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ABSTRACT

Thehighlyconserved,multifunctionalYB-1 isapowerfulbreastcancerprognostic indicator.Wereportonapervasive role forYB-1 in
which it associates with thousands of nonpolyadenylated short RNAs (shyRNAs) that are further processed into small RNAs
(smyRNAs). Many of these RNAs have previously been identified as functional noncoding RNAs (http://www.johnlab.org/YB1).
We identified a novel, abundant, 3′-modified short RNA antisense to Dicer1 (Shad1) that colocalizes with YB-1 to P-bodies and
stress granules. The expression of Shad1 was shown to correlate with that of YB-1 and whose inhibition leads to an increase in cell
proliferation. Additionally, Shad1 influences the expression of additional prognostic markers of cancer progression such as DLX2
and IGFBP2. We propose that the examination of these noncoding RNAs could lead to better understanding of prostate cancer
progression.
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INTRODUCTION

Human Y-box binding protein 1 (YB-1) is a multifunctional
protein that belongs to the highly conserved superfamily
of cold shock domain (CSD) proteins known to bind both
DNA and RNA (Kohno et al. 2003). It is involved in many
cellular functions including transcription/translation (Didier
et al. 1988; Evdokimova et al. 2006), alternative splicing
(Stickeler et al. 2001; Dutertre et al. 2010), and mRNA deg-
radation/processing in P-bodies (Evdokimova et al. 2001,
2006; Stickeler et al. 2001). Inverse CAATmotifs, typically lo-
calized within promoter regions, serve as binding sites for
YB-1. Occupancy of YB-1 at these sites can trigger either
transcriptional activation through the recruitment of RNA
polymerase II (Spitkovsky et al. 1992) or repression via dis-
placement of bound activator proteins (Van de Putte et al.
2003). YB-1 has also been implicated as a protein partner
in the splicing and transport of pre-mRNAs (Deckert et al.
2006; Agafonov et al. 2011). In the cytoplasm, YB-1 is also
a component of the messenger ribonucleoprotein (mRNP)
complexes formed by human Argonautes (AGO), which

are central to small RNA-mediated silencing (Hammond
et al. 2001; Meister et al. 2004; Girard et al. 2006; Höck
et al. 2007). In addition to the link between YB-1 and mature
microRNAs (miRNAs), YB-1’s relatedness to lin-28, a pluri-
potency factor and a processor of the let-7miRNA precursor
(Moss and Tang 2003; Yu et al. 2007; Viswanathan et al.
2009) suggests that it may have a broader role in small
RNA processing and function than previously recognized.
The role of YB-1 in human biology and disease has been

most thoroughly examined in cancer. YB-1 expression levels
have been shown to correlate with drug resistance and poor
patient outcome in various cancers (Bargou et al. 1997).
Furthermore, YB-1 may be a more powerful prognostic
marker for relapse and survival in breast cancer patients
than the commonly used markers Her-2 and estrogen recep-
tor (Habibi et al. 2008). YB-1 has been shown to induce the
expression of pro-proliferative genes such as Her-2, EGFR,
MDR-1, cyclin A, and cyclin B (Bargou et al. 1997; Ise et al.
1999; Raffetseder et al. 2003; Wu et al. 2006). Specifically
in breast cancer, YB-1 has been associated with BRCA1
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mutations as identified by microarray (Sorlie et al. 2003).
Finally, YB-1 expression levels have also been shown to cor-
relate with malignant transformation and castrate resistant
prostate cancer (Giménez-Bonafé et al. 2004). Although the
mechanistic basis for YB-1’s role in cancer has not been re-
vealed, it is a partner of the p53 tumor suppressor protein
and may therefore influence its many functions in tumor
progression (Zhang et al. 2003).

Currently, 50 miRNAs have been associated with prostate
cancer; however none of them have been shown to be directly
related to disease pathogenesis (Pang et al. 2010). Instead,
many miRNAs have been shown to correlate with different
grades of prostate cancer and could potentially serve as bio-
markers for diagnosis and treatment (Walter et al. 2013).
A pilot project to predict RNA binding proteins impor-
tant to small RNA pathways led us to test whether YB-1 asso-
ciates with small RNAs in the androgen independent PC-3
prostate cancer cell line. In recent years, various classes of
small and long noncoding RNAs have been identified in
mammals (Gupta et al. 2010; Meiri et al. 2010; Lai et al.
2013). We found that YB-1 associates with a variety of non-
coding RNAs in PC-3 cells. These RNAs correspond to
thousands of distinct short YB-1–associated noncoding
RNAs (shyRNAs) and their cognate processed YB-1–associ-
ated small RNAs (smyRNAs) that primarily match to the 5′

or 3′ terminal regions. Many of the shyRNAs that we identi-
fied are also identical to known regulatory RNAs such as Y
RNAs, vault RNAs and snoRNAs. One of the shyRNAs derive
from the antisense strand of the Dicer1 gene, termed Shad1
(short antisense to Dicer1), and found to regulate the prolif-
eration of PC-3 cells. Furthermore, Shad1 RNA colocalizes
with YB-1 in P-bodies and stress granules upon oxidative
stress of PC-3 cells. Therefore, shyRNAs have the capacity
to impact many fundamental biochemical pathways through
the interaction with the global regulator, YB-1.

RESULTS

YB-1 associates with a variety of noncoding RNAs

PC-3 cell lysates were subjected to immunoprecipitation with
a YB-1 antibody under conditions expected to stabilize RNA–
protein complexes. As shown in results of the Bioanalyzer
analysis of RNA species enriched inYB-1 immunoprecipitates
relative to nonimmune IgG complexes, the YB-1 RNA frac-
tion is highly enriched in small RNAs with distinct and prom-
inent peaks at 16, 22, and 28 nt (Fig. 1A). The profile of RNA
species associated with another protein containing two RNA
binding domains (i.e., hnRNP A/B) does not match that
identified in YB-1 immunoprecipitates indicating that not
all RNA binding proteins bind small RNAs. The YB-1–as-
sociated small RNAs (∼10–50 nt) were therefore size-frac-
tionated and sequenced using the Illumina small RNA-
sequencing protocol. A total of 185,105 distinct genomic
loci (14,042,214 reads) were cloned with 156,006 locations

(14,012,548 reads) representing >1 RPKM.One smyRNA-se-
quencedmaps to a novel gene locus that is antisense to the first
exon of the Dicer transcript, KI AA0928. Northern blot anal-
ysis validates that the Shad1 small RNAwas indeed present in
YB-1 immunoprecipitated samples as compared with input
and IgG controls (Fig. 1B). Northern blotting also validated
the presence of another highly sequenced smyRNAs selective-
ly enriched in YB-1 immunoprecipitates (i.e., Saunc45b) (Fig.
1B). RNA EMSAs using purified GST-tagged YB-1 protein
demonstrate a direct interaction between YB-1 and the
DIG-labeled small Shad1RNA, suggesting that the association
between YB-1 and Shad1 in immunoprecipitates may be in-
dicative of an interaction that occurs in vivo (Fig. 1C).
Addition of excess unlabeled Shad1 eliminates the detectable
shift due to the binding of the tagged protein. YB-1 is known
to bind directly to the RNA transcribed from the fourth exon
on the CD44 gene both in vivo and in vitro (Stickeler et al.
2001). To test the specificity of RNA binding, CD44v4 was
used as a positive control in the EMSA not only to test the spe-
cificity with the addition of excess unlabeled probes, but also
with increasing concentrations of either labeled probe or
tagged YB-1 protein (Supplemental Fig. S1).
In addition to validating the presence of sequenced

smyRNAs, Northern blot analysis also identified additional
higher molecular weight bands RNAs containing the same
small RNA sequence, which could be precursors of Shad1
and Saunc45B RNAs (Fig. 1B). YB-1–associated RNAs were
therefore size fractionated from ∼10 to 250 nt and paired-
end sequenced to examine the different size populations. A
total of 403,455 distinct genomic loci (32,916,224 reads)
were mapped to the genome and of those, 281,686 loci
(32,720,233 reads) represent locations >1 RPKM. The size
distribution of each unique paired-end read shows two dis-
tinct populations of RNAs with an enrichment of RNAs in
the range of 16–48 nt, similar to the distribution from the
Bioanalyzer assays (Fig. 1D, red). To normalize for any arti-
facts related to ligation, amplification andnonspecific binding
of abundant RNAs, the same size fraction was also sequenced
from the PC-3 input samples. A total of 412,690 distinct geno-
mic loci (67,175,643 reads) were mapped with 115,496 loci
(66,688,207 reads) representing locations >1RPKM.Only ge-
nomic locations (247,547 clusters; 22,938,551 reads) where
there was at least a twofold enrichment over the input library
and the locations with >1 RPKMwere considered resulting in
a conservative group of YB-1–associated RNAs. The size dis-
tribution of these YB-1–associated RNAs remains very similar
to the nonnormalized data set (Fig. 1D, blue). Examination of
the 188,061 smyRNA locations (7,594,709 reads) revealed
that a small percentage of reads correspond to annotated
tRNAs (6.5%) and snoRNAs (3%) (Fig. 1E). Because
smyRNAs sequenced from the input samples were removed
from the YB-1 IP samples, the reads attributed to tRNAs
and snoRNAs are not due to nonspecific associations or liga-
tion bias due to the sequencing technologies. The high per-
centage of snoRNAs sequenced suggests an enrichment of
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sdRNAs associated with YB-1 (Taft et al. 2009). On the other
hand, miRNA reads accounted for 27% of total smyRNAs.
The enrichment of known small noncoding RNAs associated
with YB-1 suggests a functional role for YB-1 in the small
RNA pathway.

A second population of RNAs, ∼63–86 nt in length,
emerged upon sequencing a larger size distribution of
RNAs associated with YB-1 (Fig. 1E). In total, we sequenced
67,132 distinct shyRNA loci (6,342,725 reads). Only a low
percentage of all reads (7.7%) map to tRNA locations (Fig.
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2A). In contrast, 52.5% of the reads within this shyRNA
fraction still map to snoRNAs. Recurrent enrichment of
snoRNAs in both the shy and small RNA fractions, over sim-
ilarly sized RNAs, adds support to the notion that YB-1 pref-
erentially associates with both snoRNAs and their processed,
smaller sdRNAs. To analyze whether shyRNAs have polyade-
nylated isoforms, similar to that of exosome-dependent pro-

moter associated RNAs (Preker et al. 2008), we identified the
polyadenylation sites across the genome using Direct RNA
sequencing (DRS) (Ozsolak et al. 2010) in PC-3 cells and
found that the majority (83%) of shyRNA locations do not
overlap with polyadenylation sites.
The presence of longer RNA sequences in Northern

blot analysis of YB-1–associated RNAs, the preferential

YB1 Small RNA reads (RPKM) 

Y
B

1 
sh

yR
N

A 
re

ad
s 

(R
P

K
M

) 

R=0.53

YB1 Small RNA reads (RPKM) 

P
C

3 
m

R
N

A 
re

ad
s 

(R
P

K
M

) 
R=0.16

P
C

3 
m

R
N

A 
re

ad
s 

(R
P

K
M

) 

YB1 shyRNA reads (RPKM) 

R=0.17

0

1000

2000

3000

4000

−200 −100 0 100 200
Read Position

G
en

om
ic

 L
oc

at
io

ns

5'

3'

RNY3

148,680,840 148,680,980

2

6

10000

20000

30000

40000

50000

60000

Genomic location

R
e
a
d

s

Other ncRNAssnoRNAs

B C

D

miRNAsE

A

P
e
rc

e
n

t

m
R
N
A

In
tr
on

m
iR

N
A

tR
N
A

sn
oR

N
A

ncR
N
A

In
te

rg
en

ic

0

20

40

60

Clusters

Reads

FIGURE 2. Characteristics of YB-1–associated short RNAs. (A) Analysis of distinct YB-1–associated short RNAs (shyRNAs) after removal of input
RNAs. (B) The RNY3 RNA is matched to YB-1–associated shyRNAs (blue) and low abundance small RNAs (black) that preferentially derive from
either the 5′ or 3′ ends of RNY3. The y-axis represents the number of reads while the x-axis shows the genomic location of the reads. The most abun-
dant read is nearly identical to RNY3. (C) Small RNAs preferentially match to the 5′ and 3′ ends of shyRNAs. (D) Correlation between shyRNAs, small
RNAs, and mRNAs in PC-3 cells. (E) qPCR validation of different classes of small and shyRNAs.

Liu et al.

1162 RNA, Vol. 21, No. 6



association of snoRNAs and their derivatives with YB-1, and
the evidence that long RNAs (>200 nt) are processed into
short RNAs (<200 nt) raised the possibility that shyRNAs
are processed into smaller RNAs (Kapranov et al. 2007).
Indeed, among the 247,547 distinct shyRNA genomic loca-
tions, ∼62% generate YB-1–associated small RNAs that con-
siderably overlap (≥80%) with their cognate short RNA
sequences. This property is not seen with the small and short
RNA fractions in the input controls with only 1340 of 84,981
locations (1.6%) reflective of a precursor/product relation-
ship. An inspection of smyRNAs generated from longer
shyRNAs, such as the case for RNY3, reveals a general prefer-
ence for shyRNAs to generate small RNAs from either the 5′

or 3′ termini (Fig. 2B). The most abundant RNY3 small RNA
is located toward the 5′ end of the short RNA. An additional
small RNA that is seemingly less abundant is located close to
the 3′ end. The lack of small RNAs deriving from other re-
gions of RNY3 is reminiscent of other small RNAs that man-
ifest terminal bias, such as tRNA-derived fragments (Lee et al.
2009) and snoRNAs-derived RNAs (Taft et al. 2009; Lin et al.
2012). A more comprehensive analysis of the locations of the
small RNAs within shyRNAs indicates that shyRNAs are pref-
erentially processed from their 5′ or 3′ ends (Fig. 2C). The
correlation between the abundance of shyRNAs and their
small RNAs is also high (R = 0.53) (Fig. 2D). To investigate
whether mRNA expression correlates to their corresponding
shyRNAs and the small RNAs, we quantified transcript levels
of exons in PC-3 using Illumina RNA-seq data. Negligible
correlation was seen between mRNAs and the shyRNAs, as
well as mRNAs and the small RNAs (R = 0.17–0.16) (Fig.
2D). These results suggest that shyRNA sequences generally
serve as precursors to YB-1–associated small RNAs. Quanti-
tative RT-PCR (qPCR) validation was performed on size-
fractionated YB-1–associated RNAs to examine the observed
association of 26 RNAs (Fig. 2E). Several well characterized
small/short noncoding RNAs such as mirtrons and vault
RNAs are also present among the YB-1–associated RNA
reads. For instance, the recently discovered MALAT1-associ-
ated small (∼60 nt) cytoplasmic RNA, mascRNA, generates
a novel small RNA that is processed precisely from the 5′

end of the annotated mascRNA. Similarly, 77% (10/13) of
a high-confidence set of cytoplasmic human mirtrons were
detected (Sibley et al. 2011). Three of the four cytoplasmic
vault RNAs also overlap with both shyRNAs and their termi-
nal smyRNAs.
While the correlation between the shyRNAs and their

equivalent smyRNA is high, there still exists the possibility
that these YB-1–associated RNAs are simply a byproduct of
some RNA degradation process within the cell. A recent study
examined small noncoding RNAs (18–30 and 30–100 nt) and
the effects of the processing of these RNAs in the absence of
the endonuclease RRP40 or the exonucleases XRN1 and
XRN2 (Valen et al. 2011). RNA categories identified in these
analyses as either RRP40, XRN1, and XRN2-dependent or
independent were then overlapped with the YB-1–associated

RNAs in order to assess the potential contribution of these
endo-/exonucleases to the processing these RNAs with the
caveat that this comparison was being made with two distinct
human cell lines. Nonetheless, only 3% of the small and
0.5%–0.7% of the shyRNAs could be considered dependent
on RRP40 or XRN1/2 for processing. Similarly, 3% of the
small and 0.4%–0.5% of the shyRNAs represents known deg-
radation products of RRP40 and XRN1/2. Therefore, the vast
majority of shyRNAs are unlikely to be generated by degrada-
tion by the major RNA processing endonuclease and exonu-
cleases found in human cells.

Shad1 influences expression of prognostic
markers of metastasis

Surprisingly, while initial sequencing experiments recovered
Shad1 small RNAs, it was not as abundantly present in the
Illumina reads when the larger fraction was sequenced. This
could result from either a 5′ or 3′ end modification in
Shad1 RNA that would reduce the efficiency of adaptor liga-
tion used to prep samples for Illumina sequencing. To test
for 5′ terminal RNA modifications, YB-1 immunoprecipitat-
ed RNA was treated with a 5′ monophosphate-dependent
exonuclease. For both the 25 and 100 nt forms of Shad1,
the exonuclease treatment results in Shad1 degradation, rul-
ing out the presence of a 5′ modification (Fig. 3A). To test
for the presence of 3′ modifications, YB-1 immunoprecipitat-
ed RNAwas subjected to periodate oxidation followed by po-
lyadenylation and qPCR. qPCR of Shad1 with and without
periodate oxidation reveals little change in amplification effi-
ciency suggesting that a 3′ modification may exist (Fig. 3B). A
synthetic miR-135 oligo containing a 2′-O-methylation at
the 3′ end yields similar results, while the novel small RNA
derived from the human Y RNA, RNY3, prominently se-
quenced in associationwithYB-1,manifests a clear difference.
Therefore, this modification is likely responsible for limiting
ligation of the 3′ sequencing adapter necessary for Illumina se-
quencing. Although the 3′ modification did limit the number
of reads generated from Shad1, we inferred the genomic loca-
tion of Shad1 through the combination of single-end and
paired-end sequencing of YB-1–associated RNAs (Fig. 3C).
Although we show that Shad1 is directly bound by YB-1,

we sought to examine if levels of Shad1 correlate with YB-1
expression. In order to differentiate between the Shad1
shyRNA and the Shad1 smyRNA, oligos were synthesized
for complementary to the common short/small region
(Shad1) or specifically to the short region (Shad1 [−50]).
In a normal prostate epithelial cell line, RWPE-1, YB-1 is
down-regulated compared with PC-3; in the same cell line,
Shad1 is also significantly down-regulated (Fig. 3D). When
YB-1 expression is knocked down with a lentiviral shRNA,
Shad1 expression likewise decreases (Fig. 3E). Finally, when
a CMV-YB-1 is stably transfected into the RWPE-1 cell line
to increase the expression of YB-1, Shad1 expression increas-
es with that of YB-1 (Fig. 3F). Under the same conditions,
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www.rnajournal.org 1163



qPCR was performed using oligos specific to the Shad1
shyRNA only (Supplemental Fig. S2A–C). Similar to the
Shad1 qPCR results, the expression of Shad1 shyRNA corre-
lates with the expression of YB-1 in all cell lines. Examination
of a gene not known to be regulated by YB-1 expression was
also checked as a negative control, and there was no correla-
tion of GusB expression with that of YB-1 or Shad1 (Sup-
plemental Fig. S2D–F). These results in sum suggest that

Shad1 expression is tightly linked to that of its protein part-
ner, YB-1.
In order to investigate whether Shad1 shyRNA has a func-

tional role in PC-3 cells, we designed LNA oligos antisense for
both the short/small Shad1 isoform (aShad1) and the specific
short Shad1 isoform (aShad1 (-50)). Transfections of aShad1
LNAs result in increase in metabolic activity compared with
the scrambled control LNA oligo (Fig. 4A). Cytotoxicity

FIGURE 3. Shad1 modification and correlation of expression with YB-1. (A) The Shad1 RNAs possess a 5′-phosphate as indicated by a 5′-phosphate-
dependent exonuclease reaction. (B) Periodate oxidation followed by polyadenylation and qPCR reveals 3′ modifications in YB-1–associated RNAs
and the positive control, miR-135m, a synthetic oligo with a 3′ end 2′-O-methyl modification. (C) Genomic location of Shad1 shyRNA and smyRNA
as determined by sequencing of YB-1–associated RNAs. (D) In a normal prostate epithelial cell line (RWPE), YB-1 expression is less than that of the
prostate cancer cell line (PC-3). Shad1 level is also down-regulated in RWPE compared with PC-3. (E) Upon lentiviral infection with shRNA for YB-1,
Shad1 levels also decrease. (F) Upon overexpression of YB-1, Shad1 levels are also increased. (∗) P-values <0.05; n = 3.
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assays of the transfections showed no increased cell death in
the transfection reactions as opposed to negative (control un-
treated) and positive (fully lysed) controls (Fig. 4B). Cell
counts also showed no cell death with increased proliferation
in the cells transfected with both LNA oligos that are comple-
mentary to Shad1 (Fig. 4C). Taken together, Shad1 functions

in PC-3 cells to repress proliferation. Since Shad1 is antisense
to Dicer1, blocking Shad1 could remove its potential function
as a regulator of Dicer1 expression. Shad1 inactivation was
examined by qPCR between the scrambled (scr) control and
the aShad1 LNA (Fig. 4D). When the aShad1 LNA was trans-
fected, there is a statistically significant decrease in Shad1
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above is up-regulated and below is down-regulated.
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expression. Further examination by qPCR of Dicer1 expres-
sion showed no significant difference in Dicer1 mRNA is
PC-3 cells (Fig. 4E); Western blot showed no significant dif-
ference in Dicer1 protein (Fig. 4F). Since there was no signifi-
cant change in Dicer1 expression or protein levels, Shad1may
be having a unique role in mRNA regulation independent of
Dicer1. DRS was performed on both the scr control and the
aShad1 LNA knockdown cells to examine gene expression
changes, and there were 115 genes differentially expressed be-
tween the two conditions. A few of the most differentially ex-
pressed genes,DLX2, IGFBP2, and IL-6, were reconfirmed by
qPCR and are knownmarkers of cancer progression and poor
patient outcome (Fig. 4G). Because of the closely linked na-
ture of Shad1 and YB-1, we examined the Shad1-dependent
genes in reference to YB-1 expression. Of the 13 genes exam-
ined in the Shad1 LNA knockdown cells, 10 genes remained
significantly differentially regulated in response to YB-1
knockdown (Supplemental Fig. S3A). However, there were
no consistent changes in gene expression when the genes
were examined in normal prostate epithelial cells with or
without YB-1 overexpression.Motif analysis of Shad1 regulat-
ed genes revealed a consensus motif shared between all disre-
gulated genes, but this motif did not correspond to either the
YB-1 binding site or Shad1 complementary sequence indi-
cating that it is unlikely that YB-1 in conjunction with
Shad1 binds directly to regulate the expression of these genes
(Supplemental Fig. S3B). A TOMTOM scan of the Shad1
consensus motif revealed only 24 hits in 1329 total motifs in
the vertebrate database (1.8%) (Gupta et al. 2007). Addi-
tionally, a FIMO search found no statistically significant en-
richment of the Shad1 consensus motif in the human
nucleotide database indicating that there is no enrichment
of this motif among genes that are not Shad1 regulated
(Grant et al. 2011). These results reveal that Shad1 and YB-
1 expression is closely linked, and Shad1 likely plays an indi-
rect role in the expression of other prognostic markers of can-
cermetastasis. These results also indicate that YB-1 and Shad1
expression alone is insufficient to disregulate genes associated
with cancer metastasis in normal prostate epithelial cells.

Shad1 is evolutionarily conserved and localizes
to mammalian P-bodies/stress granules

YB-1 is known to be highly conserved from bacteria to all ver-
tebrate species examined and its subcellular localization can
be influenced by cellular stress (Christov et al. 2006; Krude
et al. 2009). For example, YB-1 associates with two distinct
stress-responsive cellular structures, the mRNA degrada-
tion-related P-bodies (PB), and stress granules that are sites
of mRNA processing (Kedersha and Anderson 2007). In six
cell lines comprising human (PC-3, HeLa, HEK293, MCF-
7), mouse (P19), and monkey (COS7), YB-1 consistently lo-
calizes to the cytoplasm of the cells under normal growth con-
ditions (Fig. 5; Supplemental Figs. S4–S8).While Shad1 is also
primarily localizedwithin the cytoplasm, it is detectable in the

nucleus of HeLa cells. When cells are exposed to stress condi-
tions, YB-1 and Shad1 form punctate structures in the cyto-
plasm in all cell lines tested. For example, upon heat shock
for 45min, 30% of YB-1/Shad1 punctate structures colocalize
with GW182, a marker for PBs but not SGs, which represents
40% of labeled PBs (Fig. 5A). Upon a 2 h heat shock, 50% of
YB-1/Shad1 structures colocalize with PBs, representing 70%
of PBs.When cells are treatedwith arsenite, an oxidative stress
agent, 60% colocalize to 90% of PBs. Under the same arsenite
exposure conditions, 80% of YB-1/Shad1 colocalizes in 70%
of eIF3, a marker for SGs but not PBs (Fig. 5B). The colocal-
ization of eIF3 with YB-1 and Shad1 is also visible upon heat
shock (40% and 60% colocalization, respectively). In some
instances, a minor fraction of Shad1 and YB-1 are also detect-
ed in the nucleus (Supplemental Fig. S4). To compare the
localization differences between the Shad1 shyRNA and
Shad1 smyRNA, we used another probe that targets the im-
mediate upstream location of the Shad1-derived small RNA.
Although the Shad1 shyRNA showed more punctate staining
even under nonstress conditions in PC-3 cells, colocalization
patterns with YB-1 and PBs or SGs remained the same when
cells were subjected to heat shock and arsenite stress (Supple-
mental Fig. S9). To further confirm that the observed local-
ization patterns are truly attributed to YB-1, we used a
FLAG-tagged YB-1 in HeLa S3 cells to reconfirm the localiza-
tion of Shad1 with YB-1 under stress conditions (Supple-
mental Fig. S10). To verify that the GW182 cytoplasmic
structures were actually P-bodies, we also used Dcp1a as an-
othermaker of PBs (Supplemental Fig. S11). Finally, we tested
whether Shad1 levels change after arsenite treatment.
Northern blot analysis revealed that stress induced recruit-
ment of Shad1 to PBs/SGs does not reflect an elevated level
of Shad1 (Supplemental Fig. S12). Taken together, Shad1 is
not only associated with YB-1 across a variety of cell types,
but colocalizes to stress-responsive structures specifically
with YB-1.

DISCUSSION

The YB-1 protein utilizes its DNA and RNA binding activity
to influence various aspects of nucleic acid metabolism in-
cluding DNA replication, transcription, mRNA splicing,
and export. We have identified a unique regulatory mecha-
nism for YB-1 that is mediated by a novel class of short
RNAs termed shyRNAs and their processed small RNAs
(smyRNAs) that specifically associate with YB-1, perhaps as
shown in one case by a direct interaction. It seems likely
that only a minor proportion of shyRNAs represent degrada-
tion products of longer noncoding RNAs or mRNAs since
the overlap between shyRNAs and RNA-seq data from
endo- and exonuclease knockdown cells are low. While the
biosynthesis of these RNAs is unknown, the number of func-
tional noncoding RNAs associated with YB-1 (i.e., RNY3,
MALAT-1) suggests that YB-1 is important in the small
RNA pathway. Previous studies have shown that YB-1
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associates with AGO proteins so some of
these shy- and smy-RNAs may associate
with both YB-1 and AGO in a complex.

Toexamine the potential biological rel-
evance of the unique YB-1–associated
RNAs thatwe identified, functional assays
were performed with validated shyRNAs
such as one derived from the antisense
strand of Dicer that we designated as
Shad1. The increased proliferation of
PC-3 cells upon Shad1 ablation seems
contradictory since YB-1 overexpression
reportedly plays a role in tumor progres-
sion and outcome. However, we show
that blocking Shad1 decreases the expres-
sion of many other genes know to predict
cancer progression and metastasis. The
transcription factor DLX2 has been
shown to inhibit apoptosis induced by
TGFβ and the expression of DLX2 corre-
lates with tumor progression and metas-
tasis in melanoma, glioma, lung, and
prostate cancers (Yilmaz et al. 2011). An-
other gene whose overexpression corre-
lates with tumor progression and is
down-regulated in the absence of Shad1
is IGFBP2. Previous studies have shown
that IGFBP2 is overexpressed in glioma,
prostate, and breast cancers (Kanety
et al. 1993; Busund et al. 2005; Lin et al.
2009). In prostate cancer, serum levels of
IGFBP2 can be measured and levels in-
crease as the cancer progresses (Shariat
et al. 2002; Bensalah et al. 2008). IL-6, a
cytokine that can be both pro- and anti-
inflammatory, plays an important role in
the metastasis of prostate cancer (Shariat
et al. 2002). Endothelial cells have been
shown to excrete IL-6 resulting in a
decrease in androgen receptor activity
leading to increased invasion of the epi-
thelial cells (Wang et al. 2013). In HER2
positive breast cancer, IL-6 expression is
increased as well (Hartman et al. 2011).
However, YB-1 overexpression in breast
cancer cells actually decreases cell growth
rather than promoting proliferation (Ga-
rand et al. 2011). Since one property
of YB-1 overexpression is cisplatin resis-
tance and cisplatin functions by form-
ing DNA crosslinks during replication,
the drop in proliferation could render
treatment less efficacious. Instead, the
overexpressionof YB-1 in decreasing pro-
liferation could be promoting enhanced
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eIF3 Shad1 YB-1 Merge

30%
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60%
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FIGURE 5. YB-1 colocalizes with Shad1 to cytoplasmic bodies in PC-3 cells. (A) Upon heat
shock or oxidative stress (arsenite), Shad1 localizes with YB-1 to P-bodies (GW182). (B)
Under the same conditions, some of the Shad1 localizes with YB-1 to stress granules (eIF3).
Percent colocalization of Shad1/YB-1 to cytoplasmic bodies are indicated on merged panels
and the percent of cytoplasmic bodies with Shad1/YB-1 are indicated in the PB/SG panels.
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migration and epithelial–mesenchymal transition (EMT)
(Evdokimova et al. 2009a,b). Shad1 can be found not only
in different mammalian cell lines we examined (mouse and
monkey), but it is also expressed in normal cell lines at levels
corresponding to YB-1 expression. The fact that Shad1 is an-
tisense to Dicer1 means that any blockade of Shad1 requires a
sequence that would not affect Dicer1 expression, making it a
potential target that would specifically inhibit a handful of
genes important to tumor progression instead of inhibiting
a multifunctional protein like YB-1. Taken together with the
observation that shyRNAs include many known regulatory
short RNAs such as Y RNAs, pre-miRNAs, and snoRNAs,
these observations support the notion that shyRNAs represent
a group of RNAs that share a common pathway but have evo-
lutionarily acquired diverse cellular roles.

MATERIALS AND METHODS

Cell culture and proliferation

PC-3, HeLa, HEK293, MCF-7, and COS7 cells were maintained in
RPMI1640 supplemented with 10% fetal bovine serum and 1% pen-
icillin/streptomycin. P19 cells were maintained in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin. RWPE1
cells were maintained in Keratinocyte-serum free media supple-
mented with bovine pituitary extract and epidermal growth factor
(EGF). Cell proliferation was determined with the Vybrant MTT
cell proliferation assay (Invitrogen) and trypan blue cell count at
48 h post-transfection.

RNA immunoprecipitation

Cells were grown to 70% confluence in 15 cm plates and lysed with
RNA immunoprecipitation lysis buffer (20 mM Tris–HCl pH 7.5,
150 mM NaCl, 0.25% NP-40, 1.5 mM MgCl2, protease inhibitors,
PMSF, and RNaseOUT). Protein A/G agarose beads (Santa Cruz)
were prewashed with RNA wash buffer (20 mM Tris–HCl pH 7.5,
150 mM NaCl, 0.5% NP-40, 1.5 mMMgCl2). For antibody-immo-
bilized beads, 2 μg of YB-1 (Abcam), normal rabbit IgG (Santa
Cruz), or hnRNP A/B (Santa Cruz) antibody was added to the
bead/wash buffer solution and incubated at 4°C for 90 min. Cell ly-
sates were precleared with washed agarose beads for 60 min. Equal
volumes of supernatant were either saved as input sample or applied
to the antibody-immobilized beads and incubated at 4°C for 3
h. The antibody-immobilized beads–RNP complexes were washed
three times in wash buffer and treated with proteinase K at 45°C
for 30 min. After protein digestion, RNA was isolated using
TRIzol (Invitrogen) and chloroform (Sigma).

RNA sequencing

RNA obtained from the immunoprecipitation experiments were
size fractionated on a polyacrylamide-urea gel (National Diagnos-
tics) and gel slices were crushed and resuspended in 0.4MNaCl, fro-
zen, and incubated at 42°C overnight. The acrylamide was removed
by passing the suspension throughNanosep 100K filters (Pall Corp.)
and RNA was precipitated. 5′ phosphate-dependent cDNA libraries
were prepared using the manufacturer TruSeq small RNA-sequenc-

ing protocol. Small RNA 3′ and 5′ adapters were ligated to the RNAs
using T4 RNA Ligase 2 and cDNA synthesis was performed using
the RNA RT primer (RTP) and SuperScript II reverse transcriptase.
PCR amplification was performed with RNA PCR primer (RP1) and
primer index (RPIX) and Phusion DNA polymerase. The cDNA li-
brary was then size fractionated on a 6%–12% PAGE gel and the li-
brary recovered for sequencing. The small RNA was single-end
sequenced while the ∼10–250 nt library was paired-end sequenced
(Tufts core facility).

Genomic analysis

All sequence mapping and filtering were performed in house.
Illumina FASTQ files were processed to retrieve sequences with
Phred quality score to ensure a base call accuracy of 99%. The 3%
adapter sequences and reads shorter than 15 nucleotides were re-
moved using cutadapt. The filtered RNA reads were mapped to
the human genome (GRCh37) using Bowtie. The mapped locations
were then further filtered to only retain those reads that matched to
a single unique location in the genome and were >1 RPKM.
Neighboring (distance <10 nt) reads from identical strands were
considered as part of a single genomic cluster for annotations using
UCSC Genome Browser and Bioconductor (Gentleman et al. 2004;
Karolchik et al. 2009). For the paired-end sequencing reads, the li-
braries were normalized to the sequenced input RNA. Input
RNAs that were greater than twofold enriched over YB-1 RNAs
was considered to be the control RNA sequences; YB-1 RNAs that
were greater than twofold enriched over input RNAs was considered
to be the YB-1–associated RNA sequences.

Statistical analysis

Publicly available (embargo free) ChIP-seq data (ENCODE) of his-
tonemodifications (72 cell lines, 682 samples) and transcription fac-
tors (88 cell lines, 218 transcription factors, 1284 samples) from the
UCSC genome browser portal were used to establish the preference
of various genomic features to shyRNA locations. As a control
group, the input RNA locations with at least twofold enrichment
over YB-1 and >1 RPKM (96,335 locations) were defined. An equiv-
alent number based on RPKM of YB-1–associated RNAs were se-
lected. Bootstrapping analysis for YB-1 to histone modification/TF
binding site enrichment was performed by randomly sampling
(with replacement, n = 96,335) the described sets of both YB-1
and control samples to yield 10 different data sets for each sample
(YB-1 or control). The distances to the closest histone modification
or TF binding sites for each 5′ end of the YB-1–associated RNAs or
its equivalent control 5′ locations were calculated and binned (size
= 200 nt). P-values were computed using the two tailed t-test based
on the probability distribution of the YB-1 and control bootstrapped
data sets at position 0 (±100 nt).

RNA electromobility shift assay

GST-tagged YB-1 protein was constructed by subcloning the CDS of
YB-1 into the vector pGEX-6P1. E. coli Rosetta was transformed and
expression was induced at 18°C over night. Cells were lysed by son-
ication and protein was purified with Glutathione Sepharose 4B (GE
Healthcare). Elution was done with Glutathione peptide, followed
by dialysis over night against PBS. To generate synthetic RNAs for
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binding assays, DNA oligos were designed
with a T7 promoter (underlined) AACCAAT
CTCAACCAGCCACTGCCCTATAGTGAGT
CGTATTA (Shad1) and TCCTTGTGGTTGT
CTGAAGTAGCACTTCCGGATTTGAATGG
CTTGGGTTCCA CTGGGTCCAGTCCTGG
TTCCTATAGTGAGTCGTATTA (CD44v4).
T7 in vitro transcription was performed us-
ing the T7 RNA polymerase (NEB) and the
RNA was purified with phenol/chloroform
extraction and ethanol precipitation. Synthe-
sized RNAs were then 3′-biotin labeled
(Pierce) and RNA probes were purified with
phenol/chloroform extraction and ethanol
precipitation. The binding reaction was car-
ried out in 20 μL of RNA binding buffer
(100 mM HEPES pH 7.9, 100 mM KCl, 10
mM MgCl2, 10 mM DTT), 5% glycerol, 2 μg
tRNA (nonspecific competitor RNA). Where
indicated, a 20-fold excess of unlabeled RNA
probe was added to the reaction as a control
for specificity. The reactions were incubated
at room temperature for an hour and resolved
on a 4.5% native polyacrylamide gel in 0.5×
TBE buffer. The samples were electro-
transferred to positively charged nylon mem-
branes and UV crosslinked at 120 mJ/cm2.
Chemiluminescent detection of the biotin-la-
beled RNA probes was performed per manu-
facturer’s instructions (Pierce).

Northern blots and qRT-PCR

RNAwas separated by electrophoresis on 15%
polyacrylamide-urea gels and electrotrans-
ferred to positively charged nylon membranes
(Roche). Northern blots were performed us-
ing our previously described protocol utilizing
LNA probes, EDC crosslinking and DIG-la-
beled probes (Kim et al. 2010). EDC crosslink-
ing was performed at 60°C for 1–2 h to
facilitate adequate RNA–membrane cross-
linking. LNA or DNA oligonucleotide probes
were 3′-end labeled with digoxigenin (DIG)
using an End Tailing Kit (Roche). Probe se-
quences used for detection are ACAATCT
CAACCAGCCACT (Shad1), AATTGAGAT
AACTCACTACCTTCGGA CCAGCC (RNY1),
TAGTCAAGTGAAGCAGTGGGAGTGGAGA
(RNY3), and CCTCCGCTGAC TAATATG
CTTAAATTCAGCGGGTCGCCACGTCTGA
TCTGAGGTCGCG (Saunc45B) with LNA
bases underlined. RNA−probe hybridizations
were carried out overnight in Ultrahyb buffer
(Ambion) at 42°C.
RNA obtained from the immunopreci-

pitation experiments were size fractionated
and gel purified. The NCode VILO cDNA
synthesis and qRT-PCR kit was used to

TABLE 1. qRT-PCR primers for small RNA and shyRNA validation, and LNA oligos

RNA Forward primer Reverse primer

miRNAs
miR-17 ACTGCAGTGAAGGCACTTGT
let-7g TGAGGTAGTAGTTTGTACAGTT

TGAGG
miR-135b TGGCTTTTCATTCCTATGTGA
miR-200a TAACACTGTCTGGTAACGATGT
miR-221 AGCTACATTGTCTGCTGGGTTTC

Y RNAs
RNY1 GGCTGGTCCGAAGGTAGTG
RNY3 CTTCACTTGACTAGCCTTTTGC
RNY4 CCCCCACTGCTAAATTTGACT
RNY5 GTTGGTCCGAGTGTTGTGG

snoRNAs
U45Af TCAATGATGTGTTGGCATGT
U57f TGATGAACTGTCTGAGCCTGA
U26f CGGGGATGATTTTACGAACT
U50 TGATCTTATCCCGAACCTGAA
HBII202 GATGACATTCTCCGGAATCG GGAAAAGGGTTCAAATGTGC

Vault RNAs
VTRNA1-1 AGCTCAGCGGTTACTTCGAC CCCAGACAGGTTGCTTGTTT
VTRNA1-2 AGCGGTTACTTCGAGTACATTG GTCTCGAACCACCCAGAGAG

Mirtrons
miR-1228

LNA oligos (locked nucleotides underlined)
Shad1 ACAATCTCAACCAGCCACT
Shad1 (−50) CACTAGACATGCAGAGGTTCAC

mRNA
YB-1 TAAAGTGCTTGCTTTTTGCC ATAAAAACCCCATGCTGCAT
Dicer1 CAAGTGTCAGCTGTCAGAACTC CAATCCACCACAATCTCACATG
IGFBP2 GACAATGGCGATGACCACTCA GTTCCTGTTGGCAGGGAGT
ATP13A2 GTGGGCCTTGTCCTGGTC GGGAGGCACTGGTCTAGCA
DLX2 TTCGGATAGTGAACGGGAAG GGGATCTCACCACTTTTCCA
POLR1A CAACACGTATGGCATTGAGG CTGTAGCGGGGAAGAGTTTG
IL6 TAGCCGCCCCACACAGACAG GGCTGGCATTTGTGGTTGGG
RNF223 AGCAGCTCCATAGCCTCGAT AGCTCCTTGGGTGTCTTGAA
PREX1 TCTCCTCGGAGCTCTGCTAC TTTTTGGCCAGAATCTCCAC
PRMT6 GGGAAGAACACGGATGAAAA CACCTAGGGAGGGGGAATTA
SSBP3 ATGAGACCACCACCCAACTC ACTGGGCATAATGGGTGTTC
MEGF6 CTGTGTGGATGGCTACATGG CCACGGGACTGCCTCTACTA
PAQR7 CAGGAGGTGGCTGAGTTTCT TAGTCACCTGGCTTTGCCTT
JUNB AGGCTCGGTTTCAGGAGTTT GAACAGCCCTTCTACCACGA
CEBPD CGCTCCTATGTCCCAAGAAA GGAGAGACTCAGCAACGACC

Northern oligo probes
Saunc45B CCTCCGCTGACTAATATGCTT

AAATTCAGCGGGTCGCCACG
TCTGATCTGAGGTCGCG

EMSA DNA oligos (T7 promoter underlined)
Shad1 AACCAATCTCAACCAGCCACTGC

CCTATAGTGAGTCGTATTA
CD44v4 TCCTTGTGGTTGTCTGAAGTAGC

ACTTCCGGATTTGAATGGCTTG
GGTTCCA CTGGGTCCAGT
CCTGGTTCCTATAGTGAGTCG
TATTA

Universal reverse PCR primer was used for shorter sequence amplifications. For the valida-
tions where only a forward sequence is represented, the reverse primer used was the uni-
versal qPCR primer.
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polyadenylate the resulting RNA and oligo(DT) primers were
used to synthesize the first strand cDNA (Invitrogen). For validation
of small RNAs, one universal qPCR reverse primer was used to
amplify the poly-dT region of the cDNA along with small RNA spe-
cific forward primers (Table 1). Gene-specific primers only were
used to validate shyRNAs (Table 1). PCR was performed with input,
IgG-associated, and YB-1–associated RNAs. The enrichment of
the RNAs by IgG or YB-1 over the input RNA was calculated by
subtracting the immunoprecipitated RNA values from the input val-
ues. The enrichment of the specific YB-1–associated RNAs over the
nonspecific IgG controls were then calculated using the qPCR for-
mula 2−(experimental − control), where the experimental would be the
input normalized YB-1 and the control would be the input normal-
ized IgG.

Detection of 5′ phosphate and 3′ hydroxyl groups

RNAs from immunoprecipitation experiments were incubated with
Terminator 5′-monophosphate-dependent exonuclease (Epicentre,
manufacturer protocol) to probe for the presence of a 5′-mono-
phosphate. After incubation, RNA was purified and used directly
for Northern blot. For 3′ hydroxyl modification tests, RNAs were
treated with sodium periodate (Alefelder et al. 1998). Briefly, RNA
solution was diluted (1:10) in borax/boric acid buffer (pH 8.6).
One-tenth volume of sodium periodate solution (250 mM in water)
was added and the mixture was incubated at room temperature for
10 min. After incubation, one-tenth volume of glycerol was added,
followed by 10 min incubation. The mixture was then diluted (1:10)
in NaOH/borax/boric acid buffer (pH 9.5) and kept at 45°C for 90
min. Finally RNA was purified from the mixture using mirVana
miRNA Isolation Kit (Applied Biosystems, Foster City, CA). After
purification, RNAs were polyadenylated and qRT-PCR was per-
formed as described above.

LNA transfections and shRNA lentivirus infections

For transfections, cells were plated to 50% confluency in plates ap-
propriate for downstream experiments. Transfections with 100 nM
LNA oligo concentrations were performed for the Shad1 small and
shyRNAs. Transfection for the YB-1 overexpression cell line was
performed with 1 μg of plasmid DNA (Addgene). All transfections
were done in media without antibiotics using Opti-MEM and
Lipofectamine LTXwith Plus Reagent (Invitrogen). For stable trans-
fections, cells were treated with 200 μg/mL G418 selection 48 h after
transfection. For lentivirus infections, 1 × 105 cells were plates per
well in a 6-well plate in complete media for 24 h. Media was replaced
with media containing 8μg/mL polybrene and lentivirus containing
either shYB-1 or shScr control plasmids (Santa Cruz). Fresh media
containing 2 μg/mL puromycin was added to cells 24 h post-
infection.

Dual fluorescent immunocytochemistry and in situ
hybridization

After heat shock or arsenite treatment, cells were fixed to glass cov-
erslips at room temperature for 10 min with 4% paraformaldehyde
in 0.1 M PIPES pH 6.9, 2 mM MgCl2, and 1.25 mM EGTA (Geiger
and Neugebauer 2005). Coverslips were rinsed in PBS and permea-

bilized with 0.2% Triton X-100 and MgPBS (10 mMMgCl2 in PBS)
for 10 min at room temperature. Primary and fluorescent secondary
antibodies were diluted according to manufacturer’s recommenda-
tions in protein block (3% BSA in PBS). All steps subsequent to sec-
ondary antibody incubation were performed in the dark to prevent
photobleaching. Antibodies were fixed in 4% paraformaldehyde for
5 min and rinsed again with MgPBS. For in situ hybridization, cov-
erslips were incubated in prehybridization buffer for 30 min. DIG-
labeled LNA probes were diluted 1:100 in the prehybridization buff-
er and heated for 5 min at 80°C. Coverslips were incubated with
LNA probes at 60°C overnight in a humidified chamber then incu-
bated in 2× SSC with 50% formamide at 37°C for 30 min. After
stringency washes in 2× and 1× SSC, coverslips were incubated
with the anti-DIG-POD antibody diluted in FISH blocking buffer
(0.25% BSA in 2× SSC). The antibody was removed with 3–10
min washes in PBST. Tyramide signal amplification (TSA) fluores-
cent detection was used to detect the DIG-labeled LNA probe. The
TSA reagent was diluted 1:50 and applied directly to the coverslip
and incubated for 10 min. Coverslips were mounted on slides using
VectaShield reagent and slides were imaged using an LSM700
Confocal microscope equipped with a digital camera (Zeiss).
Images were analyzed using the Zen 2009 Light Edition Software.
Two percent colocalization values were calculated; one was the per-
centage of PB/SGs that contained both YB-1 and Shad1 staining and
one was the percentage of dual labeled YB-1 and Shad1 localized to
PB/SGs.
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Supplemental material is available for this article.
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