2005; Park et al.,

1994). In this study, we generated TALEN-based TRBP KO

HeLa cells to evaluate the two cellular functions of TRBP. With

regard to its controversial role in Dicer stabilization, our data

show that TRBP does not stabilize the protein. In addition,

TRBP does not regulate the steady-state level of miRNAs but

is required for accurate processing of a subset of miRNAs

such as miR-30a and miR-126. This is consistent with the previ-

ous in vitro study where processing by recombinant Dicer alone

led to increased production of iso-miRs (Lee and Doudna, 2012).

Furthermore, we demonstrate that TRBP is dispensable for Ago

loading of Dicer cleavage products but can affect the strand

selection indirectly by changing Dicer-processing sites. Lastly,

we also generate cells lacking PACT and TRBP/PACT double

KO cells to compare TRBP and PACT as Dicer interactors in

pre-miRNA processing. Our data indicate that two proteins do

not functionally compensate for one another and that PACT

does not play a role in miRNA biogenesis at least in HeLa cells.

Previously, we have reported that PACT binds to Dicer based

on overexpression experiments and that PACT regulates pre-

miRNA processing based on transient RNAi experiment (Lee

et al., 2006). In contrast to this, PACT KO did not have any signif-

icant effects on either Dicer processing or miRNA abundance.

One possible explanation is that the previous report used over-

expression system. Under such condition, we observed strong

interaction between PACT and Dicer that was comparable to

the one between TRBP and Dicer (Lee et al., 2006). However,

this was certainly not the case in HeLa cells where endogenous

Dicer bound more strongly to TRBP than to PACT (Figure 7B).

Thus, it is possible that, although PACT has the potential to regu-

late pre-miRNA processing, its endogenous interaction to Dicer

is too weak that the depletion of PACT had no effect on the

expression patterns of miRNAs. Perhaps there exist certain

stress conditions or tissue types in which PACT shows increased

binding to Dicer and contributes to pre-miRNA processing. The

role of PACT in miRNA biogenesis requires further investigation

in the future.

Our study shows that TRBP depletion has differential miRNA-

specific effects. Previous efforts on analyzing pre-miRNA pro-

cessing have proposed a number of rules on substrate recogni-

tion and cleavage by Dicer (Heo et al., 2012; Park et al., 2011;

Zhang et al., 2004), but they fail to provide an explanation for

our observation. Furthermore, it is unknown why Dicer cleavage

sites are shifted by 1 nt in TRBP or the double KO cells. Perhaps

binding to TRBP alters the conformation of Dicer protein and

helps it to accurately measure 22 nt from the ends of pre-miR-

NAs. More likely, TRBP may change the conformation of the

pre-miRNA bound to Dicer. Structural studies on Dicer-TRBP

complex will provide an explanation on the observed role of

TRBP and enhance our understanding of pre-miRNA processing

by the complex.

Among themiRNAswith shifted Dicer-cleavage sites, miR-126

showed themost dramatic change, where the appearance of the
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21 nt iso-miR was clearly detectable by northern blotting. This

truncation at the 50 end would alter the seed sequences of the

miRNA and thereby change its target pools. Unfortunately, this

miRNA is expressed in low abundance in HeLa cells, and conse-

quently, generation of its iso-miRshadnegligible effects on target

derepression (data not shown). Considering the tissue specificity

in miRNA expression, our results suggest that TRBP might have

tissue-specific roles. Consistent with this, it has been shown

that TRBP KO mice showed the most pronounced defects

in spermatogenesis (Zhong et al., 1999). Based on our data,

TRBP-sensitive miRNAs might be expressed at high levels and

play a role in developing germ cells. In addition, given that the

expression of TRBP is quite variable among different cell lines,

it is possible that animals might be utilizing this variation in

TRBP levels to generate iso-miRs in a tissue-specific manner. It

will be interesting to compare the effect of TRBPdepletion inmul-

tiple tissueswith differentmiRNA- andTRBP-expression profiles.

By analyzing TRBP KO cells, we discovered cell-cycle-depen-

dent posttranslational modification of TRBP. Phosphorylation of

TRBP has been reported previously, where ERK phosphorylates

TRBP at four residues, which strengthens its interaction with

Dicer and affects the expression of miRNAs (Paroo et al.,

2009). We found that TRBP undergoes hyperphosphorylation

during mitosis by pJNK and that pTRBP shows increased bind-

ing to PKR. Consequently, hyperphosphorylation enhances the

inhibitory activity of TRBP on PKR.

When activated, PKR can regulatemultiple signaling pathways,

one of which being JNK (Takada et al., 2007). We have recently

shown that themitotic expressionofpJNKrequiresPKRactivation

(Kim et al., 2014). Together, our data suggest a negative feedback

control of PKRactivation duringmitosis, where PKR ismodulating

its ownactivation statusby regulating its inhibitor TRBPvia JNK. In

addition, the observed feedback regulation of PKR is likely to be

present in cells derived from different tissues, as we observed

the phosphorylation of the components of the feedback module

in multiple cell lines (Kim et al., 2014). Nevertheless, the impor-

tance of this feedback regulation in cell division remains to be

tested. One possibility is the fine tuning of PKR activation level,

which might be important in preventing cell death during mitosis.

Considering that cells of different heritage respond differently to

prolonged mitotic arrest (Topham and Taylor, 2013), this type of

regulationmight beparticularly important in the survival of thecells

that are more prone to death during mitosis.

Although JNK is necessary, it is unknown whether JNK activa-

tion is also a sufficient condition for TRBP hyperphosphorylation.

Considering that the downstreameffect of TRBP hyperphosphor-

ylation ismodulationofPKRactivation, it ispossible thatbothPKR

and JNK must be activated to induce TRBP hyperphosphoryla-

tion. At the same time, there may exist additional mitosis-specific

kinase of TRBP. In the future, analysis of its upstream kinases will

be required for better understanding of TRBP hyperphosphoryla-

tion and the role of TRBP in cell-cycle progression.
EXPERIMENTAL PROCEDURES

Generation of TALEN Constructs

TALEN constructs used in this study were composed of TALE repeat domains

and a FokI nuclease domain. They were designed to target the open reading
1072 Cell Reports 9, 1061–1074, November 6, 2014 ª2014 The Auth
frame region of tarbp2 or prkra gene (Table S3). TALENs were synthesized

by ToolGen as described previously (Kim et al., 2013a, 2013b).

Generation of KO Cell Lines

The TALEN and reporter plasmids were transfected into HeLa cells with Lipo-

fectamine 2000 (Life Technologies) following the manufacturer’s instruction.

For enrichment of KO cells, the surrogate reporters were constructed as

described previously (Kim et al., 2013c). Forty-eight hours after the transfec-

tion, H-2Kk-positive cells were separated with a magnetic-activated cell-sort-

ing system (Miltenyi Biotec) according to the manufacturer’s instructions. The

separated cells were plated at a density of 100�500 cells per 100mmdish and

were incubated until colony formation. After single-cell cloning, T7 endonu-

clease I assays were carried out to detect DNAmutation. Success of the target

deletion in the KO cell lines was confirmed by fluorescent PCR, Sanger DNA

sequencing, and expression analysis via western blotting.

Deep Sequencing of Small RNAs

Small RNA libraries were prepared using TruSeq small RNA sample preparation

kit (Illumina). Total RNA was extracted using TRIzol reagent (Life Technologies),

and 10 mg was then separated on 15% urea-PAGE. A region corresponding

to �18–30 nt was gel-purified and ligated to 30 adaptor with T4 RNA ligase2

truncated (New England Biolabs). After gel purification of the 30-adaptor-ligated
RNA, 50 adaptor was ligated using T4 RNA ligase1. Adaptor-ligated small RNAs

were then reverse transcribed using SuperScript II (Life Technologies), amplified

by PCR with Phusion DNA polymerase, and sequenced by Illumina Miseq.

Analysis of Deep Sequencing

The workflow for the sequencing analysis was as previously described (Park

et al., 2011). For analysis of cleavage site change, we first selected reads

that perfectly match to miRBase mature miRNA and calculated the fraction

of 3p or 5p strand isoforms whose lengths vary by one or more nt at the 50

end (50 isoform). Changes of the cleavage sites were assessed by comparing

the expression fraction of the most-frequent 50 isoform of 3p or 5p miRNAs of

wild-type cells to that of KO cells.
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