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SUMMARY

Long non-coding (lnc) RNAs can regulate gene
expression and protein functions. However, the pro-
portion of lncRNAs with biological activities among
the thousands expressed in mammalian cells is
controversial. We studied Lockd (lncRNA down-
stream of Cdkn1b), a 434-nt polyadenylated lncRNA
originating 4 kb 30 to theCdkn1b gene. Deletion of the
25-kb Lockd locus reduced Cdkn1b transcription
by approximately 70% in an erythroid cell line. In
contrast, homozygous insertion of a polyadenylation
cassette 80 bp downstream of the Lockd transcrip-
tion start site reduced the entire lncRNA transcript
level by >90% with no effect on Cdkn1b transcrip-
tion. The Lockd promoter contains a DNase-hyper-
sensitive site, binds numerous transcription factors,
and physically associates with the Cdkn1b promoter
in chromosomal conformation capture studies.
Therefore, the Lockd gene positively regulates
Cdkn1b transcription through an enhancer-like cis
element, whereas the lncRNA itself is dispensable,
which may be the case for other lncRNAs.

INTRODUCTION

Long noncoding RNAs (lncRNAs) are transcripts more than 200

nucleotides in length that do not code for a protein. Dozens

of lncRNAs are reported to regulate normal and pathological tis-

sue development throughmultiple mechanisms (Fatica and Boz-

zoni, 2014). However, virtually all mammalian cell types express

thousands of uncharacterized lncRNAs, and their overall biolog-

ical effect is debated. On one hand, the limited evolutionary con-

servation of most lncRNAs raises questions about their biolog-

ical activities. But on the other hand, some lncRNAs may act

through short conserved regions that are not detected by stan-

dard sequence alignment algorithms or through conserved

folding structures that are independent of nucleotide sequence

similarities.
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Gene ablation studies are a standard approach to assess the

functions of protein coding and lncRNA genes in vivo. Deletion of

entire lncRNA loci (Hotair [Li et al., 2013], Firre [Hacisuleyman

et al., 2014]), lncRNA promoters (LincRNA-p21 [Dimitrova

et al., 2014]), and intron-exon regions (Mdgt, Peril, and others

[Sauvageau et al., 2013]) produced phenotypes in mice or cell

lines. However, lncRNA transcripts often arise from DNA seg-

ments that harbor known or candidate regulatory regions for pro-

tein coding genes (Bassett et al., 2014). Therefore, phenotypes

caused by ablation of lncRNA genes could result from disruption

of DNA elements therein. To prove that an lncRNA is functional,

it is necessary to reduce the transcript without eliminating its

underlying genomic sequences.
RESULTS AND DISCUSSION

Previously, we identified Lockd (AK012387) as one of hundreds

of mouse erythroblast lncRNAs (Paralkar et al., 2014). Lockd is

a 434-nt polyadenylated lncRNA encoded by two exons (Fig-

ure S1). Although Lockd is most abundant in erythroid cells, it

is expressed inmany other tissues aswell (Figure 1A). Consistent

with its widespread expression, the 50 region of the Lockd gene

binds generally expressed transcription factors (TFs) and ex-

hibits typical marks of an active promoter in multiple cell types

(Figures 1B; Figures S2A–S2C). These active marks include

DNase hypersensitivity, a prominent histone 3 lysine 4 trimethy-

lation (H3K4me3) signal, a low histone 3 lysine 4 monomethyla-

tion (H3K4me1) signal, and RNA polymerase II occupancy. The

Lockd RNA has no evidence of coding potential (Paralkar

et al., 2014), as indicated by its absence in protein databases,

a low PhyloCSF score (Lin et al., 2011) reflecting lack of codon

conservation during evolution, and no open reading frames

longer than 300 nucleotides.

Attempts to reduce Lockd transcripts by RNAi were unsuc-

cessful (Figure S2D). Therefore, we used clustered regularly in-

terspaced short palindromic repeats (CRISPR)-Cas9-mediated

genome editing in the mouse erythroid cell line G1E to

generate double-strand DNA breaks 1 kb upstream and down-

stream of the 50 and 30 ends (respectively) of the Lockd gene

and screened for clones in which the gene locus was deleted

by non-homologous end joining of the two DNA breaks
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Figure 1. The Lockd Genomic Locus Positively Regulates Cdkn1b Expression

(A) Heatmap showing relative expression levels of Lockd lncRNA in different mouse tissues according to mouse Encyclopedia of DNA Elements (ENCODE)

RNA-seq datasets.

(B) UCSC genome browser image of Lockd and its upstream gene, Cdkn1b. Tracks for RNA-seq studies, DNase hypersensitivity, histone modifications, RNA

polymerase II (Pol II) binding, and TF binding are indicated. The RNA-seq track is fromprimarymouse fetal liver erythroblasts (Paralkar et al., 2014). All other tracks

are from the mouse erythroid cell line G1E and its derivative, G1E-ER4 (Wu et al., 2011). The red dotted rectangle indicates the 25-kb region deleted using

CRISPR-Cas9-guided DNA cleavage.

(C) Identification of Lockd intact (Lockd +) or deleted (Lockd �) alleles by PCR (see also Figure S3A). C, control (homozygous non-deleted); Het, heterozygous

deleted; KO, homozygous deleted.

(D) Expression of Lockd RNA in C, Het, and KO clones measured by qRT-PCR and normalized to Gapdh and Actb mRNA levels. Data are represented as

mean ± SEM.

(E) Microarray transcriptome analysis comparing KO (n = 4) and C (n = 3) clones. The volcano plot shows the fold change in expression and its significance, with

each dot representing an individual gene. Only two genes (Lockd and Cdkn1b) passed FDR < 5% cutoff (p < 10�4, horizontal dotted red line) with at least a 2-fold

change (vertical dotted red lines).

(legend continued on next page)
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(Figures 1B and 1C; Figure S3A). From the same experiment,

we also retained three clones without Lockd deletion, desig-

nated ‘‘control’’ (C) (Figure 1C). Lockd RNA was reduced

by about 50% in the heterozygous deleted clones (Het)

and undetectable in the homozygous knockout (KO) clones

(Figure 1D).

We performed comparative transcriptome analysis by micro-

array to determine how excision of the Lockd locus affects

gene expression. The most significantly altered transcripts

were Lockd and Cdkn1b. These were the only two transcripts

whose levels changed more than 2-fold in the KO clones

compared with controls at a false discovery rate (FDR) threshold

of <5% (p < 10�4) (Figure 1E; Table S1). In agreement with the

transcriptome data, qRT-PCR showed that Cdkn1b mRNA was

reduced by approximately 35% and 70% in Het and KO clones,

respectively (Figure 1F). The Cdkn1b primary transcript was

decreased similarly, indicating that deletion of Lockd reduces

Cdkn1b transcription (Figure 1G). The Cdkn1b gene resides

4 kb upstream of Lockd (Figure 1B) and encodes p27, a ubiqui-

tously expressed protein that regulates cell cycle progression

(Sherr and Roberts, 1995).

To determine whether normal Cdkn1b transcription requires

the Lockd lncRNA transcript itself, we usedCRISPR-Cas9-medi-

ated homologous recombination to insert a bovine growth hor-

mone (BGH) polyadenylation (polyA) cassette 80 bp downstream

of the Lockd gene transcription start site in G1E cells (Figure 2A).

We used genomic PCR and Southern blotting (Figure S3B) to

identify four knockin (KI) clonal lines with homozygous insertions

of the polyA cassette into exon 1 of Lockd. From the same exper-

iment, we also expanded two wild-type (WT) clones with no

insertion or targeted mutation. Insertion of the polyA cassette

should cause early termination of the nascent lncRNA transcript

while preserving cis elements within the genomic locus. Accord-

ingly, qRT-PCR analysis (Figure 2B) demonstrated that mature

Lockd RNA (‘‘PCR 1’’ product) was strongly reduced in all four

KI lines (range 6%–13% of the WT, mean 10%). Similar results

were obtained for PCR 3 and PCR 4 products. The predicted

transcript encoding the first 80 bp of Lockd lncRNA preceding

the polyA signal insertion was also reduced in the KI clones

(PCR 2 product), either because of interference with transcrip-

tion or instability of the truncated RNA. Importantly, Cdkn1b

mRNA levels were normal in all four KI clones (Figure 2B, bottom)

despite strongly reduced Lockd lncRNA. All four KI clones

showed low-level residual expression of normal Lockd lncRNA,

presumably reflecting read-through of the polyA signal by RNA

polymerase (PCR 1, PCR 3 and PCR 4 products), but there

was no dose relationship between the residual Lockd RNA level

and the Cdkn1bmRNA level from clone to clone. KI-B, the clone

with reduction of LockdmRNA to�5%, showedCdkn1b expres-

sion equivalent to theWT. These findings are not compatible with

a model in which Lockd lncRNA regulates Cdkn1b transcription.

More likely, the lncRNA is dispensable for Cdkn1b expression,

which may instead be regulated directly by cis elements such
(F) Expression of Cdkn1b mRNA in Lockd C, Het, and KO clones as measured b

sented as mean ± SEM. ***p < 0.001 by Mann-Whitney U test.

(G) Expression of theCdkn1b primary transcript (pre-mRNA) asmeasured by qRT-

mean ± SEM. ***p < 0.001 by Mann-Whitney U test.
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as enhancer(s) within the Lockd locus or indirectly through

changes in local genomic structure as a result of Lockd deletion.

Enhancers regulate gene transcription through chromosomal

contacts with their target gene promoters (Krivega and Dean,

2012). We used the next-generation (NG) Capture-C method

(Davies et al., 2016) to investigate potential interactions

between the Lockd and Cdkn1b genes. We generated a chro-

mosomal conformation capture (3C) library containing ligated

interacting DNA fragments from G1E cells and used bio-

tinylated oligonucleotide probes to capture segments of DNA

that associate with the Cdkn1b or Lockd promoter regions.

Deep sequencing of these segments showed reciprocal inter-

action between these regions (i.e., ‘‘looping’’), indicating their

physical proximity in live cells (Figure 2C). This finding, com-

bined with the effects of Lockd gene deletion, indicate that cis

element(s) within the 50 region of the Lockd locus promote

Cdkn1b transcription.

Our findings demonstrate that, to understand the functions of

an lncRNA, its effects must be uncoupled from those of its un-

derlying DNA locus (Bassett et al., 2014). This strategy has

demonstrated distinct models for the functions of different

lncRNA genes (Figure 3). The Xist genomic locus loops to multi-

ple regions of the X chromosome, potentially promoting spread

of the lncRNA (Engreitz et al., 2013). The Xist transcript is

required for X-chromosomal inactivation, as evidenced by the

ability of antisense oligonucleotides to displace the lncRNA

from the X chromosome and reactivate underlying genes (Belet-

skii et al., 2001; Sarma et al., 2010). Insertion of polyA signals

across theAirn lncRNA gene showed that its transcription across

the promoter of the neighboring antisense Igf2r gene represses

expression by interfering with RNA polymerase II recruitment, in-

dependent of any intrinsic lncRNA function (Latos et al., 2012).

Manipulation of the Haunt lncRNA gene showed that it contains

potential cis elements that induce neighboring HoxA genes,

whereas the lncRNA transcript itself appears to repress HoxA

expression (Yin et al., 2015). Here we show that the lncRNA

Lockd is likely transcribed from an enhancer for Cdkn1b and

that the lncRNA itself is not required for augmenting Cdkn1b

transcription. Therefore, lncRNA genes act through multiple

mechanisms involving the lncRNA transcript, the underlying

genomic DNA, transcriptional interference across a nearby lo-

cus, or a combination thereof.

Our interest in Lockd initially arose from its high level expres-

sion in erythroid cells (Figure 1A). However, Lockd lncRNA is ex-

pressed inmany cell types, and its locus exhibits open chromatin

in multiple tissues, as reflected by DNase hypersensitivity (Fig-

ures S2A–S2C). Moreover, the 50 region of Lockd that contacts

Cdkn1b does not bind Gata1 or Tal1, which are usually associ-

ated with erythroid-specific enhancers. Rather, it binds more

widely distributed TFs, including Ets1, Myc, and JunD. There-

fore, the Lockd enhancer likely regulates Cdkn1b transcription in

multiple tissues. Of note, the human genomic region orthologous

to themouse Lockd promoter shows DNase hypersensitivity and
y qRT-PCR and normalized to Gapdh and Actb mRNA levels. Data are repre-

PCR and normalized toGapdh and ActbmRNA levels. Data are represented as



(legend on next page)
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Figure 3. LncRNA Genes Regulate Transcription through Multiple

Mechanisms

(A) The Xist gene interacts physically with multiple regions of the X chromo-

some, enhancing the spread of Xist lncRNA, which recruits repressor proteins

that promote X inactivation.

(B) Airn gene transcription interferes with the expression of Igf2r on the anti-

sense strand, whereas the Airn lncRNA itself is dispensable for Igf2r repres-

sion.

(C) Haunt genomic element(s) act(s) as enhancer(s) for HoxA family genes,

whereas Haunt lncRNA represses those genes.

(D) TheLockd locus acts as anenhancer forCdkn1b to promote its transcription.

In contrast, theLockd lncRNA isdispensable forCdkn1bexpression. Thedotted

lines indicate physical contact or looping between lncRNA gene loci and other

genes.
binds a similar set of TFs in human K562 erythroleukemia cells,

indicating the presence of a functional cis element (Figure S4).

RNA sequencing (RNA-seq) studies on the same cells show

only low-level transcription of LOCKD exon 1 but no obvious

full-length lncRNA. Therefore, a human LOCKD-associated
Figure 2. The Lockd lncRNA Transcript Is Dispensable for Cdkn1b Exp

(A) Strategy for premature termination of the Lockd lncRNA transcript. CRISPR-C

polyA cassette into exon 1 of Lockd, 80 bp downstream of the transcription star

(B) Diagram of the modified Lockd locus is shown on top, with the PCR products

shows expression of various regions of Lockd lncRNA and ofCdkn1bmRNA norm

(C) Next-generation Capture-C tracks showing contacts of anchor regions (gree

background signal.
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enhancer may regulate CDKN1B activity independent of an

lncRNA being produced.

In summary, our findings indicate that the Cdkn1b gene is

positively regulated by a cis element at the promoter of the adja-

cent Lockd locus, whereas the transcribed Lockd lncRNA is

dispensable for this function. Although the Lockd transcript

may have activities not identified by our study, it is also possible

that this lncRNA represents an inert by-product arising from

its functional cis element. Regardless, our study supports the

general paradigm that simply deleting an lncRNA locus is not

sufficient for understanding its function. Rather, it is necessary

to distinguish the activities of the RNA transcript from those of

the underlying DNA.

EXPERIMENTAL PROCEDURES

Generation of CRISPR-Cas9 Deletion and Insertion Cell Lines

All experiments were performed in G1E cells, cultured as described previously

(Weiss et al., 1997; Tsang et al., 1997). Guide RNA (gRNA) sequences for

CRISPR were designed using the http://crispr.mit.edu/ website and are listed

in Table S2. Oligonucleotides with gRNA sequences were cloned into the

pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (Cong et al., 2013) (a gift

from Feng Zhang and Peter Klein, Addgene plasmid 42230) or the pKLV-

U6gRNA(BbsI)-PGKpuro2ABFP plasmid (Koike-Yusa et al., 2014) (a gift from

Kosuke Yusa, Addgene plasmid 50946). For homologous recombination (Fig-

ure 2A; Figure S3B), the BGH polyadenylation cassette was amplified by PCR

from the pKLV-U6gRNA(BbsI)-PGKpuro2ABFP plasmid and cloned alongwith

flanking homology arms using the In-Fusion cloning kit. For all CRISPR-Cas9-

mediated genome-editing experiments, G1E cells were electroporated in bulk

with the appropriate plasmids using an Amaxa electroporator. Fluorescent

cells were sorted 24 hr later into 96-well plates at 1 cell/well. Clonal lines

were genotyped using PCR, Southern blotting, and Sanger sequencing (Fig-

ures 1B and 1C and 2A; Figure S3, and Table S2). To avoid any differences

between experiments that could be attributable to clonal bias, identical tech-

niques of single-cell-sorting, clone expansion, and screening were used to

pick the Lockd deletion and Lockd truncation clones.

Gene Expression

RNA was extracted from cultured cells using the RNeasy mini kit (QIAGEN),

cDNAwas generated using the iScript kit (Bio-Rad), and RT-PCRwas done us-

ing SYBR Green PCR Master Mix (Thermo Fisher Scientific). An average of

Gapdh and Actb expression was used as the RT-PCR control. All RT-PCR

primers are listed in Table S2. Microarray profiling was done on the Affymetrix

Mouse Gene 2.0ST chip. Raw array data were preprocessed and normalized

by RMA algorithm (Bolstad et al., 2003) with the ‘‘rma-gene-full’’ option. The

significance of differential expression was estimated using the sequence align-

ment/map (SAM) algorithm (Zhang, 2007), and the significance threshold was

set at FDR < 5%. The volcano plot was created using fold change and expres-

sion values for probes targeting known genes. The microarray data were

submitted to the GEO database (http://ncbi.nlm.nih.gov/geo/) and can be

downloaded using accession number GSE75881.

NG Capture-C

NG Capture-C was performed according to published methods (Davies et al.,

2016). Briefly, ten million G1E cells were crosslinked with 1.5% formaldehyde
ression

as9-mediated homologous recombination was used to insert a 239-bp BGH

t site (see also Figure S3B).

used to quantify expression of Lockd lncRNA indicated in blue. The bar graph

alized toGapdh and ActbmRNA levels. Data are represented as mean ± SEM.

n arrows) with adjacent chromosomal regions (red dotted boxes) above the

http://crispr.mit.edu/
http://ncbi.nlm.nih.gov/geo/


at room temperature for 10 min. Chromatin was digested with the restriction

enzymeDpnII, and the digested chromatin was ligated using the in situmethod

with T4DNA ligase (Rao et al., 2014). The 3C libraries were sonicated to 100- to

300-bp fragment lengths, and sequencing adapters were ligated to generate

pre-capture sequencing libraries. Biotinylated DNA oligonucleotides (the se-

quences are shown in Table S2) corresponding to the promoters of Cdkn1b

and Lockd (anchors) were separately hybridized with the libraries, and strepta-

vidin beads were used to capture and enrich for ligated fragments correspond-

ing to the promoters. To increase the specificity of capture, a double capture

was performed with the same probes. The enriched libraries were amplified by

PCR and sequenced on an Illumina Nextseq with paired-end sequencing.

FASTQ files were merged and split at DpnII sites and mapped to the mm9

mouse genome using Bowtie, and customized bioinformatic scripts (details

can be found in Davies et al., 2016) were used to discard PCR duplicate reads

and determine the frequency of interaction of each restriction fragment with

the restriction fragment enriched by anchor probes. NG Capture-C was per-

formed in two replicates, and data were pooled for analysis.

Genome Browser Images

Published RNA-seq and chromatin immunoprecipitation sequencing (ChIP-

seq) datasets were used in conjunction with the University of California, Santa

Cruz (UCSC) genome browser to generate browser tracks (Kent et al., 2002;

Paralkar et al., 2014; Wu et al., 2011; Euskirchen et al., 2007; John et al.,

2011; Lara-Astiaso et al., 2014; Ram et al., 2011).
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