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Negative regulation of RhoA translation 
and signaling by hnRNP-Q1 affects cellular 
morphogenesis
Lei Xing, Xiaodi Yao, Kathryn R. Williams, and Gary J. Bassell
Departments of Cell Biology and Neurology, Emory University School of Medicine, Atlanta, GA 30322

ABSTRACT  The small GTPase RhoA has critical functions in regulating actin dynamics affect-
ing cellular morphogenesis through the RhoA/Rho kinase (ROCK) signaling cascade. RhoA 
signaling controls stress fiber and focal adhesion formation and cell motility in fibroblasts. 
RhoA signaling is involved in several aspects of neuronal development, including neuronal 
migration, growth cone collapse, dendrite branching, and spine growth. Altered RhoA signal-
ing is implicated in cancer and neurodegenerative disease and is linked to inherited intellec-
tual disabilities. Although much is known about factors regulating RhoA activity and/or deg-
radation, little is known about molecular mechanisms regulating RhoA expression and the 
subsequent effects on RhoA signaling. We hypothesized that posttranscriptional control of 
RhoA expression may provide a mechanism to regulate RhoA signaling and downstream ef-
fects on cell morphology. Here we uncover a cellular function for the mRNA-binding protein 
heterogeneous nuclear ribonucleoprotein (hnRNP) Q1 in the control of dendritic develop-
ment and focal adhesion formation that involves the negative regulation of RhoA synthesis 
and signaling. We show that hnRNP-Q1 represses RhoA translation and knockdown of 
hnRNP-Q1 induced phenotypes associated with elevated RhoA protein levels and RhoA/
ROCK signaling. These morphological changes were rescued by ROCK inhibition and/or RhoA 
knockdown. These findings further suggest that negative modulation of RhoA mRNA transla-
tion can provide control over downstream signaling and cellular morphogenesis.

INTRODUCTION
The small GTPase RhoA has critical functions in regulating actin 
dynamics affecting cellular morphogenesis through the RhoA/Rho 
kinase (ROCK) signaling cascade (Maekawa et  al., 1999; Govek 
et al., 2005). RhoA signaling controls stress fiber and focal adhesion 
formation and cell motility (Nobes and Hall, 1995; Narumiya et al., 
2009), and altered RhoA expression and signaling contribute to 
tumor cell invasion and metastasis (Narumiya et  al., 2009). RhoA 
signaling is involved in several aspects of neuronal development, 

including neuronal migration (Govek et al., 2011), growth cone col-
lapse (Swiercz et al., 2002; Wu et al., 2005), dendrite branching, and 
spine growth (Nakayama et al., 2000; Tashiro and Yuste, 2008). Spe-
cific mutations affecting RhoA signaling have been linked to inher-
ited intellectual disability and autism (Govek et al., 2004; Jiang et al., 
2010). RhoA signaling also mediates a local inhibitory effect on 
nerve regeneration following injury in the CNS, which can be over-
ridden by genetic and pharmacological inhibition of the RhoA 
signaling pathway (Kubo et al., 2007; Duffy et al., 2009).

Considering the importance of RhoA signaling in health and dis-
ease, it becomes critical to understand mechanisms involved in the 
regulation of both RhoA expression and signaling. Like many other 
small GTPases, RhoA cycles between the GDP-bound inactive form 
and GTP-bound active form. GTP-bound RhoA interacts with and 
activates downstream effectors, such as ROCK (Maekawa et  al., 
1999). Levels of GTP-bound active RhoA are tightly controlled by 
RhoA GTPase-activating proteins (GAPs) and guanine nucleotide 
exchange factors (GEFs; Sit and Manser, 2011). Besides this conven-
tional regulatory mechanism, recent studies suggest that the regula-
tion of RhoA signaling can also be achieved by modulating RhoA 
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cells expressing hnRNP-Q1 shRNA (Supplemental Figure S2A). Im-
munofluorescence staining with an hnRNP-Q1–specific antibody 
generated for this study (Supplemental Figure S1B) showed that 
lentivirus-mediated hnRNP-Q1 shRNA expression led to >40% re-
duction of hnRNP-Q1 fluorescence intensity in the cell body 
(Figure 1A). We used the Sholl analysis to examine possible effects 
of hnRNP-Q1 knockdown on the development of dendrites. The 
Sholl analysis involves drawing concentric circles centered at the cell 
bodies with increased radius and measuring the number of intersec-
tions of each circle with dendrites (Sholl, 1953). The number of inter-
sections in the Sholl analysis reflects the complexity of dendritic ar-
bor, which is an overall effect of dendritic branching, outgrowth, and 
retraction (Miller, 1981). We found that after hnRNP-Q1 knockdown, 
hippocampal neurons exhibited reduced dendritic complexity 
(Figure 1B).

Next we examined the effect of hnRNP-Q1 knockdown on the 
development of dendritic protrusions in cultured hippocampal neu-
rons. In these experiments, neurons were cotransfected with shRNA 
plasmids (the same ones used to make lentiviruses) and a green fluo-
rescent protein (GFP)-Lifeact–expressing plasmid to label dendritic 
protrusions (Figure 1C). GFP-Lifeact binds to actin filaments with low 
affinity without affecting actin filament dynamics (Riedl et al., 2008), 
and we used this method previously to label and analyze dendritic 
protrusions in cultured neurons (Gross et al., 2010). Neurons were 
cotransfected at day in vitro (DIV) 7 and fixed at DIV12 for image 
acquisition and analysis. Neurons that express hnRNP-Q1 shRNA 
were compared with scrambled shRNA as a control. hnRNP-Q1 
knockdown was again confirmed by hnRNP-Q1–specific immuno-
fluorescence staining (Supplemental Figure S3). Owing to the rela-
tive paucity of mature spines at this developmental stage and the 
prevalence of both thin spines and filopodia, we quantified the den-
sity of total protrusions, which included spines and filopodial protru-
sions. We observed that the protrusion density on primary and sec-
ondary dendrites of hnRNP-Q1–depleted neurons was reduced by 
>60% compared with control neurons (Figure 1, C and D, and Sup-
plemental Figure S3). The reduction in protrusion density was res-
cued by reintroducing shRNA-insensitive myc-hnRNP-Q1 (lacking 
the 3′ UTR) (Figure 1, C and D, and Supplemental Figure S3). hnRNP-
Q1 overexpression in control cells had no effect on protrusion densi-
ties (Figure 1, C and D, and Supplemental Figure S3). This suggests 
that either the endogenous hnRNP-Q1–mediated function on den-
dritic morphology was saturated or the levels of overexpression 
were insufficient to exert further effects. Nonetheless, the morpho-
logical effects obtained with hnRNP-Q1 knockdown and rescue ex-
periments implicate a role for hnRNP-Q1 in dendritic and possibly 
synaptic development.

ROCK inhibition rescued the dendritic protrusion 
phenotype induced by hnRNP-Q1 knockdown
The reduced dendritic complexity and protrusion density in 
hnRNP-Q1-depleted neurons are reminiscent of phenotypes ob-
served when RhoA/ROCK signaling is elevated (Govek et  al., 
2005; Elia et al., 2006; Zhang and Macara, 2008). We hypothe-
sized that the effect of hnRNP-Q1 knockdown on dendritic mor-
phogenesis may be caused by excess RhoA/ROCK signaling. We 
then examined the effects of a ROCK inhibitor, Y-27632, on pro-
trusion density. We found that Y-27632 treatment of hnRNP-Q1–
depleted neurons restored the density of dendritic protrusions to 
a level similar to that of control neurons (Figure 1, C and D). Con-
sistent with a previous report (Nakayama et al., 2000), Y-27632 
treatment had no effect on control cells (Figure 1, C and D). 
A similar dendritic protrusion phenotype was observed after 

protein levels through specific protein degradation (Wang et  al., 
2003), miRNA-mediated translational repression (Kong et al., 2008; 
Chiba et al., 2009), and extracellular signaling-triggered RhoA syn-
thesis (Wu et al., 2005). However, trans-acting protein factors regu-
lating RhoA translation remain unidentified. In light of the broad 
functions of RNA-binding proteins in the posttranscriptional regula-
tion of gene expression (Anderson, 2008; Besse and Ephrussi, 2008), 
we sought to identify a possible role for a specific RNA-binding pro-
tein in RhoA synthesis and signaling.

The mRNA-binding protein heterogeneous nuclear ribonucleo-
protein (hnRNP) Q1 is the cytoplasmic isoform of hnRNP-Q proteins 
derived by alternative splicing, distinguished by a unique carboxy 
terminus that has one nuclear localization sequence instead of two 
(Mourelatos et al., 2001). hnRNP-Q1 is ubiquitously expressed and 
was previously identified as NS1-associating protein-1 (Nsap1; 
Harris et al., 1999) and synaptotagmin-binding, cytoplasmic RNA-
interacting protein (Syncrip; Mizutani et al., 2000). At the molecular 
level, hnRNP-Q1 has been shown to bind to cis-acting mRNA se-
quences of its target mRNAs and play roles in mRNA editing (Blanc 
et al., 2001), activation of internal ribosome entry site (IRES)–medi-
ated translation (Cho et al., 2007; Kim et al., 2007), and coding re-
gion determinant–mediated mRNA decay (Grosset et  al., 2000). 
However, the cellular functions of hnRNP-Q1 are not characterized. 
Previous studies revealed that hnRNP-Qs exhibit high expression in 
hippocampal neurons (Bannai et al., 2004) and that the expression 
of hnRNP-Qs in the CNS is developmentally regulated (Mizutani 
et al., 2000; Rossoll et al., 2002). Thus, we hypothesized that hnRNP-
Q–mediated regulation of target mRNA expression may play an im-
portant role in neuronal development. By analyzing the cellular and 
molecular effects of hnRNP-Q1 silencing in mature hippocampal 
neurons and C2C12 myoblastoma cells, our results revealed an es-
sential role for hnRNP-Q1 in regulating dendritic development and 
focal adhesions, which are mediated by negatively regulating RhoA 
protein synthesis and signaling. These findings provide new insight 
into the posttranscriptional regulation of RhoA signaling and mech-
anisms underlying cellular morphogenesis.

RESULTS
Reduced dendritic complexity and density of dendritic 
protrusions in hippocampal neurons upon hnRNP-Q1 
knockdown
Previous studies suggested a function for hnRNP-Q in neuronal de-
velopment (Mizutani et al., 2000; Bannai et al., 2004). Therefore, we 
examined the expression of hnRNP-Q isoforms in both embryonic 
and postnatal mouse brain regions and various tissues by Western 
blot analysis with antibodies recognizing all hnRNP-Q isoforms 
(Mizutani et al., 2000). We found that hnRNP-Q1 was detected as 
the major protein isoform of hnRNP-Q in all cells and tissues exam-
ined (Supplemental Figure S1A). Previous studies described the dif-
ferential subcellular distribution of hnRNP-Q isoforms, of which 
hnRNP-Q1 is mostly cytoplasmic, compared with hnRNP-Q2/3, 
which are mostly nuclear (Chen et  al., 2008). This suggests that 
hnRNP-Q1 is likely involved in posttranscriptional regulation in the 
cytoplasm. We assessed the effect of hnRNP-Q1–specific knock-
down in mouse hippocampal cultures to uncover a possible function 
of hnRNP-Q1 in neuronal development. To achieve hnRNP-Q1–spe-
cific knockdown, we generated lentiviruses encoding short hairpin 
RNA (shRNA) targeting the 3′ untranslated region (UTR), which is 
unique to the mouse hnRNP-Q1 transcript (hnRNP-Q1 shRNA). 
Scrambled shRNA was used as a control. Western blot analysis of 
transduced neuronal cultures revealed that protein levels of hnRNP-
Q1, but not hnRNP-Q3 or hnRNP-R, were specifically reduced in 
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formation (Hall, 1998). Immunoblot analysis showed that hnRNP-Q1 
was depleted by 90% in C2C12 cells after 72 h of hnRNP-Q1 siRNA 
transfection, as determined by quantitative Western blot (Figure 
2A). Knockdown of hnRNP-Q1 resulted in increased cell spreading, 
as evident by increases in cell area and number of focal adhesions 
(Figure 2B). Quantitative analysis revealed a 38% increase of focal 
adhesions in hnRNP-Q1 siRNA–treated C2C12 cells compared with 
control cells (Figure 2C). In addition, hnRNP-Q1–knockdown cells 
exhibited a pronounced increase of stress fibers (Figure 2B). Treat-
ment with Y-27632 dramatically reduced focal adhesions and stress 
fibers in both control and hnRNP-Q1 siRNA–transfected cells (Fig-
ure 2B), suggesting the involvement of the RhoA/ROCK signaling 
pathway in focal adhesion and stress fiber formation induced by 
hnRNP-Q1 depletion. Furthermore, hnRNP-Q1 knockdown reduced 
C2C12 cell motility (Figure 2D), another phenotype associated with 
elevated RhoA/ROCK signaling (Besson et al., 2004; Mohseni and 

hnRNP-Q1 knockdown with small interfering RNA (siRNA) target-
ing a different region of the hnRNP-Q1 3′ UTR (Supplemental 
Figure S2B), and this phenotype was also rescued by Y-27632 
treatment (Supplemental Figures S4A and S4B). Taken together, 
our results suggest that hnRNP-Q1 silencing leads to excess 
RhoA/ROCK signaling, and the possible effectors of hnRNP-Q1 
are upstream of ROCK.

Knockdown of hnRNP-Q1 enhanced focal adhesion 
and stress fiber formation in C2C12 cells
The ubiquitous expression of hnRNP-Q1 (Supplemental Figure S1A) 
suggests that its functions are likely conserved among different cell 
types. On the basis of our observations in hippocampal neurons, we 
surveyed the effects of hnRNP-Q1 knockdown on actin filaments 
and focal adhesions in C2C12 myoblastoma cells. A critical role of 
RhoA/ROCK signaling is to promote stress fiber and focal adhesion 

FIGURE 1:  Morphological analysis of cultured hippocampal neurons upon hnRNP-Q1 knockdown. (A) shRNA-mediated 
hnRNP-Q1 knockdown in hippocampal neurons. hnRNP-Q1 fluorescence intensity of the soma was reduced by >40% in 
neurons treated with hnRNP-Q1 shRNA lentiviral particles. t test, ****p < 0.001. The difference of hnRNP-Q1 
fluorescence intensity was displayed as converted 16-color coded intensity graphs. Virus treatment did not affect the 
health of neurons, as demonstrated by differential interference contrast images and DAPI staining, as shown here. Scale 
bar, 10 μm. (B) hnRNP-Q1 knockdown reduced dendritic complexity. Dendrites were identified by Map2 staining and 
traced using NeuronJ for Sholl analysis. Representative images are shown on the top. Scale bar, 50 μm. Totals of 125 
and 145 cells from four experiments were analyzed for control and hnRNP-Q1–knockdown cells, respectively. The 
numbers on the y-axis represent the sum of intersections within every 16 μm of dendrites as measure of distance from 
soma on the x-axis. Kruskal–Wallis analysis followed by Mann–Whitney U-test, *p < 0.05, ***p < 0.001. (C, D) hnRNP-Q1 
knockdown reduced the density of dendritic protrusions, which was rescued by expression of shRNA-insensitive 
myc-hnRNP-Q1 or ROCK inhibitor, Y-27632. Neurons were transfected at 7DIV and fixed at 12DIV. (C) Representative 
images of GFP-Lifeact–positive neurons from each condition as indicated. Scale bar, 10 μm. (D) Quantification revealed a 
60% reduction of dendritic protrusions in hnRNP-Q1–depleted neurons. Average densities of protrusions and number of 
cells analyzed for each condition are listed. One-way analysis of variance (ANOVA) post hoc Tukey Honestly Significant 
Difference (HSD).
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vated us to investigate whether hnRNP-Q1 
regulates the expression of RhoA by a post-
transcriptional mechanism. Hence we first 
examined RhoA protein levels upon hnRNP-
Q1 knockdown in hippocampal neurons us-
ing a monoclonal antibody against RhoA 
protein. The specificity of this antibody was 
validated by examining its ability to detect 
modulated RhoA expression changes that 
were achieved by overexpression of RhoA 
protein (Supplemental Figure S5A) or RhoA 
knockdown using siRNA specifically against 
RhoA mRNA (Supplemental Figure S5B). 
Our results revealed a 20% increase of 
RhoA protein in hippocampal neurons upon 
hnRNP-Q1 knockdown, as determined by 
quantitative immunofluorescence staining 
(Figure 3A), and that a similar up-regulation 
of RhoA protein (>20%) in hippocampal 
neurons was detected by Western blot 
(Figure 3B). Western blot analysis also 
showed a 50% increase of RhoA protein in 
both C2C12 cells (Figure 3C) and primary 
mouse embryonic fibroblast cells (Supple-
mental Figure S4C) following hnRNP-Q1 
knockdown. These results indicate that 
hnRNP-Q1 negatively regulates RhoA pro-
tein expression in neuronal and nonneuronal 
cells.

The RhoA/ROCK/LIM kinase signaling 
pathway has been demonstrated to be a 
main signaling cascade by which RhoA reg-
ulates actin filament dynamics (Maekawa 
et al., 1999; Amano et al., 2001; Sumi et al., 
2001). Activation of LIM kinase by ROCK 
following RhoA activation leads to cofilin 
phosphorylation, which inactivates the 
function of cofilin as an actin filament de-
stabilizer (Sumi et al., 1999). To investigate 
whether hnRNP-Q1 knockdown up-regu-
lates RhoA downstream signaling, we 
looked for a possible increase in cofilin 
phosphorylation. We found that following 
hnRNP-Q1 knockdown in C2C12 cells, lev-
els of phospho-cofilin were increased by 
>80% over control cells (Figure 3D), sug-
gesting that hnRNP-Q1 knockdown in 
C2C12 cells led to enhanced RhoA signal-
ing, possibly mediated by the up-regulation 
of RhoA protein levels.

RhoA knockdown abolished the effect of hnRNP-Q1 
depletion on focal adhesion formation in C2C12 cells
To investigate whether the cellular phenotypes from hnRNP-Q1 
were partly due to elevated RhoA expression and signaling, we 
investigated whether RhoA knockdown can possibly rescue the 
morphological changes incurred by hnRNP-Q1 knockdown. For 
this purpose, scrambled control (siCtrl) or RhoA siRNA (siRhoA) 
was mixed with hnRNP-Q1 or control siRNA at a ratio of 1:2 and 
cotransfected into C2C12 cells. Under this condition, siRhoA ef-
fectively abolished the effects of hnRNP-Q1 silencing on RhoA 
protein expression, as well as focal adhesion formation in C2C12 

Chishti, 2008). Collectively, these observations illustrate a conserved 
function of hnRNP-Q1 in regulating cellular morphogenesis in dif-
ferent cell types, and this function is mediated by the RhoA/ROCK 
signaling pathway.

hnRNP-Q1 knockdown up-regulated RhoA protein 
expression and cofilin phosphorylation
Recent studies suggest that posttranscriptional regulation of RhoA 
translation and protein levels may affect the RhoA/ROCK signaling 
pathway (Wu et al., 2005; Kong et al., 2008; Chiba et al., 2009). Our 
observed effects of hnRNP-Q1 knockdown on RhoA signaling moti-

FIGURE 2:  hnRNP-Q1 knockdown enhances focal adhesion and stress fiber numbers in C2C12 
cells and reduces cell motility. (A) Western blot analysis of hnRNP-Q1 knockdown in C2C12 cells. 
hnRNP-Q1 protein levels were reduced by 90% relative to control cells 3 d post hnRNP-Q1 
siRNA transfection, normalized to tubulin. t test, ***p < 0.001. (B) Representative images of 
paxillin immunofluorescence staining for focal adhesions and phalloidin staining for actin 
filaments in C2C12 cells. Cells were treated with or without Y-27632 for 16 h before fixation. 
n = 4; t test, ***p < 0.001. Scale bar, 10 μm. (C) Quantitative analysis revealed a 38% increase of 
focal adhesion numbers in hnRNP-Q1 siRNA–transfected cells (three experiments; 80 and 
90 cells were analyzed for control and hnRNP-Q1 knockdown cells, respectively). t test, 
***p < 0.005. Representative images and corresponding graphs showing extracted focal 
adhesions for quantification are shown on the right. Scale bar, 10 μm. (D) Transwell migration 
assay shows reduced motility of C2C12 cells after hnRNP-Q1 knockdown. n = 4; t test, 
***p < 0.005.
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with our observations, Sawada et al. (2009) showed that modest 
up-regulation of RhoA protein levels by transgenic expression 
could significantly increase RhoA downstream signaling. In addi-
tion, in DRG neurons, the function for semaphorin signaling to in-
duce growth cone collapse is mediated by up-regulation of RhoA 
protein levels in growth cones through localized RhoA mRNA 
translation (Wu et  al., 2005). Here we identify hnRNP-Q1 as a 
modulator of RhoA expression that is sufficient to affect down-
stream signaling and cell morphogenesis.

The 3′ UTR of RhoA mRNA mediates the function 
of hnRNP-Q1 to regulate RhoA expression
To analyze whether elevated RhoA protein levels in hnRNP-Q1–de-
pleted cells were possibly due to increased mRNA expression, we 
assessed RhoA mRNA levels in both control and hnRNP-Q1–knock-
down cells. It is surprising that, in contrast to the increase of RhoA 
protein expression shown earlier, a slight reduction (∼10%) of RhoA 
mRNA levels was detected in C2C12 cells after hnRNP-Q1 knock-
down (Figure 3E). Such a reduction was not observed for γ-actin 

cells (Figure 4A). When cotransfected with control siRNA for 
hnRNP-Q1, siRhoA had only a modest effect on RhoA protein level 
and slightly reduced focal adhesion numbers (Figure 4A). The low 
efficiency of RhoA knockdown was intentionally achieved by using 
one-third of the recommended amount of RhoA siRNA. To ensure 
that we indeed depleted RhoA specifically but not other Rho ho-
mologues, we examined the effects of siRhoA transfection on 
mRNA levels for several small GTPases, including RhoA, RhoB, 
RhoC, Rac1, and Cdc42, and found that RhoA mRNA is the only 
target specifically affected by siRhoA (Supplemental Figure S6). In 
addition, elevation of RhoA protein levels by transient expression 
of GFP-RhoA(wt) was sufficient to increase focal adhesion numbers 
(Figure 4B). Such an increase of focal adhesion numbers was evi-
dent in cells expressing GFP-RhoA when compared with adjacent 
nontransfected cells (Figure 4C). Taken together, these data sug-
gest that the enhanced focal adhesion formation caused by 
hnRNP-Q1 knockdown is mediated at least in part through the up-
regulation of RhoA protein levels. Our results further suggest that 
RhoA signaling can be regulated by RhoA protein levels. In line 

FIGURE 3:  hnRNP-Q1 knockdown up-regulates RhoA protein expression and cofilin phosphorylation. (A) Significant 
up-regulation of RhoA protein expression in hippocampal neurons following hnRNP-Q1 knockdown. hnRNP-Q1 and 
RhoA proteins in hippocampal neurons from both conditions were detected by quantitative immunofluorescence 
staining with rabbit hnRNP-Q1 and mouse RhoA-specific antibodies. Insets are converted 16-color coded intensity 
graphs for visualization. Scale bar, 10 μm. RhoA fluorescent signals in proximal primary dendrites of 103 neurons from 
four experiments were measured for both conditions. t test, **p < 0.01. (B) Western blot analysis of RhoA protein 
expression in hippocampal neurons following hnRNP-Q1 knockdown. t test, **p < 0.01. (C) Up-regulation of RhoA 
protein by 50% in C2C12 cells following hnRNP-Q1 knockdown as detected by Western blot. Five experiments, t test, 
***p < 0.005. Representative Western blots are shown at the bottom. (D) Increased cofilin phosphorylation in C2C12 
cells after hnRNP-Q1 knockdown. n = 9; t test, *p < 0.05. (E) Reduced RhoA mRNA levels in hnRNP-Q1–knockdown 
C2C12 cells. RNA was extracted 72 h post siRNA transfection. An equal volume of cDNA reverse transcribed from 1 μg 
of total RNA was used for qRT-PCR analysis. A 10% reduction of RhoA mRNA was detected in hnRNP-Q1–knockdown 
cells compared with control. n = 10, t test, *p < 0.05.
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by ∼90% but not the control vector (Figure 5, D and 5E). A similar 
up-regulation, although toward a lesser extent, of firefly luciferase 
RhoA-3′ UTR mRNA reporter was also observed in primary cortical 
neurons following hnRNP-Q1 knockdown (Supplemental Figure 
S7A). In addition, the up-regulation of firefly luciferase expression 
from the RhoA 3′ UTR mRNA reporter was not associated with an 
up-regulation of firefly luciferase mRNA levels (Supplemental Figure 
S7B). Taken together, our results suggest an essential role for the 
RhoA 3′ UTR in hnRNP-Q1–mediated repression of RhoA expres-
sion. Because hnRNP-Q1 knockdown did not affect RhoA or its re-
porter mRNA levels, yet expression of the RhoA-3′ UTR reporters 
was up-regulated, our results suggest a function for hnRNP-Q1 in 
the negative regulation of RhoA mRNA translation that is mediated 
through the 3′ UTR, and this function for hnRNP-Q1 is conserved 
between neurons and nonneuronal cells.

DISCUSSION
Here we report a mechanistic and functional link between the 
mRNA-binding protein hnRNP-Q1 and the small GTPase RhoA. Our 
results demonstrate a cellular function for hnRNP-Q1 in RhoA-de-
pendent cellular morphogenesis and a molecular function for 
hnRNP-Q1 as a RhoA mRNA translation repressor. Neither of these 
functions for hnRNP-Q1 has been reported previously.

The human hnRNP-Q protein family, also known as SYNCRIP and 
NSAP1, is composed of three isoforms, hnRNP-Q1, Q2, and Q3, 
which exist due to alternative splicing of human hnRNP-Q transcripts 
(Mourelatos et al., 2001). In mouse cells, only two splicing variants 
encoding hnRNP-Q1 (NCBI accession number NM_019796) and Q3 
(NM_019666), respectively, have been identified. Previous studies 
suggested that isoforms of hnRNP-Q play roles in pre-mRNA splic-
ing, RNA editing, cytoplasmic mRNA transport, IRES-mediated 
translational activation, and mRNA degradation (Grosset et  al., 
2000; Blanc et al., 2001; Mourelatos et al., 2001; Bannai et al., 2004; 
Kanai et al., 2004; Chen et al., 2008). hnRNP-Q3 is mostly nuclear, 
whereas hnRNP-Q1 is enriched in the cytoplasm (Chen et al., 2008). 
hnRNP-Q3 in involved in RNA editing in the nucleus, where it inter-
acts with APOBEC1 to catalyze a C-to-U ribonucleotide transition in 
apolipoprotein B mRNA (Blanc et al., 2001). hnRNP-Q1 plays a role 
in coding region instability determinant–mediated and AU-rich ele-
ment–mediated mRNA degradation (Grosset et al., 2000). One well-
documented function for hnRNP-Q1 is that its direct interaction with 
the IRESs of BiP and serotonin N-acetyltransferase mRNAs can acti-
vate translation (Cho et  al., 2007; Kim et  al., 2007). In addition, 
hnRNP-Q1 was also identified as component of transport mRNP 
granules in neurons, as it was copurified with the KIF5 kinesin cargo-
binding domain (Kanai et al., 2004) and colocalized with staufen and 
inositol 1,4,5-trisphosphate receptor type 1 reporter mRNA in neu-
ronal processes (Bannai et al., 2004).

In this study, we report a novel function for hnRNP-Q1 as a trans-
lational repressor that negatively regulates RhoA protein expression 
in a RhoA mRNA 3′ UTR-dependent manner in neurons and nonneu-
ronal cells. Knockdown of hnRNP-Q1 up-regulated endogenous 
RhoA protein expression in neurons and nonneuronal cells, which 
was not attributed to changes in RhoA mRNA and suggests a trans-
lational mechanism. However, our results do not exclude the possibil-
ity that hnRNP-Q1 indirectly regulates RhoA protein stability, inde-
pendent of mRNA regulation, since RhoA protein levels can be 
regulated through proteosome-mediated RhoA protein degradation 
(Wang et al., 2003). However, this is unlikely to explain hnRNP-Q1 
knockdown–induced up-regulation of RhoA protein expression. We 
consistently observed that hnRNP-Q1 knockdown up-regulated the 
expression of both GFP and firefly luciferase protein from the 

mRNA (Figure 3E). These data suggest that up-regulated RhoA pro-
tein expression in hnRNP-Q1–depleted cells was not caused by in-
creased RhoA mRNA stabilization or transcription. These results led 
us to study a possible direct role for hnRNP-Q1 on RhoA expression 
by negatively regulating RhoA mRNA translation.

We investigated the association of hnRNP-Q1 with RhoA mRNA. 
Coimmunoprecipitation (coIP) followed by quantitative real-time 
(qRT)–PCR analysis showed that RhoA mRNA, but not glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) or β-tubulin mRNA, 
was selectively enriched in FLAG-mCherry-hnRNP-Q1 precipitates 
from Neuro2a neuroblastoma cells (Figure 5A). Furthermore, an in 
vitro RNA pulldown assay using biotinylated RNA probes (Figure 5B) 
and purified recombinant glutathione S-transferase (GST)–hnRNP-
Q1 demonstrated that hnRNP-Q1 directly interacts with RhoA 
mRNA via the 3′ UTR since only probes corresponding to the proxi-
mal and distal sequences of RhoA mRNA 3′ UTR, rather than coding 
and 5′ UTR sequences, efficiently pulled down GST-hnRNP-Q1 but 
not control GST protein (Figure 5C). This result further suggests that 
the 3′ UTR of RhoA mRNA contains multiple binding elements for 
hnRNP-Q1 and might mediate the inhibitory function of hnRNP-Q1 
in regulating RhoA protein expression through translation. We then 
examined the effects of hnRNP-Q1 knockdown on the expression of 
a GFP reporter construct fused with the 3′ UTR of mouse RhoA 
mRNA (pGFP-RhoA-3′ UTR) in Neuro2a cells. Similar to the up-reg-
ulation of endogenous RhoA protein, hnRNP-Q1 knockdown also 
up-regulated GFP expression from the pGFP-RhoA-3′ UTR reporter 

FIGURE 4:  Up-regulation of RhoA protein levels mediates the effect 
of hnRNP-Q1 silencing to induce focal adhesions. (A) siRhoA 
transfection abolished the up-regulation of RhoA protein levels and 
focal adhesion formation induced by hnRNP-Q1 knockdown in C2C12 
cells. RhoA knockdown alone modestly reduces RhoA protein levels 
and focal adhesion number. Representative Western blots 
demonstrating hnRNP-Q1 and RhoA knockdown are shown at 
the bottom. One-way ANOVA post hoc Tukey HSD, *p < 0.05, 
***p < 0.001; total 85–98 cells from three experiments were analyzed. 
(B) Transient expression of GFP-RhoA(wt) in C2C12 cells increases 
focal adhesions by ∼30% over GFP control vector-transfected cells. t 
test, ***p < 0.001, 58 (GFP), and 67 (GFP-RhoA) cells from two 
experiments were quantified. (C) Representative images showing 
GFP-RhoA expression induced focal adhesion formation in C2C12 
cells. Focal adhesion complexes were identified by anti-paxillin 
immunofluorescence staining. Scale bar, 10 μm.
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report that hnRNP-Q1 knockdown reduced 
dendrite complexity and spine density in 
mature hippocampal neurons and enhanced 
cell spreading, stress fiber, and focal adhe-
sion number in C2C12 cells. These morpho-
logical changes may largely be caused by 
the up-regulation of RhoA proteins levels 
and downstream signaling. This conclusion 
is supported by two pieces of evidence. 
First, these morphological phenotypes can 
be rescued by inhibition of RhoA/ROCK sig-
naling with the ROCK inhibitor Y-27632. 
Second, analysis of C2C12 cells showed that 
the effect of hnRNP-Q1 knockdown on focal 
adhesion number was rescued by RNA in-
terference–induced RhoA silencing or mim-
icked by transient expression of wild-type 
RhoA protein. These results have important 
implications, as they suggest that control of 
RhoA expression by hnRNP-Q1 can be a 
critical factor to mediate RhoA signaling and 
modulate cellular morphogenesis. Given 
that hnRNP-Q1 may also regulate other, cur-
rently unidentified mRNA targets and per-
haps the levels of other RhoA modulators, 
including GAPs and GEFs, their expression 
may also play critical roles in the regulation 
of RhoA function. It is likely that the pheno-
types from hnRNP-Q1 knockdown are not 
entirely dependent on elevated RhoA, but 
other hnRNP-Q1 target mRNAs may con-
tribute to the observed effects on cell mor-
phogenesis. Identification of these target 
mRNAs and the specific role(s) of hnRNP-Q1 
on such targets will be essential to generate 
a complete picture for the function of 
hnRNP-Q1 in development and cellular 
morphogenesis.

Alterations in the RhoA signaling path-
way are associated with intellectual disabilities and autism spectrum 
disorders that present with abnormal dendritic morphology. For in-
stance, the loss of function of a Rho GTPase-activating protein, oli-
gophrenin-1, is associated with an inherited form of X-linked intel-
lectual disability (Govek et al., 2004). In addition, increased RhoA 
signaling was observed in a mouse model of Smith–Lemli–Opitz 
syndrome (Jiang et al., 2010). The typical features in human patients 
with this syndrome include cognitive deficits, behavioral abnormal-
ity, and autism. In the future, it will be interesting to investigate the 
possible function of hnRNP-Q1 in synaptic plasticity and learning 
that rely on morphological modulation of dendritic spines (Segal, 
2005). Beyond the role of hnRNP-Q1 in regulation of dendritic and 
spine development, our findings motivate inquiries into its possible 
role in other cellular activities known to depend on RhoA signaling, 
such as cancer cell invasion and metastasis (Narumiya et al., 2009), 
axon regeneration (Gross et al., 2007; Kubo et al., 2007; Duffy et al., 
2009), and axon guidance (Wu et al., 2005).

An interesting area for future research will be to assess whether 
hnRNP-Q1 regulates RhoA mRNA localization in dendrites and ax-
ons, since hnRNP-Q1 has been observed in transport mRNP gran-
ules (Bannai et al., 2004; Kanai et al., 2004). RhoA mRNA has been 
shown to be localized to axons, where its translation is induced by 
semaphorin signaling (Wu et al., 2005). Axonal synthesis of RhoA is 

corresponding reporter constructs fused with the RhoA 3′ UTR; al-
though robust in Neuro2a cells, the extent of up-regulation was more 
moderate in neurons, perhaps due to technical limitations with 
cotransfection of multiple constructs. The up-regulation of GFP pro-
tein levels from the 3′ UTR reporter in Neuro2a cells was not a result 
of GFP protein stabilization, since a similar change was not observed 
with the GFP control vector. Of importance, our results in neurons 
and nonneuronal cells suggest that the 3′ UTR of RhoA mRNA plays 
an essential cis-acting role in hnRNP-Q1–mediated regulation of 
RhoA expression, which can be conferred to a heterologous reporter. 
Our results further suggest that hnRNP-Q1 functions as a translational 
repressor that negatively regulates RhoA protein expression. The 
derepression of RhoA mRNA translation by physiological signals may 
stimulate up-regulation of RhoA protein and signaling, analogous to 
that induced by hnRNP-Q1 depletion. Future work may uncover how 
extracellular signaling pathways may trigger the degradation of 
hnRNP-Q1 or reduce its affinity for its target mRNA, perhaps by 
phosphorylation, as a physiological means to derepress RhoA mRNA 
translational inhibition and result in activation of RhoA signaling.

This present study also reveals a novel cellular function for 
hnRNP-Q1 in modulating cellular morphogenesis. Previously, the 
cellular functions of hnRNP-Q1 were unknown, although it has been 
shown to be ubiquitously expressed in mammalian tissues. Here we 

FIGURE 5:  hnRNP-Q1 directly interacts with the 3′ UTR of RhoA mRNA and regulates RhoA 
translation. (A) Selective enrichment of endogenous RhoA mRNA in FLAG-mCherry-hnRNP-Q1 
precipitates from Neuro2a cells. n = 3; one-way ANOVA post hoc Tukey HSD, *p < 0.05. (B) RNA 
probes corresponding to the 5′ UTR, coding region and the proximal and distal 3′ UTR of mouse 
RhoA mRNA and GFP RNA probes were generated by in vitro transcription with biotin–11-CTP. 
Quality of RNA probes was examined by RNA gel as shown. (C) Representative Western blot 
showing GST–hnRNP-Q1 pulled down by biotinylated RNA probes in vitro. Only 3′ UTR(p) and 3′ 
UTR(d) probes pulled down GST-hnRNP-Q1. No probe pulled down control GST protein. 
(D) hnRNP-Q1 knockdown increased GFP protein expression from a GFP reporter bearing the 3′ 
UTR of mouse RhoA mRNA in Neuro2a cells. Triple FLAG-tagged mCherry (3XFLAG-mCherry) 
was cotransfected and used for normalization. A 90% up-regulation of GFP expression from the 
reporter construct was observed in hnRNP-Q1–knockdown cells. n = 5, t test, *p < 0.05; n.s., not 
significant. (E) Representative Western blots.
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cell culture plates with normal culture medium. To examine the ex-
pression of GFP-reporter for RhoA 3′ UTR, Neuro2a cells pretreated 
with siRNA for 48 h were transfected with GFP-expressing plasmid, 
p3Xflag-mCherry, and pcDNA3 with a ratio of 1:1:10, and proteins 
were expressed for 16 h.

Antibodies and immunofluorescence
The following antibodies were used in this study: rabbit anti-Syncrip 
(1:10,000; kindly provided by Katsuhiko Mikoshiba; Mizutani et al., 
2000); mouse anti-Map2 (1:1500; Sigma-Aldrich); mouse anti–α-
tubulin (1:40,000; Sigma-Aldrich); mouse anti-paxillin (1:150; BD 
Biosciences, San Diego, CA), mouse anti-RhoA (1:200; Cytoskele-
ton, Denver, CO); rabbit anti–phospho-cofilin (1:5000, Cell Signal-
ing, Technology, Beverly, MA), and rabbit anti-cofilin (1:10,000, 
Sigma-Aldrich). Rabbit anti–hnRNP-Q1 was produced by immuniz-
ing rabbits with a keyhole limpet hemocyanin-conjugated synthetic 
peptide corresponding to the C-terminal sequence of hnRNP-Q1 
(KGVEAGPDLLQ, through Sigma-Genosys, The Woodlands, TX). 
The hnRNP-Q1 antibody was purified using an affinity column cova-
lently coupled with the same peptide. Secondary antibodies conju-
gated with cyanine dyes were purchased from Jackson ImmunoRe-
search Laboratories (West Grove, PA), and Alexa 488–conjugated 
phalloidin was from Invitrogen.

For immunofluorescence staining, all cells were fixed with 4% 
paraformaldehyde in PBS/MgCl2 for 18 min and washed with 
phosphate-buffered saline (PBS)/MgCl2 three times. Cells were 
permeabilized with PBS/0.3% Triton X-100 and incubated with 
blocking buffer containing 5% bovine serum albumin (BSA) in 
PBS/0.1% Triton X-100 (PBST). Primary and secondary antibodies 
were diluted in blocking buffer. Cells were incubated with primary 
antibodies for 1 h at room temperature or overnight at 4°C and 
incubated in secondary antibody for 1 h at room temperature, fol-
lowed by three washes with PBST. Coverslips were mounted in 
mounting medium with 4′,6-diamidino-2-phenylindole (DAPI) and 
propyl gallate.

Fluorescence microscopy and digital imaging
Fixed cells were visualized using a Nikon Eclipse inverted micro-
scopes (TE300 or Ti) equipped with a 60× Plan-Neofluar objective 
(Nikon, Melville, NY). Images were captured with a cooled charge-
coupled device camera (Quantix; Photometrics, Tucson, AZ) and 
processed using IP Lab Spectrum (Scanalytics, Rockville, MD) or 
Nikon Elements. For quantitative analysis, exposure time was kept 
constant and below grayscale saturation. Images were deconvolved 
using AutoQuant X (Media Cybernetics, Bethesda, MD).

Densities of dendritic protrusion were analyzed as described 
previously (Gross et al., 2010). Dendritic protrusions quantified in 
this study include all filopodia and mushroom-like protrusions. 
For Sholl analysis, dendrites were manually traced with the 
NeuronJ plug-in in ImageJ (National Institutes of Health, 
Bethesda, MD), and the tracing result was saved as a single im-
age using the snapshot function (Meijering et  al., 2004). Sholl 
analysis was performed using the Sholl analysis plug-in devel-
oped for the ImageJ program by the Ghosh lab at the University 
of California, San Diego. To quantify focal adhesions, decon-
volved images were processed using the rolling ball background 
subtraction plug-in for ImageJ and subjected to autothreshold. 
Numbers of focal adhesions were quantified in ImageJ using par-
ticle analysis function. Focal adhesions were defined as continu-
ous paxillin puncta occupying >64 pixel units, except for GFP and 
GFP-RhoA overexpression experiments, in which 32 pixel units 
was set as the minimal size for focal adhesions.

dependent on the 3′ UTR and is necessary for semaphorin-induced 
growth cone collapse (Wu et al., 2005). RhoA mRNA was also de-
tected in purified synaptic compartments, where RhoA translation 
can be activated by brain-derived neurotrophic factor (Troca-Marin 
et al., 2010). In breast cancer cells, RhoA translation can be acti-
vated by semaphorin signaling as well (Pan and Bachelder, 2010). 
Because we show that the 3′ UTR of RhoA mRNA mediates the in-
hibitory effect of hnRNP-Q1 on RhoA protein expression, future 
studies should examine a possible function for hnRNP-Q1 in extra-
cellular signal-stimulated RhoA synthesis; such an event may take 
place in growth cones and dendritic compartments of neuronal cells 
locally. In addition, whether hnRNP-Q1 is involved in RhoA mRNA 
transport and localization will also need to be addressed in future 
studies.

MATERIALS AND METHODS
Plasmids, siRNA, shRNA, and lentivirus production
Full-length cDNA of human hnRNP-Q1 was obtained by RT-PCR from 
total RNA extracted from HEK293 cells and inserted into pEGFPC1 
and p3Xflag-mCherryC1 vectors via the XhoI site. To express recom-
binant GST-hnRNP-Q1, hnRNP-Q1 coding sequences were cut from 
pEGFP-hnRNP-Q1 and inserted into pGEX-2T (GE Healthcare Bio-
Sciences, Piscataway, NJ) by BamH1 and EcoRI sites. To generate a 
GFP reporter construct, the mouse RhoA mRNA 3′ UTR was ampli-
fied from a pCMV6-msRhoA mammalian expressing plasmid 
(OriGene, Rockville, MD, accession number NM_016802) and in-
serted into pEGFPC1. To generate lentiviral transfer plasmid encod-
ing hnRNP-Q1 shRNA, DNA oligos with sequences 5′-CCGGAAGCT-
TGCAGTGGAGTAATGGCTCGAGCCATTACTCCACTG-
CAAGCTTTTTTTG-3′ and 5′-AATTCAAAAAAAGCTTGCAGTG-
GAGTAATGGCTCGAGCCATTACTCCACTGCAAGCTT-3′ were an-
nealed into double-strand DNA and inserted into a pLKO.1-cloning 
vector (plasmid 10878; Addgene, Cambridge, MA) using AgeI 
and EcoRI sites. A control plasmid bearing scrambled shRNA 
sequence (plasmid 1864) was from Addgene. hnRNP-Q1 siRNA 
(sense, GAUGCAGUUUCAGGUGUAAUCUCA; antisense, UGAU-
GAUUACACCUGAAACUGCAUC) and control siRNA (sense, 
GAUUUGAGACUUGUGCUAAACGUCA; antisense, UGACGUUU
AGCACAAGUCUCAAAUC) were from Invitrogen. GFP-RhoA–ex-
pressing plasmid (plasmid 12965) was from Addgene. RhoA siRNA 
(sc-29471) and scrambled control siRNA (sc-37007) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA).

Lentiviruses were packaged in HEK293 cells according to 
Addgene’s pLKO.1 protocol (www.addgene.org/plko). Lentiviral 
particles in cell culture medium were enriched and purified by 
ultracentrifugation.

Cell cultures and transfection
Neuro2a and C2C12 myoblastoma (American Type Culture Collec-
tion, Manassas, VA) cells were maintained in DMEM (Sigma-
Aldrich, St. Louis, MO) with 10% fetal bovine serum (Sigma-
Aldrich), 100 U/ml penicillin, and 100 mg/ml streptomycin 
(Invitrogen, Carlsbad, CA) at 5% CO2 and 37°C. Primary mouse 
hippocampal neurons were cultured from E16 mouse embryos as 
described previously (Gross et al., 2010).

All cells were transfected with Lipofectamine 2000 (Invitrogen) 
transfection reagent according to the manufacturer’s protocol. For 
mouse hippocampal neuron transfection, shRNA, GFP-Lifeact, and 
myc-hnRNP-Q1(human) expressing plasmid or pcDNA3 were mixed 
with a ratio of 6:1:3. For siRNA transfection, freshly trypsinized 
C2C12 and Neuro2a cells were incubated with siRNA–Lipofectamine 
2000 mixture at room temperature for 30 min and then plated into 
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(Roche) for 20 min at room temperature, followed by incubation 
with NeutrAvidin beads and extensive washes. Proteins were de-
tected by Western blot against GST.

Western blot and quantification
Western blot was performed according to standard procedure. Pro-
tein-specific signal was quantified using ImageJ. RhoA protein lev-
els were normalized to α-tubulin. To measure levels of phospho-
cofilin, membranes previously blotted with phospho-cofilin antibody 
were stripped with Restore stripping buffer (Thermo Scientific) and 
reprobed with cofilin antibodies. Levels of phospho-cofilin were 
normalized to total cofilin. For the GFP reporter assay, GFP levels 
were normalized to 3XFLAG-mCherry.

Statistical analysis
Specific statistical analyses are described in figure legends and were 
performed in SSPS 17.0. All data were tested for normality and ho-
mogeneity of variances. The analysis for Figure 4A was performed 
on square root–transformed data since heterogeneity of variances 
for original data was observed. Nonparametric testes were used for 
data from Sholl analysis. All error bars represent SEM.

Transwell migration experiment
Transwell cell migration assay was performed using 8-μm-pore, 
poly(ethylene terephthalate), track-etched membrane cell culture 
inserts (BD Biosciences, San Diego, CA) coated with fibronectin 
(Sigma-Aldrich) on the bottom surface. At 72 h after siRNA transfec-
tion, C2C12 cells were trypsinized and plated on the top surface of 
inserts. Cells were fixed with 4% paraformaldehyde 8 h after plating 
and stained with DAPI. Ten random optical fields from each insert 
were imaged with a 4× objective, and the average number of DAPI 
foci was quantified as the total number of cells. Then cells on the top 
surface were removed and remaining cells were counted as migrat-
ing cells. Cell migration efficiency was measured as the ratio of mi-
grating cells to total cells.

Immunoprecipitation and qRT-PCR analysis
Neuro2a cell lysates were prepared with cell lysis buffer (50 mM Tris-
HCl, 150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, and 1% NP-
40, pH 7.5) supplemented with complete protease inhibitors (Roche, 
Indianapolis, IN) and RNase inhibitor (SUPERase-In; Applied Biosys-
tems/Ambion, Austin, TX). FLAG-tagged proteins were immunopre-
cipitated with anti-FLAG agarose (Sigma-Aldrich), followed by ex-
tensive washes with cell lysis buffer. After the final wash, RNA was 
extracted from IP pellets with TRIzol reagent (Invitrogen). Total RNAs 
were reverse transcribed with SSIII reverse transcriptase (Invitrogen) 
according to the manual.

Real-time PCR and analysis was performed in a LightCycler real-
time PCR system with LightCycler SYBR Green I reagent (Roche). 
Gene-specific primers were used as follows: CATTGACAGCCCT-
GATAGTT and TCGTCATTCCGAAGGTCCTT for RhoA; CTGGTG-
GATCTCTGTGAGCAC and AAACGTTCCCAACTCAAGGC for γ-
actin; GAGTCTACTGGTGTCTTCAC and CCACAATGCCAAAGTT-
GTCAT for GAPDH; and TCGTGGAATGGATCCCAAC and TCCA-
TCTCTGTCCTGCCT for β-tubulin. CoIP efficiency of γ-actin, RhoA, 
GAPDH, and β-tubulin was quantified by normalizing levels of each 
mRNA in IP pellets to inputs. To assess mRNA-selective enrichment, 
coIP efficiency was normalized to γ-actin mRNA.

Recombinant protein purification
GST and GST-hnRNP-Q1 were purified from Rosetta2 (DE3) bacteria 
(EMD Millipore, Merck, Darmstadt, Germany) transformed with 
pGEX-2T vector or pGEX-hnRNP-Q1 using a GST protein purifica-
tion system (Novagen, EMD4Biosciences, Gibbstown, NJ) accord-
ing to the manual. Expression of recombinant proteins was induced 
at 16°C for 4 h with 0.1 M isopropyl-β-d-thiogalactoside.

RNA probe labeling and RNA-based affinity purification
DNA sequences of interest were amplified by PCR and inserted into 
pGEM T or T-easy vectors (Promega, Madison, WI), except for the 5′ 
UTR. To generate a DNA template for the 5’ UTR, pCMV6-msRhoA 
was linearized by EcoRV. Biotinylated RNA probes were generated 
by in vitro transcription using T7/Sp6 Maxiscript kit (Ambion) with 
Biotin-11-cytidine-5′-triphosphate (biotin-11-CTP; Roche). Biotiny-
lated CTP and normal CTP were used at a ratio of 1:4 to ensure 
transcription yield and sufficient labeling. Nonincorporated nucle-
otides were removed with a G-25 column (Amersham-Pharmacia 
Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ), followed by 
ethanol precipitation. RNA concentration was determined by A260 
absorption, and the quality was examined by denatured RNA elec-
trophoresis. NeutrAvidin agarose (Thermo Scientific, Waltham, MA) 
preblocked with BSA was used to precipitate biotinylated RNA 
probes. Recombinant GST-hnRNP-Q1 or GST (10 ng) was incubated 
with 200 ng of indicated RNA probes in the presence of yeast tRNA 
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