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a  b  s  t  r  a  c  t

Long  non-coding  RNAs  (lncRNAs)  have  attracted  considerable  research  interest,  but  so  far  no  data  are
available  on  the  roles  of  lncRNAs  and  their  target  genes  under  chronic  �-diketone  antibiotic  (DKAs)  expo-
sure  to zebrafish  (Danio  rerio). Herein,  we identified  1.66,  3.07  and  3.36  × 104 unique  lncRNAs  from  the  0,
6.25  and  12.5  mg/L  DKA  treatment  groups,  respectively.  In  comparison  with  the  control  group,  the  6.25
and  12.5  mg/L  treatments  led  to  up-regulation  of  2064  and  2479  lncRNAs,  and  down-regulation  of 778  and
954  lncRNAs,  respectively.  Of these,  44  and 39  lncRNAs  in  the  respective  6.25  and 12.5  mg/L  treatments
displayed  significant  differential  expression.  Volcano  and  Venn  diagrams  of  the  differentially  expressed
lncRNAs  were  constructed  on the  basis  of  the  differentially  expressed  lncRNAs.  After  analyzing  10 lncRNAs
and  potential  target  genes,  a complex  interaction  network  was  constructed  between  them.  The  consis-
tency  of 7 target  genes  (tenm3,  smarcc1b,  myo9ab,  ubr4,  hoxb3a,  mycbp2  and  CR388046.3), co-regulated
by  3 lncRNAs  (TCONS  00129029,  TCONS  00027240  and  TCONS  00017790),  was  observed  between  their
qRT-PCR  and  transcriptomic  sequencing.  By in  situ  hybridization  (ISH),  abnormal  expression  of 3 lncR-
NAs was  observed  in hepatic  and  spleen  tissues,  suggesting  that  they  might  be  target  organs  for  DKAs.  A
similar  abnormal  expression  of  two immune-related  target  genes  (plk3  and syt10),  co-regulated  by  the

3 identified  lncRNAs,  was  observed  in  liver  and  spleen  by  ISH.  Histopathological  observations  demon-
strated  hepatic  parenchyma  vacuolar  degeneration  and clot  formation  in  hepatic  tissues,  and  uneven
distribution  of brown  metachromatic  granules  and  larger  nucleus  in  spleen  tissues  resulting  from  DKA
exposure.  Overall,  DKA  exposure  led  to abnormal  expression  of  some  lncRNAs  and  their  potential  target
genes,  and  these  genes  might  play  a role  in  immune  functions  of zebrafish.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Long non-coding RNAs (lncRNAs) are a recently discovered
lass of non-protein-coding transcripts encoded by many meta-
oan genomes (Soshnev et al., 2011). Members of this class have
een annotated in recent years following transcriptome annotation
f metazoans using deep sequencing approaches (Yan et al., 2012).

y definition, lncRNAs are transcripts with a length of more than
00 nucleotides and with no obvious potential to translate to a func-
ional protein; however, they regulate gene expression levels in the

∗ Corresponding authors.
∗∗ Co-corresponding author.

E-mail addresses: 273352777@qq.com (C. Zhang), zh429@126.com (H. Zhang),
huili@163.com (H. Wang).

ttp://dx.doi.org/10.1016/j.aquatox.2016.12.003
166-445X/© 2016 Elsevier B.V. All rights reserved.
form of RNAs at a variety of levels (epigenetic, transcriptional and
post-transcriptional regulations) (Kurokawa et al., 2009). Over the
past decade, advances in genome-wide analysis of the eukaryotic
transcriptome have revealed that up to 90% of the human genome
are transcribed, however, GENCODE-annotated exons of protein-
coding genes only cover 2.94% the genome, while the remaining
are transcribed as non-coding RNAs (ncRNAs) (ENCODE Project
Consortium, 2012). Non-coding transcripts are further divided
into housekeeping ncRNAs and regulatory ncRNAs. Housekeeping
ncRNAs, which are usually considered to be constitutive, include
ribosomal, transfer, small nuclear and small nucleolar RNAs. Reg-
ulatory ncRNAs are generally divided into two  classes based on

nucleotide length. Those less than 200 nt are usually referred to as
short/small ncRNAs, including microRNAs (miRNAs), small inter-
fering RNAs and Piwi-associated RNAs, and those greater than

dx.doi.org/10.1016/j.aquatox.2016.12.003
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
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mailto:273352777@qq.com
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dx.doi.org/10.1016/j.aquatox.2016.12.003
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00 nt are known as long non-coding RNAs (lncRNAs) (Nagano and
raser, 2011).

LncRNAs are involved in a variety of functions, including
ecruitment of chromatin remodelers and antisense regulation of
essenger RNAs, serving as scaffolds for recruitment of regula-

ory proteins and sequestration of small regulatory RNAs (Trinarchi
t al., 2014; Neguembor et al., 2014). Their involvement in
he fundamental cellular processes including regulation of gene
xpression at epigenetics, transcription and post-transcription
ighlights a central role in cell homeostasis (Nakagawa and
ageyama, 2014). Since lncRNAs studies are still at a relatively
arly stage, their definition, conservation, functions and action
echanisms remain poorly understood. For example, when human

epatic epithelial (L-02) cells were exposed to arsenite, it resulted
n increased lactate production, glucose consumption and expres-
ion of glycolysis-related genes (HK-2, Eno-1 and Glut-4).  This
esponse might result from the over-expression of lncRNAs,
etastasis-associated lung adenocarcinoma transcript 1, hypoxia

nducible factors-�, and the transcriptional regulators of cellular
esponse to hypoxia (Luo et al., 2016). Some lncRNAs can indi-
ectly regulate physiological processes by means of miRNAs. For
xample, cigarette smoke extract (CSE) caused an altered cell cycle,
ncreased lncRNA CCAT1 levels and decreased miR-218 levels in
uman bronchial epithelial (HBE) cells. Depletion of CCAT1 attenu-
ted the CSE-induced decreases of miR-218 levels, suggesting that
iR-218 is negatively regulated by CCAT1 in HBE cells exposed

o CSE (Lu et al., 2016). In CCl4-induced Sprague-Dawley rat liver
brosis, H19 was significantly down-regulated in HSCs and fibro-
is tissues, while an opposite pattern was observed for MeCP2 and
GF1R, suggesting that silencing of lncRNA-H19 can alter IGF1R
ver-expression (Yang et al., 2016). The altered lncRNA-HOTAIR
nd MALAT1 expression might be involved in response to polycyclic
romatic hydrocarbons-induced DNA damage (Gao et al., 2016).
nother study found that lncRNAs response to radiation-induced
NA damage and oxidative stress was involved in the p53 signaling
athway (Nie et al., 2015). This suggests that lncRNAs-Loc554202
as significantly increased compared with normal control in breast

ancer tissues, and associated with advanced pathologic stage and
umor size (Shi et al., 2014). However, to date, no data are avail-
ble on the functions of lncRNAs in zebrafish when exposed to
ntibiotics.

Fluoroquinolones (FQs) and tetracyclines (TCs) are known as
-diketone antibiotics (DKAs) due to the presence of a diketone
roup in their molecular structure. The long-term use of FQs and
Cs can result in immune toxicity, feminization, reproductive fail-
re, abortion, etc.  (Mulgaonkar et al., 2012). Our previous studies
ave confirmed the immunotoxicity and neurotoxicity of DKAs on
ebrafish (Sheng et al., 2013). After a 3-month DKA exposure, tran-
criptome sequencing identified 10 differentially expressed genes
mong the genes related to KEGG pathways with high enrichment.
oth detection of biomarkers and histopathological observation
orroborated that chronic DKA exposure could result in abnormal
xpression of immune genes and enzymes, and variable levels of
amage to immune related organs (Trapnell et al., 2013). DKAs also
ffected zebrafish movement behavior with a 6.25 mg/L treatment
ncreasing zebrafish shoaling behavior (+38%), while 25 mg/L DKA
xposure decreased zebrafish social cohesion (−41%). Additionally,
he signal intensity of 1O2 gradually decreased with increasing DKA
oncentration leading to insufficient energy supply and movement
unctional disorders (Mercer et al., 2009a).

Based on the above-mentioned toxicological effects of DKAs
n zebrafish, we confirmed that the abnormalities in biomark-

rs, histopathology and behavior resulted from abnormal gene
xpression, and that these functional genes were mostly affected
y regulation of lncRNAs. To date, no studies have examined
he affected lncRNAs and their regulating target genes due to
ogy 182 (2017) 214–225 215

chronic DKA exposure. Therefore, this study aims to screen the
regulation-related lncRNAs by means of high throughput sequenc-
ing technology, to analyze the differentially expressed lncRNAs
from zebrafish (Danio rerio) following DKA exposure, and to pre-
dict the relative target genes for further in vivo verification of their
abnormal changes. These results examine regulatory relationships
between lncRNAs and their target genes, their related mechanisms,
and probe the target point of drug action and their triggered dis-
eases.

2. Materials and methods

2.1. Ethics statement

The use of zebrafish (Danio rerio) in this study was approved
by Wenzhou Medical University’s Institutional Animal Care and
Use Committee (IACUC). All experiments were strictly performed
following IACUC rules. All dissection was conducted on ice or
specimens anesthetized with 0.03% tricaine (buffered MS-222) to
decrease suffering.

2.2. Chemicals, fish husbandry and exposure protocols

Three FQs and three TCs were selected as representative
DKA species: ofloxacin, ciprofloxacin, enrofloxacin, doxycycline,
chlortetracycline and oxytetracycline. Purities were >99% except
for chlortetracycline (95%). The six DKAs were gratis supplied by
Amresco (Solon, OH, USA), and their structures are shown in Fig.
S1. Wild-type (AB strain) zebrafish were raised in dechlorinated
and filtered water (pH 6.5–7.5). Instant Ocean band of salt was
added to raise the specific conductivity to 450–1000 �S/cm. Tem-
perature was  controlled at 28 ◦C and with a 14:10-h light/dark cycle
(lights on at 8 a.m.) (Yu et al., 2008a). Zebrafish feeding and inspec-
tion of fertilized and normal embryos were conducted according
to Kimmel and coworkers (Robinson et al., 2011). DKA-exposure
concentrations were selected at 0, 6.25 (corresponding to 2.88,
3.14, 2.89, 2.03, 2.02 and 2.26 �mol/L for ofloxacin, ciprofloxacin,
enrofloxacin, doxycycline, chlortetracycline and oxytetracycline,
respectively) and 12.5 mg/L (corresponding to 5.76, 6.28, 5.79, 4.06,
4.04 and 4.52 �mol/L for ofloxacin, ciprofloxacin, enrofloxacin,
doxycycline, chlortetracycline and oxytetracycline, respectively) of
total DKAs with equal weight concentrations for each DKA species.
At 6 dpf (days post fertilization), well-hatched zebrafish were trans-
ferred to 2 L tanks until 30 dpf. The DKA solution was  renewed
each day to maintain a constant DKA-exposure level (Liao et al.,
2011). The control (survival rate >95%) and treatment groups were
performed in triplicate. At 30 dpf, each group including control
and treatments was  transferred from 2 L to 12 L tanks. The DKA-
exposure concentrations and daily DKA renewal frequency for the
12 L tanks were identical to those in the 2 L tanks.

2.3. Preparation of biological samples

After DKA exposure, zebrafish from three biological replicates
were anesthetized with 0.03% tricaine (buffered MS-222). Each bio-
logical replicate included 9 zebrafish, and thus 27 zebrafish were
used for RNA-seq, qRT-PCR and in situ hybridization observations.
Concurrently, the liver and spleens were collected by dissection
over ice.

2.4. Total RNA extraction and lncRNAs library construction
Zebrafish in control (0 mg/L) and treatment (6.25 and 12.5 mg/L)
groups were randomly selected after DKA exposure at 90 dpf and
rinsed with phosphorous buffer solution. The anatomy of the whole
fish and total RNA extraction were characterized as detailed in our
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revious report (Li et al., 2016a). After the quantity and purity of
otal RNA were determined, the rRNA was removed using a epi-
entre Ribo-ZeroTM kit (Illumina Company, Madison, WI,  USA) to
ecover and purify the remainder of the rRNA depleted RNA (polyA+
nd polyA−).  The recovered and purified rRNA depleted RNA was
andomly broken into short segments by fragmentation buffer.
sing the fragmented rRNA depleted RNA as a template, the first

trand cDNA was synthesized by random hexamers. This step was
ollowed by addition of buffer, dNTPs, RNaseH and DNA polymerase

 to synthesize the second strand cDNA. The double-stranded prod-
ct was purified by AMPure XP beads (Beckman Coulter, Shanghai,
hina), and the DNA cohesive ends were repaired to blunt-ends
sing T4 DNA polymerase and Klenow DNA polymerase activity.
he 3′-end was added by the bases A and adapter, then fragments
ere selected by AMPureXP beads, followed by the degradation

f the second strand cDNA containing U using enzyme USER. The
nal sequencing library was obtained by PCR amplification. After
he library passed quality control inspection, we used an Illumina
iseq 2000/2500 to sequence, and sequencing read length was
ouble-ended to be 2 × 125 bp (PE125). The sequencing, evalua-
ion and analysis of library quality were conducted on the basis of
ur previous report (Li et al., 2016a).

.5. Identification of differentially expressed lncRNAs

Clean reads were mapped to the zebrafish genome using TopHat
http://tophat.cbcb.umd.edu/). Transcripts were assembled and
nnotated using the Cufflinks software package (http://cufflinks.
bcb.umd.edu/). TopHat and Cufflinks are free, open-source soft-
are tools for gene discovery and comprehensive expression

nalysis of high-throughput mRNA sequencing (RNAseq) data,
hich were jointly developed by Laboratory of Mathematics and
omputer Biology, Berkeley, University of California and Labora-
ory of Barbara Wold, California Institute of Technology, California,
SA. Together, they allowed biologists to identify new genes and
ew splice variants of known ones, as well as compared gene and
ranscript expression under two or more conditions (Trapnell et al.,
013). The known mRNAs were identified according to the latest
nnotation of the zebrafish genome sequence of Ensembl Danio
erio zv9.0 (ftp://ftp.Ensembl.org/pub/release-78/fasta/daniorerio/
na/). The remaining reads were filtered according to length and
oding potentials, such that transcripts smaller than 200 bp were
xcluded and transcripts with CPC (Coding Potential Calculator)
reater than −1 and CNCI (Coding Non-Coding Index) score greater
han 0 were removed. The coding potential for the remaining tran-
cripts was calculated by the Coding Potential Calculator based on
uality, completeness, and sequence similarity of the open reading
rame to proteins in the protein databases (Ewing and Green, 1998).
he known protein-coding transcripts were identified.

Based on the above analytical results, the transcripts of can-
idate lncRNAs were cuffcompared with those of the known
on-lncRNAs in zebrafish, and the same or similar transcripts were
emoved. Afterwards, the residual transcripts were cuffcompared
ith those of the known mRNAs, and the information on class code
as counted. The transcripts for the five kinds of class codes were
efined in detail as follows: (1) Unknown, intergenic transcript (u);
2) A transfrag falling entirely within a reference intron (i); (3)
xonic overlap with reference on the opposite strand (x); (4) Poten-
ially novel isoform (fragment): at least one splice function is shared
ith a reference transcript (j); and (5) Generic exonic overlap with

 reference transcript (o). The remaining unknown transcripts were
sed to screen for putative lncRNAs that met  the following criteria:

1) lncRNA length ≥200 bp; (2) transcript reads coverage ≥3; and
3) exon number contained in transcript ≥1. All of the transcripts,
hich could satisfy the above requirements, were attributed to the
nally novel lncRNAs. Expression levels for all transcripts, includ-
ogy 182 (2017) 214–225

ing putative lncRNAs and mRNAs, were quantified as FPKM using
the Cuffdiff program from the Cufflinks package (Yao et al., 2010).
Differential gene expression was  determined using DESeq with a
p-value <0.05 and a false discovery rate threshold of 5% (Trapnell
et al., 2009).

2.6. Prediction of lncRNA functions

Functional identification of lncRNAs and mRNAs was  performed
according to co-expression and genomic co-location/required free
energy for forming secondary structures between these differential
lncRNAs and mRNAs. The regulation modes of lncRNAs were classi-
fied into two  categories: (1) cis regulation, lncRNA’s regulation for
expression of their neighboring genes (the differentially expressed
lncRNA and mRNA in the 100 kb range of chromosomes); and (2)
trans regulation, lncRNA’s regulation for expression of trans chro-
mosome genes. Target genes for trans regulation were assessed
mainly by the required free energy for forming secondary struc-
tures. The union of cis and trans regulation was considered to be
the final target genes of lncRNAs.

2.7. Screening and qRT-PCR validation of differentially expressed
lncRNAs and their target genes

In order to screen the differentially expressed lncRNAs, we
reduced the search range of targets according to FPKM ≥ 50
and |log2(fold-change)| ≥ 1. The significant differentially expressed
lncRNAs were found at the intersection of the three contrasting
groups (6.25 mg/L vs. control, 12.5 mg/L vs. control, and 6.25 mg/L
vs. 12.5 mg/L), which were further analyzed by Venn diagrams. The
qRT-PCR operation and validation of the differentially expressed
genes followed the methods of Li and coworkers (Li et al., 2016b).
The amount of target molecules relative to the control was cal-
culated by 2-��Ct, and mRNA and lncRNA were expressed
as fold-change according to the formula: 2 − (�Ct(treated sam-
ple) − �Ct(untreated sample)).

2.8. In situ hybridization (ISH) and histopathological observation

As shown in Supplementary Fig. S2, in vitro probe transcription
demonstrated that both the lncRNA cloning and sequence align-
ment were correct (99–100%). Liver and spleen were collected
by dissection from adult zebrafish exposed to DKAs from 4 hpf
to 90 dpf. To further explore the spatial expression of lncRNAs in
the spleen and liver of zebrafish, ISH was  performed in 3 bio-
logical replicates (3 × 9, 9 zebrafish for each biological replicate),
and each biological replicate was comprised of 3 technical repli-
cates according to Yao et al. (2010). Probe synthesis was performed
by in vitro transcription. Briefly, spleen and liver cryosections
were prehybridized for 6 h at 65 ◦C with 700 �L prehybridization
buffer (50% formamide, 5 × saline sodium citrate, 5 × Denhardt’s,
200 �g/mL yeast RNA, 500 �g/mL salmon sperm DNA, 2% Roche
blocking reagents, and diethylpyrocarbonate-treated water). The
cryosections were then overlaid with 150 �L hybridization buffer
(prehybridization buffer containing 1 pmol probes) and incubated
overnight at 65 ◦C in a humidified chamber. After hybridization, the
sections were washed 3 times with B1 buffer. The anti-digoxigenin-
alkaline phosphatase fragments of antigen-binding fragments
(Roche, Indianapolis, IN; 1:2500) and nitroblue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate (Promega) were used to

detect the hybridization signals, which were quantified by Image-
Pro Plus 6.0 Software (Media Cybemetics, Rockville, MD,  USA). The
isolated tissue treatments and HE staining were conducted using a
standard protocol (Li et al., 2016b). Microscopic observation of tis-
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ue damage was assessed using an optical microscope (DM2700 M,
eica, Germany).

.9. Statistical analysis

The experimental data were reported as the mean ± SD (stan-
ard deviation). Each experimental group (0, 6.25 and 12.5 mg/L
KAs) contained three biological replicates, and each biological

eplicate was comprised of three technical replicates to assess accu-
acy and reproducibility. The number of zebrafish used in each
iological replicate was  20 for qRT-PCR and 9 for ISH experiments.
ne-way ANOVA was performed to calculate statistical significance

ollowed by post-hoc Dunnett tests to independently compare each
KA-exposure group to the control group. All statistical analyses
ere conducted with SPSS 18.0 (SPSS, Chicago, USA) using a p < 0.05

r p < 0.01 significance level, unless otherwise stated.

. Results

.1. High-throughput sequencing

Three cDNA libraries were constructed using mRNAs isolated
rom 0 (control), 6.25 and 12.5 mg/L DKA treatment groups, which
ere subsequently sequenced by an Illumina Hiseq2000/2500. This
roduced 27.62 gigabases (Gb) of valid reads, demonstrating that
he sequencing data volume for each group was larger than 8 Gb.
he deep sequencing produced 71,532,662 (control), 65,426,852
6.25 mg/L treatment) and 84,020,924 (12.5 mg/L treatment) valid
eads. To assess the quality of RNA-seq data, each base in the reads
as assigned a quality score (Q) by a phred-like algorithm using

astQC (Derrien et al., 2012). Each sample’s sequencing Q30 was
igher than 99% indicating good sequencing quality (Table 1).

.2. Identification and characterization of lncRNAs

We  identified 16,602, 30,711 and 33,588 unique lncRNAs from
he 0, 6.25 and 12.5 mg/L DKA treatment groups, respectively.
ccording to the visible lncRNA levels in the three groups (Fig. 1A),
e found that lncRNAs were evenly distributed across the 26 chro-
osomes of zebrafish with no obvious preference for location.

ased on statistical categorization of lncRNAs into five class codes
Fig. 2), there were no lncRNAs in class code “i”. In comparison, a
igh proportion (96.48%) of lncRNAs was found in class code “j”
51.7%) and “u” (44.8%) in control groups. However, the highest
roportion occurred in class code “u”, which accounted for 60.8%
nd 61.9% in the 6.25 and 12.5 mg/L treatment groups, respectively.
hese results demonstrated that the classes of alternative splicing
vents changed due to DKA exposure. Additionally, Fig. 1B indicates
he distribution densities for the five classes of lncRNAs were dif-
erent among different chromosomes. The distribution of antisense
ranscript code “x” in chromosomes was relatively even. In terms
f lncRNA length, the majority of lncRNAs were relatively short. For
xample, more than 35% of lncRNAs were shorter than 300 nt, and
ore than 80% were shorter than 1000 nt. In contrast, the length

istribution of mRNAs displayed an opposite trend compared to
ncRNAs (Fig. 1C), i.e.,  >68% of mRNAs were longer than 1100 bp.

.3. Analyses of differentially expressed lncRNAs to DKA exposure

To identify DKA-responsive lncRNAs, the normalized expres-
ion (fragments per kilobase of exon per million fragments
apped, FPKM) of lncRNAs was compared among the three treat-

ent libraries. We  conducted a Volcano plot analysis for lncRNA

verall distribution with the abscissa and ordinate representing
 = log2(fold-change) and Y = −log10(p-value), respectively. The dif-

erentially expressed lncRNAs met  the following criteria: |X| ≥ 1 and Ta
b
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Fig. 1. The distribution characteristics of differentially expressed lncRNAs.
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ote: A: The expression level of lncRNAs along the 26 zebrafish chromosomes. It 

reatment groups from outer to inner. B: Distribution of different types of lncRNA
espectively. C: Length distribution of lncRNAs and mRNAs.

 ≥ −log10(0.05). The positive and negative values on the horizon-
al axis denote up-regulation and down-regulation, respectively.

hen compared with the control group, the 6.25 mg/L treatment
ed to up-regulation of 2064 lncRNAs and down-regulation of
78 lncRNAs. In contrast, the 12.5 mg/L treatment resulted in up-
egulation of 2479 lncRNAs and down-regulation of 954 lncRNAs
Fig. 3A-B).

In order to increase the reliability of the differentially expressed
ncRNAs, we screened out lncRNAs with high expression changes
nd high abundance. The DKA-responsive lncRNAs were identi-
ed by p-value ≤ 0.05, FPKM ≥ 50 and false discovery rate ≤ 0.05.
he transcriptional levels of 44 lncRNAs in the 6.25 mg/L treatment
nd 39 lncRNAs in the 12.5 mg/L treatment were determined to
e significantly changed by DKA exposure when compared to the
ontrol group. Venn diagrams showed common and specific lncR-
As whose expression was altered by DKA exposure. A total of 49
ncRNAs showed differential responses to the 6.25 and 12.5 mg/L
reatments and the expression of 10 lncRNAs was changed in both
.25 and 12.5 mg/L treatments (Fig. 3C). There are three kinds of
odes for lncRNA-regulating target genes, i.e. local single chain
ises three concentric rings, which correspond to control, 6.25 mg/L and 12.5 mg/L
 different concentric rings from outer to inner represent code “o”, “j”, “x” and “u”,

structure (Gong and Maquat, 2011), local secondary structural
motifs, and target molecular interaction of particular tertiary struc-
tural motifs (Gupta et al., 2010). Currently, it is difficult to acquire
the tertiary structure of lncRNAs, while there is evidence for the
regulation mechanism of lncRNA by local single chain and local sec-
ondary structure. As a result, analyses of the secondary structures of
lncRNA target molecules are helpful to study their functional mech-
anisms, and further to probe the relationship between structures
and functions of lncRNAs. At the same time, the lncRNAs with differ-
ent secondary structures can exert different functions. For example,
they can act as signal molecules to regulate downstream gene tran-
scription, as decoy molecules to play a role in blocking molecules, as
guide molecules to combine with proteins, or as scaffold molecules
to accurately control signal transduction and molecular dynam-
ics in multiple biological processes (Spitale et al., 2011). Therefore,
the statistical analyses on the structural properties of 10 lncRNA

sequences are helpful to reduce the amount of data in subsequent
functional verification of lncRNAs and to increase our understand-
ing to their regulation modes. In this investigation, the predicted
secondary structures for 10 co-differentially expressed lncRNAs
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Table  2
Information for 10 co-differentially expressed lncRNAs.

Test ID (TCONS ) Class code Gene ID (XLOC ) Locus Control (fpkm) 6.25 mg/L (fpkm) 12.5 mg/L (fpkm) Sequencing length (bp)

00013798 u 008728 chr11:9612282-9612901 1240.82 0 0 206
00129029 u 083148 chr8:10932844-10935325 992.74 0 0 208
00011425 u 007033 chr11:6543405-6550766 821.43 0 0 204
00099955 u 063546 chr4:896459-899576 421.027 0 0 206
00092938 u 058975 chr3:60626805-60633302 344.502 0 0 213
00111658 u 071631 chr5:60459777-60460103 306.341 0 0 210
00027240 u 017599 chr14:32926917-32927286 283.721 0 0 265
00084041 u 053327 chr24:6180414-6180827 87.202 0 0 220
00011382 x 007003 chr11:6105995-6107000 72.6494 0 0 262
00017790 u 011347 chr12:50423620-50424538 0 

Note: “u”, Unknown, intergenic transcript; “x”, Exonic overlap with reference on the oppo

Fig. 2. Statistics of five kinds of lncRNA sequencing data.
Note: “u”, Unknown, intergenic transcript (u); “i”, A transfrag falling entirely within
a  reference intron (i); “x”, Exonic overlap with reference on the opposite strand;
“
a

m
<
l
b
c
s

• GO:0000166, interacting selectively and non-covalently with a

F
N
(
V
l

j”,  Potentially novel isoform (fragment): at least one splice function is hared with
 reference transcript; “o”, Generic exonic overlap with a reference transcript.

et  the following criteria: (1) CPC; score <−1 and (2) CNCI score
0, as well as the previously-mentioned three criteria: (1) lncRNA
ength ≥200 bp; (2) transcript reads coverage; and (3) exon num-

er contained in transcript ≥1 (Fig. 4). The information for the 10
o-differentially expressed lncRNAs is summarized in Table 2. Sub-
equently, we screened the differentially expressed target genes

ig. 3. Volcano and Venn diagrams of differentially expressed lncRNAs for the different c
ote:  (1) Abscissa represents log2(fold-change), and ordinate represents −log10(p-value);

3)  Green dots denote the significant differentially expressed down-regulation lncRNAs
olcano diagram of lncRNAs between 6.25 mg/L treatment and control; (6) B, Volcano dia

ncRNAs among control, 6.25 mg/L and 12.5 mg/L treatment groups.
72.52 93.33 226

site strand.

for each treatment group compared to the control group (Supple-
mentary Table S1). The 10 screened lncRNAs and their target-gene
putative interactive networks were constructed using Cytoscape
3.4 (Leroy Hood and Bruce laboratories). As demonstrated by Fig. 5,
each lncRNA may  regulate multiple target genes, and some target
genes are regulated by a plurality of lncRNAs, therefore, constitut-
ing a complex regulatory network diagram.

3.4. Functional analyses of DKA-responsive lncRNAs

Previous studies showed that lncRNAs were preferentially
located in close proximity to the genes they regulated (Rinn et al.,
2007; Mercer et al., 2009b; Yu et al., 2008b; Campalans et al., 2004)
and the required free energy was less than −30 to form secondary
structures between lncRNA and mRNA. To reveal potential func-
tions of the identified lncRNAs, we  analyzed Gene Ontology (GO)
terms for genes regulated by lncRNAs. Six significant enrichments
(p < 0.05) and 12 GO terms were detected in zebrafish from the
6.25 and 12.5 mg/L treatment groups (Fig. 6). For example, GO term
enrichments were found in molecular functions:

• GO:0004930, combining with an extracellular signal and trans-
mitting the signal across the membrane by activating an
associated G-protein;

• GO:0005509, interacting selectively and non-covalently with cal-
cium ions (Ca2+);
nucleotide, any compound consisting of a nucleoside that is ester-
ified with (ortho)phosphate or an oligophosphate at any hydroxyl
group on the ribose or deoxyribose;

omparison groups.
 (2) Red dots denote the significant differentially expressed up-regulation lncRNAs;
; (4) Blue dots denote the non-significant differentially expressed lncRNAs; (5) A,
gram of lncRNAs between 12.5 mg/L treatment and control; (7) C, Venn diagram of
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Fig. 4. Prediction of 10 candidate lncRNA secondary structures.
Note: A–J represents lncRNAs: TCONS 00129029, TCONS 00084041,
T
T

•

•

•

•

•

•

•

CONS 00027240, TCONS 00011382, TCONS 00011425, TCONS 00111658,
CONS 00017790, TCONS 00013798, TCONS 00092938 and TCONS 00099955.

GO:0003723, interacting selectively and non-covalently with an
RNA molecule or a portion thereof;
GO:0020037, interacting selectively and non-covalently with
heme, any compound of iron complexed in a porphyrin (tetrapyr-
role) ring;
GO:0005506, interacting selectively and non-covalently with
iron ions and biological processes;
GO:0006810, the directed movement of substances between cells
by means of some agent such as a transporter or pore;
GO:0007186, a series of molecular signals that proceeds with
an activated receptor promoting the exchange of GDP for GTP
on the alpha-subunit of an associated heterotrimeric G-protein
complex;
GO:0007155, the attachment of a cell, either to another cell or to

an underlying substrate such as the extracellular matrix, via cell
adhesion molecules;
GO:0006886, the directed movement of proteins in a cell;
ogy 182 (2017) 214–225

• GO:0006913, the directed movement of molecules between the
nucleus and cytoplasm;

• GO:0007165, the cellular process in which a signal is conveyed
to trigger a change in the activity or state of a cell.

These findings suggest that the DKA-responsive lncRNAs may
regulate genes involved in many biological processes, including sig-
nal transduction, energy synthesis and transcription in response to
DKA exposure.

3.5. Validation of co-differentially expressed lncRNAs and
potential target genes

The qRT-PCR was used to verify 3 co-differentially expressed
lncRNAs and their possible regulation genes. With increasing
DKA-exposure concentrations, the expression of TCONS 00129029
and TCONS 00027240 decreased, but that of TCONS 00017790
increased (Fig. 7A). These trends for the 3 lncRNAs identi-
fied by high-throughput sequencing were consistent with those
from qRT-PCR. We  selected 7 potential target genes (tenm3,
smarcc1b, myo9ab, ubr4, hoxb3a, mycbp2 and CR388046.3), co-
regulated by three lncRNAs (TCONS 00129029, TCONS 00027240
and TCONS 00017790), to analyze the consistency between their
qRT-PCR and transcriptomic sequencing. The information for the
above-mentioned 7 genes is listed in Supplementary Table S1. The
consistent trends for the 7 target genes confirm the reliability of the
sequencing results. Except for the tenm3 and smarcc1b genes, the
other 5 genes all showed up-regulation in the 6.25 mg/L treatment
and but down-regulation in the 12.5 mg/L treatment (Fig. 7B).

3.6. Expression changes of candidate lncRNAs and target genes in
different tissues by ISH

For the 3 lncRNAs (TCONS 00129029, TCONS 00027240 and
TCONS 00017790), we  explored their distribution and expression
changes in zebrafish immune tissues (liver and spleen) by ISH.
TCONS 00129029 showed high expression in the control group,
while it decreased with increasing DKA-exposure concentrations
in both liver and spleen. Similar expression of TCONS 00027240
occurred when compared with the control. In contrast, the expres-
sion of TCONS 00017790 in spleen tissue increased with increasing
DKA-exposure concentrations (Fig. 8d), but the highest expression
was observed in the 6.25 mg/L treatment group for liver tissue
(Fig. 8b). According to the expression changes for the 3 lncRNAs in
immune tissues, we  speculated that the abnormal expression possi-
bly affected regulation of zebrafish immune functions. Additionally,
we screened out two immune-related possible target genes, plk3
and syt10, which were simultaneously regulated by the 3 inves-
tigated lncRNAs. By ISH, a similar expression trend was observed
for plk3 and syt10 in liver and spleen tissue, i.e.,  plk3 was  inhibited
in the 6.25 mg/L treatment group and expression increased in the
12.5 mg/L treatment group (Fig. 9a–d). In contrast, the expression
of syt10 was  inhibited in both 6.25 and 12.5 mg/L treatments in the
liver and spleen (Fig. 9a–d).

3.7. Tissue-section and histopathological analyses of liver and
spleen

Histopathological observations on liver and spleen tissues were
conducted with HE staining, and photographs of tissue damage
were taken when the 3 biological replicates showed a high degree
of uniformity. As shown in Fig. 10, hepatocytes in the control

group had uniform nucleus and clear configuration, while in DKA-
exposure groups they were reduced, swollen and vague, along
with hepatic parenchyma vacuolar degeneration. Blood accumula-
tion and clot formation were also noticed in DKA-exposed groups,
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Fig. 5. Regulatory network of 10 candidate lncRNA and target genes.
Note: (1) A, the regulation network of 10 high-abundance lncRNAs (FPKM ≥ 50 and |log2(fold-change)| ≥ 1) and their related target genes; (2) The triangles denote lncRNAs;
(3)  The red balls indicate the target genes co-regulated by the 10 lncRNAs, and the blue balls indicate the target genes regulated by a single lncRNA; (4) The network diagram
was  plotted by Cytoscape (v3.3) software.
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ig. 6. GO functional enrichment analysis of the target genes regulated by the diffe
ote:  (1) The X-axis indicates enrichment value on the basis of −log10(P-value); (2

hich was indicative of hepatic haemorrhagic lesion (Fig. 10A–C).
or TCONS 00017790, the most effective binding target gene is
ANK, which is reported as an associated NFKB activator (Tsuzuki
t al., 2016). Under 200 × magnification, spleen cells in the control
roup were uniformly distributed and the cell structure was normal
Fig. 10D). In contrast, spleen cells were unevenly distributed, tissue
tructure was seriously damaged, and numerous brown metachro-
atic granules occurred in the 12.5 mg/L treatment group (Fig. 10F).
any cells became vague and indistinct, and the nucleus became
arger in DKA-exposure treatments when compared to the control
Fig. 10E and F). This phenomenon may  result from DKA-induced
nflammation.
lly expressed lncRNAs.
-axis represents GO term functions.

4. Discussion

The lncRNAs play important roles in many vital biological
processes, emphasizing that they are not transcriptional “noise”
(Wilusz et al., 2009). However, previous studies on lncRNAs in
zebrafish are less extensive than in mammals. In zebrafish, previ-
ous reports mainly focused on protein-coding sequence changes
in immune, nervous developmental processes under DKA expo-
sure (Wang et al., 2016; Yin et al., 2014), but they did not assess

changes of related genes from the perspective of lncRNA regu-
lation. Ultimately, the expression changes of genes result from
no-coding RNAs and transcriptional regulation. To further explore
the mechanism for regulation and the biological effects from the
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ig. 7. The differential expression of candidate lncRNAs and target genes in the con
ote: A, RNA-seq and qRT-PCR of 3 lncRNAs; B, RNA-seq and qRT-PCR of 7 target ge

xpression changes of genes, we combined high-throughput RNA-
eq with structural predication and functional analyses of lncRNAs.

e found that lncRNAs were distributed throughout most the
ebrafish genome, suggesting that lncRNA-coding regions are much
ore widespread than protein-coding regions (Fig. 1). Identifica-

ion and characterization of a large number of lncRNAs in zebrafish
rovided valuable information for functional characterization of

ncRNAs and post-transcriptional regulation mechanistic analyses,
hich were important for understanding the molecular targets and

oxicological mechanisms resulting from DKA exposure.
The reverse transcription was conducted by means of comple-

entary sequences of artificial adaptors to enrich lncRNAs with
r without poly(A) tails. To distinguish sense from antisense lncR-
As, strand-specific libraries were constructed and paired-end

equencing was carried out. Our results identified different types
f lncRNAs to facilitate functional studies. Moreover, the abundant
riginal data generated in this study allow us to detect lncR-
As that have low expression levels. Given that the expression of
ncRNAs was highly tissue-specific, we studied lncRNAs by ISH.
his information is useful for predicting putative target organs
nd lncRNA-regulating target genes. Furthermore, we  identified
ommon and specific lncRNAs to study potential functions of differ-
nd DKA-exposure treatment groups by qRT-PCR.
o-regulated by the 3 lncRNAs.

entially expressed lncRNAs in responses to DKA stress. To the best
of our knowledge, this is the first comprehensive study of lncRNAs
isolated from DKA-exposed zebrafish by means of high-throughput
sequencing. Moreover, to assure that the putative lncRNAs con-
form to the criteria of length, structure and protein-coding ability,
the putative lncRNAs were selected to have >200 bp in length and
less than −1 for the coding potential score. These strict criteria
and improved methods allowed us to identify lncRNAs with high
sensitivity and selectivity.

Due to DKA exposure, expression changes of 3 lncRNAs (lncRNA-
TCONS 00129029, TCONS 00027240 and TCONS 00017790) and
their co-regulating target genes were confirmed in spleen and liver
tissues by means of qRT-PCR and ISH. To date, little information
is available for the above-mentioned lncRNAs and therefore the
results of this study can enrich the functional database of lncR-
NAs. Based on previous immune toxicity research on DKAs by
our group (Li et al., 2016a), the transcriptional changes demon-
strated for plk3 and syt10 in this study appear to be associated with

immune functions and are regulated by the above 3 lncRNAs. The
histopathological observations further support our understanding
of DKA response to immune toxicity mechanisms.
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Fig. 8. The expression change of lncRNAs in liver and spleen induced by DKAs.
Note: (1) a, ISH of 3 lncRNAs expression in section of adult liver; (2) b, the relative fluorescence intensity units of 3 lncRNAs in adult liver; (3) c, ISH of 3 lncRNAs expression
in  section of adult spleen; (4) d, the relative fluorescence intensity units of 3 lncRNAs in adult spleen; (5) Arrow in Fig. 8a and 8c indicates ISH signal; (6) “*”and “**” in Fig. 8b
and  d indicate significance levels of p < 0.05 and p < 0.01, respectively; (7) All statistical analyses in Fig. 8 were performed by Dunnett tests.

Fig. 9. The expression change of target genes in liver and spleen.
Note: Note: (1) a, ISH of plk3 and syt10 transcriptional levels, co-regulated by 3 lncRNAs, in section of adult liver; (2) b, the relative fluorescence intensity units of plk3 and
syt10  in adult liver; (3) c, ISH of plk3 and syt10 transcriptional levels, co-regulated by 3 lncRNAs, in section of adult spleen; (4) d, the relative fluorescence intensity units
o nce le
p

t
k
P
t
2
s

f  plk3 and syt10 in adult spleen; (5) “*” and “**” in Fig. 9b and d indicate significa
erformed by Dunnett tests.

The plk3 gene encodes new acidophilic kinases as it belongs to
he Polo-like kinase (PLK) family that includes PLK1, PLK2 and PLK3
inases. Although some progress has been made in deciphering the
LK1-dependent phosphoproteome, very little is known about the

argets of PLK2 and PLK3 kinases. Salvi and coworkers (Salvi et al.,
012) identified and validated PLK2 and PLK3, new potential sub-
trates HSP90, GRP-94, �-tubulin, calumenin, and 14-3-3 epsilon
vels of p < 0.05 and p < 0.01, respectively; (6) All statistical analyses in Fig. 9 were

by means of 2-DE and mass spectrometry. The phosphosites gen-
erated by PLK3 in these proteins have been identified by mass
spectrometry analysis providing new insights about PLKs speci-
ficity determinants (Fragoso and Barata, 2015). Recent evidence

shows that PLK kinases could regulate the conformation, stabil-
ity, homo- and heterotypic protein interactions, localization, and
activity of the tumor suppressor PTEN (Wang et al., 2011). PLK3 was
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Fig. 10. HE dyeing of adult zebrafish hepatic and spleen tissues (200×).
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ote:  (1) A–C, hepatic tissue (200×); (2) D–F, spleen tissue (200×); (3) “a arrow” sh
b  arrow” indicates that DKA-exposure treatments result in hepatic parenchyma v
ccumulated and clot formatted; and (6) “d arrow” denotes metachromatic granule

mplicated in Bcl-xL(Ser49) phosphorylation and is a downstream
arget associated with the cell G2 checkpoint, acting to stabilize G2
rrest. Bcl-xL phosphorylation at Ser49 also correlates with essen-
ial PLK3 activity and function, enabling cytokinesis and mitotic
xit (Colwell et al., 2015). Prior work on Synaptotagmin10 (syt10)
as mainly focused on nerve function, which came closest to SCN-

pecific genetic manipulation with the use of a syt10 driver (Cao
t al., 2011). Syt10 functions as a Ca2+-sensor that triggers IGF-1
xocytosis in neurons. Cao et al. (Macconachie et al., 2015) demon-
trated that syt10 controls a previously unrecognized pathway of
a2+-dependent exocytosis that is spatially and temporally distinct
rom Ca2+-dependent synaptic vesicle exocytosis. The results of this
tudy confirm that DKA exposure led to abnormal expression of plk3
nd syt10 in spleen and liver tissues and histopathological injury.
hus our results support the inference that plk3 and syt10 were
elated to immune and endocrine functions.

. Conclusions

In this study, we identified 16,602, 30,711 and 33,588 unique
ncRNAs from three cDNA libraries. Of these lncRNAs, 44 and
9 were differentially expressed for the 6.25 mg/L and 12.5 mg/L
reatment groups, respectively. Analysis of 12 GO terms for the
arget genes of the lncRNAs found that DKA-responsive lncR-
As might regulate genes involved in several biological processes,

ncluding signal transduction, energy synthesis and transcription.
omplex interaction networks were constructed between lncRNAs
nd their target genes. Using qRT-PCR and ISH, we  established
hat abnormal expression of TCONS 00129029, TCONS 00027240
nd TCONS 00017790 in zebrafish liver and spleen tissues was
ue to the important role of lncRNAs in immune functions. Two

mmune-related target genes (plk3 and syt10), co-regulated by
he 3 identified lncRNAs above, were screened out, and a simi-
ar abnormal expression due to DKA exposure was found in both
iver and spleen. Furthermore, DKA exposure caused a series of
istopathological phenomena such as hepatic parenchyma vac-
olar degeneration and brown metachromatic granules in spleen
issues. DKA exposure led to abnormal expression of some lncRNAs
nd their regulating target genes, which played an important reg-

lation function in zebrafish immune tissues. These results can be
sed to further probe the interactions between lncRNAs and their
arget genes, and to analyze the functions of lncRNAs in resistance
o environmental stress.
hat DKA-exposure treatments lead to reduced, swollen and vague hepatocytes; (4)
r degeneration; (5) “c arrow” denotes that DKA-exposure treatments cause blood
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