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Abstract

Until now it is still not clear how many types and amounts of small RNAs (sRNAs)
exist in humans. Here we report the identification of 1258 distinct sRNAs derived
from intronic regions of protein-coding genes in human with a new approach.
These endogenous short hairpin RNAs (shRNAs) appear to be similar to
exogenous shRNAs in structure, have a broad distribution in the stem length, and
function as microRNAs (miRNAs), small interfering RNAs (siRNA) and/or
piwi-interacting RNAs (piRNAs). Except for a few shRNAs, the majority of
shRNAs are not phylogenetically conserved. They are differentially expressed in
different cells and at diverse developmental stages. Overall, their expression
levels are lower than miRNAs’, but can be detected by quantitative real-time PCR
and microarrays, implying that like other known sRNAs, this type of shRNAs
should have important functions in modulating gene expression, and that they
may exist in other genomic regions and many species.

Introduction

A number of findings indicated that introns involve many important functions
including the generation of protein variability, the regulation of mMRNA
metabolisms, the encoding of diverse small RNA molecules and the implication of
diseases . About 127 human microRNAs (miRNAs) have been reported to
locate within the introns of either non-protein-coding or protein-coding
transcription units *°. The expression of these miRNAs largely coincides with the
transcription of their hosting genes under the control of RNA polymerase Il (Pol Il)
67 Recently, it has been showed that some human miRNAs can be regulated by
RNA Pol I through associated repetitive elements such as Alu 8.

Most of the mature miRNAs identified so far originate from the stem region of
foldback structures with imperfect base-pairs whereas short interfering RNAs
(siRNA) with complete complementarity are generated from long exogenous or
endogenous dsRNA molecules (very long hairpins or RNA duplexes) or short
hairpin RNAs (shRNA) made by in vitro chemical synthesis or in vivo from RNA
polymerase Il promoters *'". The RNase Ill endonuclease Drosha and Dicer
have been shown to involve the biogenesis of these hairpin molecules '* . The
mature miRNA strand generated by Dicer is then loaded into a RNA-induced
silencing complex (RISC) that includes a member of the Argonaute protein family
at its core """, Further investigation on miRNAs and siRNA demonstrates that
some pre-miRNAs have the completely complementary stem as shRNA does
while some siRNA can function as miRNAs '°. Even though the promoter based
expression of shRNAs has been widely used for the stable gene silencing in
mammalian cells and in vivo therapeutic application in humans " '® it is still not
clear how many this type of endogenous shRNAs exist within the intronic regions
of human and other species, and what are their cellular functions.

Some small RNAs (sRNA) cannot be attained by molecular cloning because of
their low abundance or tissue- and developmental stage-specificity affecting their



Nature Precedings : hdl:10101/npre.2008.1531.1 : Posted 22 Jan 2008

representation in different tissues and cells '" '®. Moreover, direct miRNA cloning
is not well suited to large-scale discovery efforts and may have already reached
the point of diminishing returns " In order to overcome this limitation,
computational prediction and other experimental analysis have been developed to
discover new small RNAs'" ?°. Especially, recent advances in high-throughput
sequencing technology and tiling microarrays have allowed for a more complete
assessment of the global small RNA population in plants and animals 2"%*. Thus,
more and more unexpected small RNAs including miRNAs in different species are
being discovered, suggesting that the world of human sRNAs is larger than
initially believed and is not limited only to those conserved sequences .

Now we add a new class of small RNAs to the ever-growing list. In this study, we
have developed an integrative method that takes advantage of the characteristic
hairpin structure found in pri-miRNA and pre-miRNA precursor structures and the
traits of extensive complementarity in siRNA to predict the existence of any
shRNAs within intronic regions of protein-encoding genes. By using custom
shRNA arrays and quantitative reverse transcription polymerase chain reaction
(qRT-PCR), the differential expression of these shRNAs can be detected and
analyzed in different human cells.

Results

Computational prediction of endogenous shRNAs

To predict endogenous short hairpin RNAs (shRNAs) by computational methods,
we defined sequence and structure properties that differentiate putative human
shRNA sequences from random genomic sequences and other sRNA sequences,
and used these properties as constraints to screen intronic regions of
protein-encoding genes in human for putative shRNAs.

Six filters were used to screen a base set of intronic sequences as candidate
shRNAs. (1) Sequences of these endogenous shRNA precursors have the

maximum length (£140nts) with the G+C contents ranging from 25% to 80%. (2)

The predicted secondary structure of their precursors, or at least one precursor if
an shRNA has multiple genomic loci, has a loop length ranging from 5 to 80
nucleotides. (3) Their stems have consecutive more than 19-bps involving the first
20-nts. For the second 10-20nts if the stem is enough long, the number of bulged
or asymmetrically unpaired nucleotides is no more than 2 and the number of
consecutive unpaired nucleotides is no more than 3. (4) These sequences can
potentially fold into hairpin structures with the lowest minimum free energy of
folding (MFE) less than —25kcal/mol, (5) All the shRNAs are complementary to
their target regions such as promoter or /and coding area with at least 20
base-pairings in their 5’ termini, and to the & or/and 3’ UTR regions of target
MmRNAs with at least 10 base-pairings in their 5’ termini. (6) In the hairpin

structures formed by shRNA precursors, all mature shRNAs (<35nts) are

supposed to be in either or both the stem region of the foldback structure that is
similar to those observed in exogenous shRNA precursors or miRNA precursors.
The overall screen and validation processes were shown in Figure 1.
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The human genomic sequences were oriented to the corresponding +/- DNA
strands within which the intronic shRNA genes reside, and then scanned with a
predefined sliding window (size of 140-nts in 1-nt steps) for potential hairpins. The
intronic regions satisfying these criteria were reserved for classification. Scanning
the 237999 intronic sequences identified 5888 candidate hairpin structures by
using our algorithm. Of them, 2654 human hairpins could pass through all six
filters. We took these sequences as an initial dataset for the further study
(Supplementary Tab. 1). As shown in Figure 2A, these predicted sequences could
be mapped onto all the chromosomes. Chromosomes 1 and 2 appear to contain
more shRNA genes than other chromosomes whereas chromosomes 21 and Y
seem to hold less shRNA genes. These shRNA genes found in this study are
originated from both the sense and antisense strands of the chromosomes
(Figure 2B and 2C). The sense and antisense strands appear to encode almost
equal amount of shRNAs. As shown in Figure 2C, these shRNAs are different
from miRNAs and snoRNAs in the distribution patterns along human
chromosomes 7 and others. However, these shRNAs have similar fold-back
secondary structures to miRNAs. The predicted secondary structures show that
there are at least 20 nucleotides engaged in Watson—Crick base pairings between
the mature shRNA and the opposite arms (shRNA*) in the hairpin structure, and
all stem—loop precursors do not contain large internal loops or bulges (Figure 2D).
These sequences were divided into two major classes, the repeat-derived and
nonrepeat-derived ones. In each class, the sequences were further subdivided
into the unique (Supplementary Tab. 1.1 and 1.2) and multiple sequence groups
(Supplementary Tab.1.3 and Tab. 1.4) (Fig. 2a and 2b). After removing those
homologous sequences, all distinct sequences were listed in Supplementary
Table 2 for further study. Because of their small size, and the same structure as
exogenous short-hairpin RNA, we referred to these novel small RNAs as
endogenous shRNAs. According to the nomenclature of miRNAs, the shRNAs we
investigated are abbreviated as shR-1 to shR-1258 in Table 2, and the genes
encoding shRNAs are named shr-1 to shr-1258. Highly homologous shRNAs are
referred to by the same gene number, but followed by a lowercase letter; multiple
genomic copies of an shr gene are annotated by adding a dash and a number.

Several lines of studies reported that a number of mammalian miRNAs are in fact
derived from transposable elements (TEs) %°. In order to examine whether the
shRNA genes also hold TE sequences, we conserved TE sequences in this study.
As shown in Figure 3a, a total of 2564 shRNAs are located within 2069 host
protein-coding genes and 2346 introns, the majority of which contain only one
shRNAs. However, some genes or introns can hold more than 5 shRNA
precursors. Careful analysis of human endogenous shRNAs revealed four major
classes. The largest class (~50.4%) corresponded to repeats with multiple loci in
the genome while a second class of shRNAs (15.3%) was also related to repeats
mapping uniquely in the genome (Fig. 3b). In these two classes, there were short
interspersed elements (SINEs) (66%), DNA-elated repeat sequences (12%), long
interspersed elements (LINEs) (4%), long terminal repeat (LTR) retrotransposons
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(2%) and other repeats (16%) (Supplementary Tab. 1.5). A third class was
associated with unique nonrepeat-derived sequences (30.5%) while the fourth
class was composed of those nonrepeat-derived sequences with multiple
members. To focus our concerns to distinct shRNA sequences, we further
selected some representatives out of the repeat- and nonrepeat- derived with
multiple loci in the genome, and then combined them with all the repeat- and
nonrepeat-derived with unique loci into the supplementary table 2.

Next we attempted to determine the identity of these sequences. The foldback
precursors of these potential shRNAs are usually about 55-140 nucleotides in
length (Supplementary Tab. 1). According to the difference in the length of ShRNA
precursors, we divided these shRNAs into five groups, and then calculated
separately the minimal folding free energies (MFE) ranges and means of each
group by using MFOLD %’ (Fig. 3c and Supplementary Tab. 1). These newly
predicted human shRNA precursors have negative minimal folding free energies
(MFE) (26—140 kcal mol) whereas the average adjusted MFE (AMFE) of 2564
shRNA precursors was -63+6.28 kcal/mol. The distribution of these parameters is
even much lower than the mean values of 513 plant miRNA precursors (-45.93+
9.43 kcal /mol) because plant miRNA precursors have significantly lower AMFEs
than other types of RNA, including tRNAs (-32.67 * 6.47 kcal/mol), rRNAs
(-33.10 + 2.56 kcal/mol), and mRNAs (-30.44 + 2.08 kcal/mol) %. The finding
revealed that endogenous shRNAs are very stable in the secondary structure.
Why do these endogenous shRNAs have such high negative AMFEs? We
conducted a detailed analysis on the complementary extents of shRNA stems.
The data indicated that the majority of repeat-associated shRNAs have longer
base-pairings (> 35-40 bps) than nonrepeat-associated shRNAs do whereas
nonrepeat-derived shRNAs prefer to have shorter stems (>20-25bps) (Fig. 3d).
Our data suggest that the broad length distribution, ranging from 20—40bps, of
shRNA stems may reflect the versatility of their biogenesis, biological functions
and modes of action in gene silencing pathways, and that these shRNA
precursors may be processed into one to two mature shRNAs with different
lengths by different interactor proteins such as Drosha, Dicer, AGO3 or
others™"™.

Comparison of conserved shRNAs

For mammals it has been suggested that the more targets a microRNA has the
more likely it is to be conserved % because of the additional constraints of having
to match multiple targets. It is interesting whether the human shRNAs identified in
this study are related by sequence to mouse or rat ShRNAs. We used the set of
human hairpin sequences to search the mouse or rat genome for corresponding
hairpins (Supplementary Tab. 2.1 and 2.2). Results yielded a set of 9 hairpins with
phylogenetical conservation in the stem region across human and mouse or
human and rat, with >85% sequence identity between human and mouse/rat
(Figure 4a). Of these conserved shRNAs, some has been composed of many
members. For instance, shRNA 860 has 11 and13 members in human and mouse,
respectively. The significant sequence conservation between the mouse and
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human shR-860 is observed only in the 5’- and 3’-stems but not within the loop of
predicted hairpin precursor (Fig. 4a). A complete stem conservation could be
seen between the human shR-399 and its corresponding sequence in rat,
suggesting that an important role in biogenesis or localization. Careful
observation indicated that most conserved shRNAs are repeat-associated. On the
other hand, although these stem segments are conserved as mature shRNAa
and//or shRNAs sequences, the other parts of shRNA precursor differ widely.
Most shRNAs are on the poorly conserved with the similarity to the level of
conservation observed with introns. The alignment of other mouse, rat and human
shRNAs does not show such high conservation beyond the most predicted hairpin
precursors. So, these data also suggest that the majority of distinct sShRNAs show
rapid sequence evolution or a limited number of target genes.

Validation of predicted shRNAs by other methods

In order to verify whether these predicted shRNAs are functional and expressed in
human cells, we sought direct and indirect evidence to help validate the proposed
set of endogenous shRNAs. In this section, we compared predicted shRNAs with
piRNAs and miRNAs discovered in mammals, transfrags detected by tiling arrays,
and cloned sequences in EST database (Fig 4b).

Expressed Sequence Tags (ESTs) are partial cDNA sequences of expressed
genes °. After searching the EST database, we were able to acquire evidence for
the expression of a small number of the predictions. A total of 100 ESTs were
identified that contained the precursor sequences of potential shRNA homologs
predicted in this study (Supplementary Tab. 3). However, this detection rate is
very low. The possible explanation is that a majority of shRNA precursors are
shorter in length and are rapidly processed in the nucleus so that these
sequences have a lower probability of being cloned to ESTs. Of 53 human
shRNAs, 52 shRNAs were found in one to three ESTs. For example, shR-265
precursor was found to reside within EST DB064688 while shR-280 sequence
could be detected in ESTs Al732240 and AA579322. Human shRNA 55 exists in
25 different ESTs. These data provided the evidence that the fifty-three predicted
shRNA candidates with corresponding cloned sequences in the EST database
should be annotated as bona fide shRNAs, and that the identification of new
shRNA homologs by mining the repository of available ESTs may be a useful
strategy.

Recently, a report indicated that the developmentally regulated piwi-interacting
RNAs (piRNAs), 26-35 nt in length, could inhibit transposons in mammals. It is

not clear that the precursor form of piRNA primary transcript is single or
double-stranded *'. Recent investigation indicated that the biogenesis of piRNA
might be related to the dsRNAs formed by base pairing of the terminal inverted
repeats of the transposon in a fold-back structure. To investigate whether there
exist any relationships between piRNAs and endogenous shRNAs, we searched
for any shRNAs with inverted repeats in the piRNA dataset. Such inverted repeats
may form precursors containing shRNA that initiate enzymatic processing of
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piRNA. As expected, we found that 20 known piRNAs were bracketed by 255
inverted repeats, i.e., the complementary segments contained the sequences of
piRNAs (Supplementary Tab. 4). For example, the antisense strand of shR-693
precursor had been found to hold the whole sequence of piR-51815 and
piR-54220 while piR-63025 existed in shR-132a, suggesting that shRNA derived
from transposable elements may involve the biogenesis of piRNAs. Furthermore,
of them some could be detected by microarray and qRT-PCR assay. It seems to
imply that some piRNAs may play a role in regulating gene silencing in somatic
cells beside germ cells

Subsequently, we searched for possible shRNA homologs of 711 miRNAs stored
in the miRNA database of H. sapiens. We employed a Smith-Waterman algorithm
to compare each predicted hairpin to each of the 711 miRNA sequences. We
obtained 5 candidate homolog hairpins with exact matches to the known miRNAs
(Supplementary Tab. 5), For example, human shRNA-38s was exactly the same
as miR-486. Although most of these shRNAs do not bear sequence similar to the
known miRNA genes, all 5 known microRNAs with the perfectly complementary
stem could be selected out by our bioinformatics approach whereas other
miRNAs with the imperfect base-pairing stem did not fall into our candidates,
suggesting that our systematic scanning indeed detect all endogenous shRNAs
derived from introns and that shRNAs may be another novel class of small RNAs
different from miRNAs in structure. It may be more reasonable and suitable to
reclassify those 5 known microRNAs with the perfect base-pairings into the class
of shRNAs.

Sequences in the tiling array database were detected by hybridizing the capture
probes with the expressed short RNA molecules %?*. We were therefore
interested to see whether any transfrags detected by tiling microarrays contained
endogenous shRNAs. After comparing our predictions located on different introns
of protein-coding genes with the results obtained by tiling arrays, we found 27 of
the predicted shRNAs to overlap with 74 detected sites of transcription in the
tiling-microarray datasets (Supplementary Tab. 6). Among them, the whole
sequences of twelve shRNA precursors were identical to or held within one or
more transcripts detected by the tiles, indicating that we had correctly predicted
the actual length of these shRNA precursors. For other seventeen candidates,
tiling-detected sequences were shorter than their corresponding shRNA
precursors or just partially matched with either arm of shRNA precursors.
Moreover, the sequences of shR-55 and shR265 were also cloned in EST
database. Obviously, these data suggest that a possible product-precursor links
overlapping transfrags described in tiling array datasets to our predicted shRNAs.
Microarray-based confirmation of computationally predicted sRNAs 323

To validate hundreds of computationally predicted endogenous shRNAs and also
to determine their comparative expression profiles in different human cells, we
performed a microarray analysis using custom arrays that contain 4000
oligonucleotides directly synthesized on the chips. These capture probes cover
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740 predicted shRNAs selected out from a total of 1258 shRNA candidates
(Supplementary Tab. 7). These predicted shRNAs were those sequences
randomly selected from the four groups shown in table 2. Because the mature
form of the shRNA/miRNA can arise from either the 5’ or 3’ arm or the both arms
of the hairpin stem, we made antisense probes to both sides of each of the
candidate hairpins (Supplementary Tab. 7) and asked whether either of these
probes could detect a predicted mature shRNA in the total RNA from different
normal cells and cancer cells.

As shown in Figure 5a and Supplementary Table 8, we verified 380 endogenous
shRNAs, of which 108 shRNAs reside on the 5’ arms of hairpins, 125 shRNAs lie
on the 3’ arms of their hairpins, and 147 shRNAs stem from the both arms of their
fold-back structures by using shRNA microarray. This implies that the biogenetic
features of these mature shRNAs may be the stable product of Dicer processing,
and functional shRNAs can reside on either arm of the precursor. Comparison of
the signal intensity of shRNAs and let-7 members revealed that the abundance of
most shRNAs in different cells were one tenth to one hundredth of let-7 except for
a few shRNAs in the K562 cells (Fig. 5b). For instance, the observation indicated
that the K562 cells expressed the highest abundance of shRNAs including 116a,
57a, 393a, 179a, 38s, 714a, 67a, and 72a (Supplementary Table 9), Thus, the low
abundance of shRNAs may be one cause why they could not be detected by
Northern blots and cloning method in previous studies.

Subsequently, we performed a comparative expression profiling using shRNAs
from human brain, liver, lung, breast, and blood normal and cancer cells.
Microarray experiments in human normal cells and cancer cells resulted in 380
candidate shRNAs with significant signals (P < 0.01) of at least one of their two
predicted mature shRNAs. Most shRNAs we detected were tissue or cell-specific,
and most were expressed in cancer cells to a greater extent than in the
corresponding normal cells. For example, shR-56a, shR-2a, shR-72a, shR-53s,
shR-72s, shR-116s, shR-393s and shR-568a, showed increased levels in cancer
cells compared to normal cells (Fig. 5b). We reasoned that data on the
cell-specific expression of shRNAs might facilitate the further investigation of their
functional roles and clinical implication as well as the prediction of their potential
MRNA targets using sequence-based methods. Another set of highly cell-specific
shRNAs was found in cancer stem cells (MCF-7S), consisting of the shR-562a,
shR-674s, shR-487a, and shR-131a. Overall, the majority of shRNAs in cancer
cells expressed at higher levels than the corresponding ones in cancer stem cells.
This represents another case of cell-specific expression of a shRNA and indicates
that shRNAs may play a regulatory role not only in cell specification but also in
developmental timing (Fig. 5¢). Moreover, we also examined the difference in the
distribution of shRNAs between cellular cytoplasm and nucleus. The results
showed that the both cytoplasm and nucleus of A549 cell could contain many
shRNAs, but there were more shRNAs in the former than the latter.

Figure 5d showed a cluster-gram of the 380 shRNAs (about 50% of the 743
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distinct shRNAs represented on the array) that we detected in at least one type of
cells at a signal intensity = 3 x (background standard deviation) (see Materials
and Methods). Thus, it may be reasonable to say that many candidate shRNAs
are indeed real but expressed at levels below the threshold for detection by
Northern blots and cloning technology.

Validation of the expression of ShRNAs by real-time RT-PCR

Real-time quantitative RT-PCR (qRT-PCR)has been successfully used to detect
the expression of mature miRNAs and miRNA precursors ?***. Ro S et al. *° have
proposed a poly(A)-tailed RT-PCR to detect the expression of mature miRNAs.
These studies indicated that the expression of mature miRNAs was comparable
to that determined by Northern blotting. Because the shRNA candidates were
hard to be detected by the Northern blotting strategy (data not shown), it may
either be expressed at even lower levels or may be expressed under specific
environmental conditions such that they are not represented in general situations
(Fig. 5). In order to overcome the low sensitivity of Northern blotting analysis and
to validate the results obtained by microarrays, we employed a qRT-PCR assay to
quantify the expression of the shRNAs. The 39 candidates that showed different
signal intensities on the array were chosen for gqRT-PCR analysis. The short
sequences of 38 shRNAs selected were successfully converted to cDNA and
amplified using the gRT-PCR methods.

The Cr generated from some shRNAs was lower than the Ct for other shRNAs
(Table 2). Differences in one Cr unit in real-time PCR data are typical when a
2-fold difference in template is detected. Notably, a close correlation between
gPCR and microarray data was found. For example, the expression of shR-116,
shR-291, shR-360, shR-539, shR-57 and shR-714 in A549 lung cancer cells was
determined to range from approximately 10 to 19 on a Cr scale by qPCR, as
compared with about 1000 to 6000 on a signal intensity scale by microarray
analysis. In case of shR-137, shR-32, shR-399 and shR-726, the signals were
detected by both microarrays and qPCR. In contrast, shR-379, shR-396, and
shR-55 could be detected by gqPCR but not by microarray whereas some shRNAs
such as shR-140, shR-399, shR-32, shR-642, and shR-726 were not found with
either qPCR or microarray. Moreover, gqRT-PCR, like microarrays, further verified
the fact that the mature shRNAs were generated from either or both sides of a
stem (Table 2). These data suggest that the real time RT-PCR employed in this
study have a high specificity in amplifying endogenous shRNA sequences.

To further validate the specificity of this technology, we designed a set of controls
and longer primers specific for each shRNA. As positive controls, we designed
specific primers for a subset of previously reported noncoding RNAs including
mi486, and U6 snRNAs. As negative controls, we used a no-template control, no
universal primer control and no shRNA-specific primer control. Furthemore, we
designed three pairs of primers complementary to 3 abundant mRNA transcripts
such as Dbeta-actin, proliferating cell nuclear antigen (PCNA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), in human cells. For these
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controls, qRT-PCR assay did not detect any specific amplification. To assess the
probability that the primers for the candidate shRNAs generated PCR products by
adventitiously priming against rRNAs, tRNAs, and previously cloned miRNAs, we
performed computational comparisons of all shRNAs and PCR primers against
related databases. This comparison showed that positive results due to
adventitious priming were very unlikely by showing that short sequence matches
of primers against other small RNA sequences expected in the library are not
enough to generate a PCR product. It suggests that it is impossible for those
primers specific for shRNAs to amplify any mRNA degradation products or other
known small RNAs. Thus, we propose to consider all array-positive hairpins as
candidate shRNAs until independent additional confirmation.

The targets and biological functions of shRNAs

The importance of shRNAs in regulating the expression of human gene is
dependent on whether they bind to their target genes and form perfect sequence
complementarity as exogenous shRNAs do, or imperfect match as miRNAs do.
However, computational prediction of precisely complementary RNA targets for
short antisense RNAs is essentially straightforward. Using this approach it is
possible to verify whether predicted shRNA candidates in human exhibit perfect
base pairing with the targets, without relying on homology to other organisms. We
have conducted these predictions and further functional experiments.
Unexpectedly, some shRNAs have been found to have their homologous
sequences residing within different target regions including promoter, 5 and 3’
UTR and coding area. Details will be described in another paper of ours
(manuscript in preparation). In further support of this premise, data are presented
in the accompanying manuscript by Bian et al®. that not only can one shRNAs
(shR-337) be cloned and sequenced but that it was found to have important roles
in regulating the definitive differentiation of human bone mesenchymal stem cells
(BMSCs) into hematopoietic stem cells (HSCs).

Discussion

Different types of small RNAs appear to have their own features in the primary
and secondary structures such as tRNAs, miRNAs, snoRNAs and others. Based
on this general idea and detailed observation on different sSRNAs, we developed a
new bioinformatics approach for ab initio prediction of endogenous shRNA
precursors in the human introns. This method has led to the identification of 2564
shRNAs, of which 1258 shRNAs are distinct. Meanwhile, 9 new mouse and rat
shRNAs were found by orthology with predicated human shRNA precursors,
suggesting that this type of shRNAs may exist in other genomic regions and
different species.

Biological relevance of these shRNAs is supported by many different methods
and syntenic data. By using public databases we were able to acquire evidence
for the expression of a small number of the predictions. Further investigation with
custom microarrays indicated that the expression of 380 shRNAs could be
detected, of which 39 shRNAs were validated by qRT-PCR. More importantly, of
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these predicted shRNAs, shR-377 has been cloned and sequenced. Experimental
results demonstrated that it plays a crucial role in regulating the proliferation and
definitive differentiation of BMSCs. Thus, the different methods complement and
support each other. All these data provide strong evidences that many of the
candidates may be real but hard to be detected with conventional methods.

According to current models, intronic miRNA precursors that have the same
orientation as their host gene might be processed upon cleavage of the intron by
the Drosha and Dicer endonuclease or other ways **°. shRNAs reported here,
like microRNA precursors and exogenous shRNAs, may be generated through a
similar or different mechanism and then incorporated into a sRNA-induced
silencing complex (sRISC). Similarly, the Argonaute and piwi family has been
found to be major interactors with sRNAs** ', Although Argonaute proteins have
been implicated in many processes of gene expression in the transcriptional and
translational levels ' *?, it is unclear which of these proteins involves the
biogenesis and cellular functions of shRNAs. In light of many homologous
sequences of shRNAs within different regions of target genes, these shRNAs may
modulate the expression of genes in a comprehensive mode.

Considered together, some shRNAs may play a role in tuning up the expression
of genes at transcriptional and translational levels, others encoded by repetitive
sequences may function like rasiRNAs and piRNAs to repress transposable
elements or regulate a significant number of genes in the global level. Further
studies on the functions of these shRNAs will help us understand the complex
regulatory machinery in modulating the expression of protein-coding and
nonprotein-coding genes.
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Figure legends:
Figure 1. Schematic representation of the work-flow used to predict and verify
structural short hairpin RNAs. Details are discussed in the main text.

Figure 2. Genomic distribution and secondary structures of endogenous shRNAs
in human. (A) A total of 2564 shRNAs predicted in this study can be mapped onto
all chromosomes. (B) The bar chart depicts the comparison of endogenous
shRNAs indicated as the red bar on the plus strand and as the blue bar on the
minus strand. (C) shRNAs originate from long mRNA precursors transcribed from
different genomic regions. Their distributions are different from those of miRNAs
and snoRNAs. In this genomic view of an shRNA host gene located within chr7:
50000000-100000000, the fourth intron of this gene contains a sequence that can
potentially form two shRNA fold-back structures, of which shR-248 is shown in (D).
On the side of a stem, solid red lines stand for cloned shRNAs while dash red
lines are referred to the shRNAs with significant signals detected by arrays. Blue
boxes represent mismatched base-pairs whereas green circles show small bulges.
ShR-38 and shR-243 are the same as miR-486 and miR-642, respectively.
ShR-399 and shR-210 are conserved. shR-265 and shR-55 are stored in EST
database. ShR-371 and ShR-337 have been cloned by us. Both arrays and
gRT-PCR could detect shR116 but not shR399 in A549 cells.

Figure 3. Statlstical analysls of predicted structural shRNAs . (A) Some host

genes and introns appear to be capable (bottom right), with several predicted
shRNAs, but most genes and introns contain only a few shRNAs (top left). (B) The
fractions of shRNAs in each class (Table 1.1, 1.2, 1.3 and 1.4) found in intronic
regions of protein-coding genes are shown as percentages of the total

number of sSRNAs in the table 1. The second pie chart illustrates the distribution of
different types of repeat sequences classified in the repeat-derived shRNAs.
Numbers in pie charts indicate percentage of total shRNAs for corresponding
classes. (C) Each bar reflects the relationship between the number of human
shRNAs or the AMFE and the given length of shRNA precursors. (D) Length
distribution of shRNA stems shows that repeat-derived shRNAs have longer
stems while nonrepeat-derived shRNAs contain shorter stems.

Figure 4. (a). A comparison of primary sequence conservation among human, rat
and mouse shRNAs. The threshold for inclusion was 85% sequence identity in
each arm. The only families shown are those that are conserved in at least two
mammalian species. ldentical nucleotides are marked in green while mutant
nucleotides in red. Sequences were aligned with ClustalWW and adjusted by hand.
H, R and M are the abbreviation of human, rat and mouse, respectively. (b) The
summery of evidence that support endogenous shRNAs predicted.

Figure 5. Expression profiles of 380 endogenous shRNAs across 12 different
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human cells reveal cell-specific expression of the majority of shRNAs detected.
(a). The number of mature shRNAs. Blue cycle stands for mature shRNAs from
sense strands, red cycle for mature shRNA from antisense strands, and overlap
part for both strands of shRNAs significantly detected. (b). A heatmap of sSRNA
expression compared the difference in the abundance of 8 let-7 members and 10
shRNAs in 12 different cases. The relationship between the color and the
expression levels is defined by the color key on the upper side of the figure. (c).
The difference in the total signals of detectable shRNAs in 10 different cells. HB,
human bronchial epithelial cells; HH, human hepatocytes; HG, human glial cells;
H157, Non-Small Cell Lung Cancer; HepG2, Human hepatocellular liver
carcinoma cells; U251, human glioblastma cells; MCF-7C, human breast cancer
cells; MCF-7S, human breast cancer stem cells; K562, chronic myeloid leukemic
cells; KG1, Human myeloblastic leukemia cells; A549-C, human lung
adenocarcinoma cell cytoplasm; A549-N, human lung adenocarcinoma cell
nucleus. (d). Profiling and relative abundance of 380 different shRNAs in 12
different samples. The clustering graph illustrated all the detected shRNAs with
significant signal intensity. The level of expression of each shRNA in each of the
samples is indicated by the color shown in (b). moderate
Table 2. Comparison of the expression of 39 representative shRNAs in A549 cells
recorded by custom arrays and gRT-PCR.

SARNAID

Sense strand Antisense strand Sense strand Antisense strand

Array(counts)YPCRICE  Array(counts) PCR{CE)  ShRERA-ID Array(counts)y PCRICEH  Array(counts)f PCR{CT
shF.-38 544243 33424 .2 shR.-55 NES NET.3
shR-116 605910.6 65/26.5 shR.-562 1630/20.1 MNES
shR-137 Mg/ NES shR.-57 1503/19.9 23
shR.-140 28/26.4 NEMD shR.-629 369/ 53/26.4
shR-154 23 NE/MD shR.-642 IRET NEMD
shR-210 44423 120319 shR.-676 190/18.6 1
shF.-211 424237 oéf shR.-693 09724 6 7431197
shR-214 N5 32124 6 shR.-700 345256 MES
shR.-243 244 585/18.1 shR.-714 3388/15.8 265/24.2
shR-250  MN&/ 38/29.2 shR.-726 NEMD IRET
shR-265  N&/ 7327 4 shR.-728 39426.5 T
shR-285 ¥26.2 IRET shR.-72 649/20.1 2045/14.2
shF.-201 1050/14.5 25/25.9 shR.-7 7a/24.5 44/
shF.-32 Mg/ NEMD shR.-840 NES NF/AET
shR.-360 1665/15.6 30/ shR.-860 NES NF/1E.1
shR-379 MN&/ NE/28.6 shF.-04 IRET 54/25.2
shR-396 N2/ NE/24.8 & NF/16.2
shR-399  N&/ NE/MD GARDH NF/32.3
shR-455 184/21.6 85/26.1 Actin NE/3457
shR.-502 255/22.3 45/27.3 PCMNA NF/33.1
shR-517 4524197 0/26.6 Mo Ternpl NEAD NF/MD
shR-519 891/17.2 350235 Ma Uprimer NEAD NF/HMD
shR.-539 2029/14.6 NES Mo Sprimer NEAD NPAD

Signals considered as absent in arrays are described in NS. NP stands for not
available probe while ND is referred to no fluorescent intensity. No Templ is for no
cDNA template, No Uprimer for no universal primer; No Sprimer for no specific
primer.
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CUCEEGOCUCCCARMUGCUGEGEGAUIY —————— UCOCASCUACUCSESEAGECUGAS—H . shR-860

CUCUSOEUECGE —AASEUGCIGEE —— ————— —— — COCASC - ACTUSEEAGSCAG S —R
CUCUSCCUCOC —AAMUGCUGEEATY —————— UCOCAGC -ACUCGEEAGECAG G —M
CEASCCUEEGOGE ACAG AGEE ASAE — ———— —SBUCUCSCUCUSUISECOCAGSGEUESES—H . shR—B5S0
CCAGOCUGEUCUACAG AGUGAGUY — ———— —GUCUCACUCUGSUAGCOCAGECU ———R
CEASCCUSSGOUACAS AGUSAGUY ———— — AR B LGS A R RS GO UGS —M
GCCUCEGECCUCCCARAGUGCUGE A ——————— CCAGUACUUUGEGAGECUGAGEC—H . shR—B30
GOCUCUGSCCUCCC —ARAGUSCUGEEE —— ———— CCAGCACUY -GGG AGEC AGAGGC—R
GCCUCUGCCUCCC —AAGUGCUGEE ——————— CCAGCACUY -GEGAGGC AGAGEC =M
AAGAARMIGARAMACATCUUIUGAASGU ———== =ACUUCAAAGAUSUUIUICCUUTCUL-H . shR-399
AAGARAMGGARARARACATCUULGAAGY ————— =ACUUCAAAGAUGUUULCCUUUCUU=-R
AGCCUGEHECEAC AGAGCGAGAS —————————— SUCUCSECUCUSUCSOOC ASGOU-H . shR—-840
AGCCUGEGCUACAGAGUGAGAC ————————— —GUCUCACUCUSUAGCCCAGGCU-R
AUACAUAC AUAC AUACACRC,———————————— UGSUGUGUAUSUAUSUAUSUALY-H . shR—B00
AUACACACACACACACACACA———————————— USUSUSUSUSUSGSUSUGSUALTAT R
UCCCAGCUACUCEEE AGEEUGEAS — ————— - CUCAGCCUCCOGESAGUASCUGEEA-H . ahR—-210
U AGT —ACUUSEEAGECAGAS — ————— - CUCUGSCCUCCCAMAG Y -GOUGEEA—M
CUGSGEESAMAIUACAGSGOGUGAGCCAMSC ————— —GEUSGCUCACSOCUGUARUCCCAG—H . shR—810
CUSESATUARRASGOSUGSISCO ST ————— —FEUEEC RO SO ULA R LSCE A M
GUGUSUAUAUAUDGUGUSUGUAUR ———————— UAUACARCACACAUAUAUACACAC—H . ashR—-B20
GUSUSUSUSUGUGSUSUSUSUAUR ———————— L AU A P P i P A Ao AU e Ru —b

Table 1. Summary of evidence that supports predicted endogenous shRNAs in human.

Category Number of shRNA Reference
candidates
Total predicted distinct shREMNAS 1256 Suppl. tab, 3
Previously known mil ks 5 Suppl, tab, 5
Evolutional conservation 9 Suppl. Tab. 2.1, 2.2
Expressed Sequence Tags 53 Suppl. tab. 3
Known human plRMA homaologs 255 Suppl. tab. 4
Tiling microarrays T Suppl. tab. 6
shRNA arrays 320 Suppl. tah. 8
grRT-FCR 30 Tab. 2
Cloning and sequencing 2 Fig. 2d

Functional confirmation 1 Fef 36
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