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The expression of essential selenoproteins during
development requires SECIS-binding protein 2–like
Nora T Kiledjian, Rushvi Shah , Michael B Vetick, Paul R Copeland

The dietary requirement for selenium is based on its incorpo-
ration into selenoproteins, which contain the amino acid sele-
nocysteine (Sec). The Sec insertion sequence (SECIS) is an RNA
structure found in the 39 UTR of all selenoprotein mRNAs, and it is
required to convert in-frame UGA codons from termination to
Sec-incorporating codons. SECIS-binding protein 2 (Sbp2) is re-
quired for Sec incorporation, but its paralogue, SECIS-binding
protein 2–like (Secisbp2l), while conserved, has no known func-
tion. Here we determined the relative roles of Sbp2 and Secisbp2l
by introducing CRISPR mutations in both genes in zebrafish. By
monitoring selenoprotein synthesis with 75Se labeling during
embryogenesis, we found that sbp22/2 embryos still make a
select subset of selenoproteins but secisbp2l2/2 embryos retain
the full complement. Abrogation of both genes completely pre-
vents selenoprotein synthesis and juveniles die at 14 days post
fertilization. Embryos lacking Sbp2 are sensitive to oxidative
stress and express the stress marker Vtg1. We propose a model
where Secisbp2l is required to promote essential selenoprotein
synthesis when Sbp2 activity is compromised.
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Introduction

Selenium is an essential trace element that is incorporated as the
amino acid selenocysteine (Sec) into ~20–50 vertebrate proteins
known collectively as selenoproteins. This class of proteins serves a
variety of disparate functions, for example, resolving oxidative
stress (the glutathione peroxidases) and hormone synthesis
(iodothyronine deiodinases). Because Sec is encoded by in-frame
UGA codons that would otherwise be interpreted as termination
codons, a dedicated set of signals and factors are required to allow
Sec incorporation (reviewed in Howard and Copeland [2019]). In
every selenoprotein mRNA, there is a stem-loop feature in the 39
UTR, the Sec insertion sequence (SECIS), that autonomously con-
verts upstream in-frame UGA codons to specify Sec (Berry et al,
1991). In addition, a SECIS-binding protein (Sbp2) binds specifically
to the SECIS element and recruits the ternary complex consisting of

the Sec-specific translation elongation factor (Eefsec), Sec-tRNASec,
and GTP (Copeland et al, 2000; Tujebajeva et al, 2000; Donovan et al,
2008). These factors are known to be sufficient to allow Sec in-
corporation in a plant in vitro translation system, which is otherwise
devoid of selenoprotein related factors (Gupta et al, 2013).

Although Sbp2 is known to be necessary and sufficient for Sec
incorporation in vitro, all vertebrates possess a paralogous gene
called secisbp2l, which also binds to all SECIS elements (Donovan &
Copeland, 2012). Sbp2 and Secisbp2l share similar domain structure,
consisting of an N-terminal domain with no known function, a
central domain required for Sec incorporation that works together
with the downstream RNA-binding domain required for SECIS
binding. In addition, Secisbp2l contains a C-terminal glutamate rich
domain that is not present in Sbp2. Despite the overall similarity
between the two, Secisbp2l does not support Sec incorporation in
vitro (Donovan & Copeland, 2012), so its function remains unknown.
Interestingly, because Secisbp2l is preferentially expressed in
epithelial cells (Kapushesky et al, 2010) it might be expected to play
a role in responding to external stimuli. In fact, Secisbp2l ex-
pression is strongly positively correlated with protection from lung
adenocarcinoma, which underscores the importance of deter-
mining function (McKay et al, 2017).

In the context of vertebrate development, elimination of SBP2 in
mice resulted in lethality during gastrulation (Seeher et al, 2014),
and subsequent studies showed that this block in development
could be overcome by expressing a single selenoprotein (GPX4)
with a Cys residue substituted for Sec (Ingold et al, 2018). In ad-
dition, the muscle-specific selenoprotein Selenon was reported to
be required for normal muscle function and calcium flux in
zebrafish embryos (Deniziak et al, 2007; Jurynec et al, 2008), and in
situ hybridization revealed a complex array of tissue specific ex-
pression for 21 selenoprotein mRNAs during zebrafish development
(Thisse et al, 2003). Despite these efforts, very little is known about
the regulation of selenoprotein synthesis during development, so
here we have used the zebrafish model system to determine the
relative roles of Secisbp2l and Sbp2, thereby establishing a highly
tractable system in which to study the mechanism of Sec incor-
poration and the consequences of selenoprotein deficiency in vivo.
The largest selenoproteomes exist in bony fishes, and zebrafish has
been reported to possess 38 selenoprotein genes, albeit with
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several duplications (Mariotti et al, 2012). Considering the acces-
sibility of developmental biology in the zebrafish system and the
relative paucity of literature about the role of selenoproteins during
vertebrate development, a lot can be learned by leveraging the
tractability of this system to answer key questions surrounding
selenoprotein synthesis and function.

In this report, we have used CRISPR/Cas9 methodology to
generate zebrafish lacking either Sbp2 or Secisbp2l. Although no
overt phenotypes were observed, we found that most but not all
selenoprotein production was substantially reduced in the sbp2−/−

larvae, and they were significantly more sensitive to oxidative
stress. Secisbp2l−/− animals showed slightly reduced selenoprotein
production, which was completely inhibited and led to death at 14 d
post fertilization (dpf) when both genes were ablated.

Results

sbp2 and secisbp2l genes

Unlike many genes in zebrafish, those encoding Sbp2 and Secisbp2l
are present as single copy genes. The RefSeq RNA entry for
zebrafish secisbp2l has a 2,721 nt coding region and is missing
several segments relative to other fish species such as goldfish
(Carassius auratus), which has a coding region of 3,012 nt. Using
total RNA purified from zebrafish embryos grown to 5 dpf, we
attempted to clone the cDNA corresponding to zebrafish secisbp2l,
but we were not able to obtain any single products corresponding
to the full length sequence. However, we were able to clone
overlapping fragments to obtain a candidate full length sequence
with a 3,085 nt coding region that is 85% identical to the goldfish
sequence (see the Materials and Methods section). The case of sbp2
is similar where the RefSeq RNA entry lacked the N-terminal portion
of the mRNA relative to other species (Fig 1). The only annotated
sequence that contains a predicted N-terminal region with se-
quence upstream of the conserved C-terminal domains was also
found in goldfish. Interestingly, the N-terminal ~80 amino acids of
the predicted goldfish Sbp2 are only found in the Clupeocephala
super cohort of teleost fish, which includes the cyprinidae
(zebrafish and goldfish). The large (~1.5 kb) N-terminal sequence
that is found in both Sbp2 and Secisbp2l in most species (Donovan

& Copeland, 2009) is only present in Clupeocephala Secisbp2l but
not in Sbp2. Using total RNA purified from larvae grown to 5 d and
primers corresponding to the regions annotated as the 59 and 39
regions of the goldfish sequence, we cloned the cDNA corre-
sponding to zebrafish sbp2, which yielded a 2,274-nt coding region
that is 83% identical to the goldfish sequence, thus confirming the
presence of the short and unique N-terminal domain in zebrafish
sbp2. Fig 1 shows a diagram of alignments between the cDNA clones
we obtained at 5 dpf and the NCBI gene sequences, highlighting
discrepancies between the gene annotation and the sequences
obtained by RT-PCR. Note that the official name for sbp2 is secisbp2,
but in this report we will use “sbp2” so it is easily distinguished from
“secisbp2l” in the text.

Selenoprotein mRNA expression during zebrafish development

To assess the expression of selenoprotein mRNAs and those that
are required for selenoprotein synthesis during zebrafish devel-
opment, we mined existing RNA-seq data obtained by the Busch-
Nentwich group at Wellcome Sanger Institute (White et al, 2017). Fig
2 shows a heat map of selenoprotein mRNA expression as well as
Sec incorporation factor mRNA expression across a non-linear
range of early developmental time covering 0–120 hours post
fertilization (hpf). Sec incorporation factor mRNA expression is
generally low, particularly for eefsec (Sec-specific translation
elongation factor) and pstk (the enzyme that phosphorylates the
Ser intermediate in Sec synthesis). It is notable that both sbp2 and
secisbp2l are expressed at low levels across the entire time range
with small peaks of expression at 2–4 hpf and again at 96 hpf, and
these peaks are generally correlated with higher levels of sele-
noprotein mRNAs. In addition to the selenoprotein mRNAs that
have very low expression across the entire range, there are two
other classes of selenoprotein mRNA expression: (1) early high
expression (0–10 hpf above 200 transcripts per million), and (2) late
high expressing (24–120 hpf above 200 transcripts per million). It is
interesting to note that in cases where the increase in seleno-
protein mRNA expression is very high (e.g., selenop), there is no
correspondingly significant increase in mRNAs encoding sbp2 and
eefsec, which are directly required for inserting Sec during trans-
lation. This dataset establishes that selenoprotein mRNA expres-
sion is biased toward larval development from 1 to 5 dpf, most

Figure 1. Diagram of the zebrafish secisbp2l and sbp2 gene loci (NCBI; note reverse orientation of secisbp2l).
The results of BLAST analysis using the cloned cDNAs for both genes is shown in purple with differences between annotated exons (green) and those derived from cDNA
cloning marked by red arrows. The CRISRP/Cas9 target sites in the RNA-binding domains are indicated with arrows.
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notably through expression of selenop and gpx4. These data also
highlight the fact that selenoprotein mRNA transcription and/or
stability is highly regulated during this time period, highlighting the
significance of temporal regulation that cannot be studied in vitro
or in cells.

Gene disruption and genomic analysis

We sought to determine the relative contributions of Sbp2 and
Secisbp2l to selenoprotein production in vivo by ablating their
expression in zebrafish. For secisbp2l, a single guide RNA (sgRNA)
was designed to target the RNA-binding domain at position
2,325–2,344 (encoding KLVSLT, which is KLVELT in human; Fig 1). For
sbp2, we used separate tracr and crispr RNAs, the latter also tar-
geting a conserved region in the RNA-binding domain within exon
13 at position 1,955–1,977 (encoding VPVSL which is VPVLS in human).
The 39 biased locations were selected to avoid the possibility of
downstream translation initiation that may bypass indels in the
N-terminal half of the genes. This is necessary because the

C-terminal halves of Sbp2 and Secisbp2l are functional (Donovan &
Copeland, 2012). Injected embryos were screened by genomic PCR
and sequencing of the targeted area revealed two edited alleles for
secisbp2l with 19 and 26 base pair (bp) insertions, both of which
caused a frameshift and introduction of a premature termination
codon at the position of insertion. We chose the 26-bp insertion
allele for further analysis. In the case of sbp2, we obtained both 1
and 5 bp deletions. We chose the 5 bp deletion allele for further
analysis. Outcrossing F0 founders to wt fish generated F1 hetero-
zygotes that were used for inbreeding to create stable homozygous
lines for the 26-bp insertion for secisbp2l and 5-bp deletion for
sbp2. Edited alleles were confirmed through sequence analysis of
genomic DNA (Fig 3). In addition, sequence analysis of RT-PCR
products did not reveal any traces of wild-type sequence for ei-
ther sbp2 or secisbp2l. No discernible overt phenotypes were ob-
served for either sbp2−/− or secisbp2l−/−. This was an unexpected
result in the case of Sbp2 because mouse embryos that lack Sbp2
expression die before gastrulation (Seeher et al, 2014). Note that the
sbp2−/− or secisbp2l−/− strains were generated on different genetic

Figure 2. Sec-related gene expression during zebrafish development.
Heat map of existing transcriptomic data (White et al, 2017) highlighting selenoprotein and selenoprotein synthetic factor mRNA expression during zebrafish
development. Numbers correspond to average transcripts per million from four samples. The color coding is a linear gradient from green to red where the 50th percentile
is yellow with the maximum set at 805, which is the maximum for selenoprotein mRNA expression.
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backgrounds so all comparisons described in this report are be-
tween the mutant line and its isogenic wild-type sibling line.

Analysis of disrupted Sbp2 expression by immunoblot

Having established that the sbp2 and secisbp2l genes were dis-
rupted, we sought to examine protein expression across devel-
opment in the wild-type and mutant lines. For Sbp2 analysis, we
were able to use an affinity purified commercial antibody raised
against a C-terminal portion of the human protein (aa 506–854),
which is 79% identical in the conserved RNA-binding domain. Fig 4
shows immunoblot analyses across 3 d of development. Whereas
the predicted size of full-length zebrafish Sbp2 is only 85 kD, we
observed a high-intensity band migrating at ~130 kD that is not
present in the sbp2−/− strain. Aberrant migration was expected
because mammalian Sbp2 has a predicted molecular weight of 95
kD but endogenous and recombinant Sbp2 migrates at ~120 kD in
SDS–PAGE (Copeland et al, 2000). At 5 dpf, the sbp2 signal in wt
larvae is substantially reduced relative to the tubulin control. This
was not expected because the transcriptomic analysis indicated
that the peak of sbp2 mRNA expression occurred at days 4 and 5
(see Fig 2). Note the presence of a ~120 kD band that appears only
in the lanes containing sbp2−/− lysate. It is possible that this
represents the truncated protein resulting from the 5-bp deletion
that would yield a 12-kD truncation at the C-terminal end. Ex-
tensive mutagenesis of mammalian Sbp2 has established that this
highly conserved C-terminal sequence that is missing in the
mutant line is essential for Sbp2 function (Copeland et al, 2001;
Caban et al, 2007). For Secisbp2l analysis we raised a polyclonal

antibody against a C-terminal fragment of the predicted zebrafish
protein (aa 462–811) but we were not able to detect a candidate
protein.

Selenoprotein expression is differentially reduced in sbp22/2 and
secisbp2l2/2 embryos

To assess selenoprotein expression during early zebrafish devel-
opment, we used 75Se-selenite metabolic labeling. Because mRNA
expression data show substantial selenoprotein mRNA expression
from days 3 to 5, we focused on this time frame. To analyze
selenoprotein expression in embryos that lack Sbp2, we screened 5
dpf larvae that resulted from a cross between heterozygous sbp2+/−

animals so that we might observe the phenotypes of the three

Figure 3. CRISPR/Cas9 mutagenesis of the secisbp2l
and sbp2 loci.
Domain diagrams illustrating the relative positions of
the Sec incorporation domain (SID), RNA-binding
domain (RBD) and the Glu-rich domain (ERD), and
sequence analysis of secisbp2l and sbp2 mutations
generated by CRISPR/Cas9 illustrating the 26-bp
insertion for secisbp2l and the 5 bp deletion in sbp2.

Figure 4. Immunoblot analysis of Sbp2 expression.
Wild-type (wt) and sbp2−/− (Δ) embryos at the indicated days post fertilization
were lysed and two embryo equivalents were loaded onto a 4–12% gradient
SDS–PAGE gel. Immunoblot was probed with a polyclonal antibody raised against
human SBP2.
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possible genotypes (+/+, +/−, −/−) in a single experiment. Embryos
were exposed to 375 nM 75Se-selenite for 24 h and lysates were
analyzed by SDS–PAGE followed by phosphorimager analysis. As
expected, Fig 5A shows a high degree of variability in the amount of
75Se-selenite labeling in progeny as compared with the wild-type

parental strain. The significant reduction of radioactive bands in
some samples is suggestive of mendelian inheritance of the edited
sbp2 allele (25%). To confirm that the loss of selenoprotein ex-
pression was a result of Sbp2 loss, we repeated the labeling on
bona fide sbp2−/− embryos with verified genotypes. Fig 5B confirms

Figure 5. Metabolic labeling reveals selenoprotein synthesis defects.
(A) sbp2+/− heterozygous fish were mated and offspring were incubated with 375 nM 75Se for 24 h at 4 days post fertilization (dpf). 16 larvae were randomly chosen for
SDS–PAGE and phosphorimaging analysis (top panels) and the same gels were stained with Coomassie blue (bottom panels). (A, B) sbp2−/− and secisbp2l−/− larvae at the
developmental stage indicated were labeled and analyzed as described in (A). The 68-kD band that is not affected by the loss of Sbp2 is predicted to be Txnrd1 based on
molecular weight. The arrows point out the bands with marked decrease in intensity in the mutated line. The increase in Vtg1 in 3–4 dpf larvae is noted in the
Coomassie-stained gel (bottom panel). (B, C) Quantitation of the ΔSecisbp2L gel in (B). Three replicate gels were analyzed and the data are presented as the mean ± SD.
Significance was determined with a Welch’s t test with the P-value indicated. (D) sbp2−/− embryos were injected with single guide RNAs targeting the secisbp2l gene at the
single-cell stage. At 3 dpf, larvae were incubated with 375 nM 75Se for 24 h and lysates from individual larvae were analyzed by phosphorimager analysis. Lane 1 is lysate
from an uninjected control embryo. The gel contained trihalo compounds and total protein was imaged under UV light (lower panel).
Source data are available for this figure.
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that the sbp2−/− larvae show a substantial loss of 75Se-labeled
proteins of most molecular weights except the ~68-kD species at all
three time points and a 24-kD band in day 3, the former of which
likely corresponds to thioredoxin reductase. Overall, the loss of
selenoprotein production was not uniform. The most notable
change was the loss of a diffuse band at ~45 kD and a pair of bands
at ~22/20 kD. These results suggest that Secisbp2l may be sup-
porting selenoprotein synthesis, particularly the 68- and 25-kD
species, when Sbp2 is absent. In the case of secisbp2l−/− embryos,
no band-specific differences were noted when compared with wild-
type embryos in the 3–5 dpf period (Fig 5B, left panel). There was,
however, a statistically significant moderate reduction of seleno-
protein expression in days 3 and 4 (Fig 5C and D). These data es-
tablish that the lack of Sbp2 expression is not sufficient to eliminate
selenoprotein production, the baseline level of which is affected by
the lack of Secisbp2l only at 3 and 4 dpf.

Interestingly, we noted a significant increase in a ~130-kD
Coomassie-stained band in sbp2−/− but not wt or secisbp2l−/− larvae
(Fig 5B, lower panel, arrow). This band was most prominent in 3 dpf
larvae and not evident in 5 dpf larvae. Mass spectrometric analysis
of the excised band revealed that this protein is vitellogenin-1
(vtg1), which is an abundant phosphoprotein present in yolk. As a
well-studied biomarker for various types of stress, it provides
a clear indication that the loss of sbp2 but not secisbp2l initiates a
stress pathway that ultimately leads to vtg1 induction. Because vtg1
is known to be induced by estrogens, it is likely that the loss of
selenoprotein expression is either directly or indirectly affecting
the estrogen synthetic pathway. This is consistent with a previously
observed correlation between selenium status, selenoprotein
production and estrogen levels in rats (Damdimopoulos et al, 2004).

Analysis of embryos lacking both Sbp2 and Secisbp2l

To generate a line lacking both Sbp2 and Secisbp2l, we targeted
secisbp2l for CRISPR/Cas9 mutagenesis in the sbp2−/− background. We
injected 80 embryos alongside the same number of uninjected con-
trols. After 72 h, we collected six embryos for genomic DNA analysis, 24
embryos for metabolic labeling with 75Se-selenite and 30 embryos
each were collected to be raised to study their survivorship. Notably,
only one of the injected F0 animals with the sbp2−/− background
survived past 14 dpf, and all but one of the genotyped embryos showed
evidence of editing at the target site. To assess the effect on sele-
noprotein production we subjected the injected and control embryos
tometabolic labeling with 75Se-selenite. Fig 5D shows phosphorimager
analysis froma subset of injected embryos, all but one of which did not
have detectable selenoprotein expression. This result strongly sup-
ports the idea that Sbp2 and Secisbp2l work in concert to provide full
selenoprotein incorporation. Together, these data reveal that sele-
noprotein production may not be required for early development in
fish but that subsequent survival is limited to an early juvenile stage.

Quantitative analysis of selenoprotein mRNAs and proteins

In mammalian cells, reduced selenoprotein expression due to
limiting selenium or reduced Sbp2 expression is associated with
a coordinated but selective reduction in selenoprotein mRNAs
(Shetty & Copeland, 2015). Several studies have established that

this response is due to reduced mRNA stability, likely through the
nonsense mediated decay pathway (Weiss et al, 1997; Wingler et al,
1999; Sun et al, 2001; Squires et al, 2007; Santesmasses et al, 2019). To
examine the response of selenoprotein mRNA levels to seleno-
protein reduction due to loss of Sbp2 or Secisbp2l, we performed
quantitative RT-PCR at 4 dpf for six selenoprotein mRNAs (selenow,
selenop, gpx1a, and gpx4a, selenof, trxnrd1 [note, the zebrafish gene
is annotated as trxnrd3]) relative to the control mRNA encoding
eef1a1, which is known to be evenly expressed across 3–5 dpf
(McCurley & Callard, 2008). Fig 6A shows that the loss of Sbp2
resulted in an ~5-fold reduction of both selenop and gpx1a mRNAs
and a ~2-fold reduction of both gpx4a and selenow but had a much
smaller effect on selenof, txnrd1, or txnrd2. In the case of secisbp2l−/−

the mRNAs that were sensitive to the loss of sbp2 were also
sensitive to the loss of secisbp2l but to a much lower extent. We
observed ~40% reductions of selenop and gpx4a mRNA, 20% re-
ductions in gpx1a and selenow and either no reduction or increases
in txnrd1, txnrd2, and selenof mRNAs. These results establish that
the zebrafish system faithfully replicates that observed in mice and
mammalian cells with regard to the regulation of selenoprotein
mRNA levels under conditions where selenoprotein synthesis is
impaired (Fradejas-Villar et al, 2017), and they open up the pos-
sibility that secisbp2l is playing a role in regulating selenoprotein
mRNA levels.

For quantitative analysis of selenoprotein levels, we examined
the proteomes of sbp2−/− and secisbp2l−/− larvae by quantitative
mass spectrometry. Four replicate samples at 4 dpf for each strain
were lysed in SDS buffer and subjected to in-gel digestion followed
by TMT labeling and Nano-LC-MS/MS. As expected, the sbp2−/−

proteome was marked by significant decreases in all detectable
selenoproteins except for Txnrd1 (Fig 6B). It is also notable, how-
ever, that the extent of down-regulation was not uniform with a
nearly threefold difference between the low-expressing seleno-
protein (Gpx1a) and the highest (Selenop and Selenoj). For Txnrd1,
the lack of down-regulation supports the idea that the 68 kD band
that is not affected by the loss of Sbp2 is Txrnd1, although it is also
possible that what we observed in the mass spec data corresponds
to a truncated Sec-free version of Txrnd1, which has been shown to
persist in selenium deficient conditions (Legrain et al, 2014). In the
case of secisbp2l−/− larvae, we did not detect any reduction of
selenoproteins by quantitative mass spectrometry (Fig 6C), al-
though Gpx4a seems to be up-regulated, which was not detectable
during 75Se labeling shown Fig 5. Both datasets contained a discrete
set of other proteins that were either up or down-regulated, which
are the subjects of ongoing analysis. Note that Vtg1 was more than
10-fold higher in the sbp2−/− larvae, which is consistent with the
band identified in the stained gel in Fig 5B.

Larvae lacking Sbp2 but not Secisbp2l are sensitive to peroxide
stress

Considering the role of selenoproteins in resolving oxidative stress,
we sought to determine if the loss of either Secisbp2l or Sbp2
affected sensitivity to chronic oxidative stress. To this end, 0–5 dpf
embryos were treated with 2 mM hydrogen peroxide (Fig 7A). Since
we started the treatment at 0 dpf, this analysis includes the natural
die-off of ~20% of the embryos from 0 to 1 dpf. This is expected as
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any unfertilized, or unhealthy embryos die during this time period.
Whereas no significant peroxide sensitivity was noted in secisbp2l−/−

larvae or either of the wild-type controls, none of the sbp2−/−

larvae survived past 2 dpf. Interestingly we observed a slightly
enhanced survival of secisbp2l−/− larvae resulting from a lower
initial die-off. Overall, these results confirm that the reduction of
selenoprotein expression correlates with increased sensitivity to
oxidative stress and establishes the sbp2−/− line as a potential tool
for studying hypersensitivity to stress.

Because substantial, albeit selective, selenoprotein synthesis
persists in larvae lacking Sbp2, we hypothesize that Secisbp2l is
required for “backup” selenoprotein synthesis under stress con-
ditions (e.g., loss of Sbp2). To directly test this hypothesis, we ex-
amined the effect of acute peroxide treatment on selenoprotein
synthesis in wild-type and secisbp2l−/− 3–5 dpf larvae. We treated
larvae with a sublethal dose of peroxide (0.5 mM) concomitant with
75Se-selenite labeling for 24 h. Surprisingly, Fig 7B shows that
selenoprotein expression was almost completely eliminated by
peroxide treatment in the 3 and 4 dpf larvae but was only about 50%
reduced at 5 dpf in both the wild-type and secisbp2l−/− strains,
shown quantitatively in Fig 7C. Because the wild-type and mutant
response was the same, we did not perform the same experiment
on sbp2−/− animals considering we had previously determined
sensitivity to peroxide. These results could not confirm our hy-
pothesis that Secisbp2l is required for a stress response, but they
did reveal a developmentally specific response to peroxide that
results in dramatic selenoprotein down-regulation or a develop-
mentally specific loss of selenium uptake under these conditions.

Discussion

We have used the zebrafish system to investigate the roles of the
two SECIS-binding proteins in promoting selenocysteine incorpo-
ration during development. Overall, our findings have revealed that
Sbp2 is the main driver for basal selenoprotein production but that
its paralog, Secisbp2l, supports selective selenoprotein expression
when Sbp2 is absent. Use of the zebrafish system has allowed us to
demonstrate the disparate roles of the two SECIS-binding proteins
in the context of embryonic development.

Analysis of sbp2 and secisbp2l genes has revealed that sbp2
coding sequence in Teleost fish is unique relative to all other
vertebrate species. The predicted N-terminal ~80 amino acids are
unique in the Clupeocephala supercohort, and there are no con-
served motifs that might hint at function. Thus, the N-terminal
motifs that are conserved between Sbp2 and Secisbp2l in most
vertebrates (Donovan & Copeland, 2009) are present only in the
secisbp2l gene in Clupeocephala fish. The zebrafish model, then, is
unique in providing an opportunity to determine the function for
these novel conserved motifs.

Figure 6. Quantitative analysis of selenoprotein mRNA and protein levels in
sbp22/2 and secisbp2l2/2 larvae.
(A) Total RNAwas extracted from 4 days post fertilization larvae andwas analyzed
by qRT-PCR using primers specific for the genes noted. The data shown are the
average ΔΔCT ratios from triplicate analyses using eef1a as the control plus/
minus SD. (B) Total protein lysates from wild-type and sbp2−/− larvae were

subjected to quantitative mass spectrometry. The data shown represent the
average mutant/wt peptide count ratio from four replicate samples, plus/minus
SD. (C) Same as in (B) for the secisbp2l−/− samples.
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Using existing RNA-seq data across zebrafish development
(White et al, 2017), we found that selenoprotein mRNAs are
expressed throughout development but at highly individualized
levels and times. The burst of expression for gpx4a/b and selenop
after ~10 hpf is striking in that it is not accompanied by a

concomitant increase in any of the mRNAs encoding selenoprotein
synthetic factors, including sbp2 and secisbp2l. This may indicate
the presence of a large pool of long-lived maternal protein, but
further work will be required to determine the significance of this
apparent disconnect between the levels of selenoprotein synthetic

Figure 7. Mutant sbp22/2 larvae and general selenoprotein production are sensitive to peroxide treatment.
(A) Wild-type (blue) or mutant (orange) larvae (n = 110) were raised in embryo medium with or without 2 mM hydrogen peroxide for 5 d (water was changed daily).
Survival was analyzed by the Kaplan-Meier method and P-values were determined by the log-rank test. (B) 3–5 days post fertilization wild-type (wt) or secisbp2l−/− (Δ)
larvae were incubated with 375 nM 75Se with or without 500 μM hydrogen peroxide for 24 h. Radiolabeled proteins were analyzed by SDS–PAGE followed by
phosphorimaging (top panels) and total protein is shown as fluorescence imaging of TCE-stained gels (bottom panel). (C) Quantitative analysis of selenoprotein
production in the presence or absence of peroxide. (B) 75Se incorporation was determined by quantitation of the phosphorimages shown in (B). Data were normalized to
wild-type untreated samples and shown as the average of three experiments plus/minus SD.
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factor mRNAs and selenoprotein mRNAs. Interestingly, the slight
offset of gpx4a versus gpx4b expression is consistent with the non-
overlapping spatial restriction of gpx4a to the yolk sac, liver, and
kidney versus the brain and myotomes for gpx4b, which was ob-
served as part of a broad analysis of spatial and temporal seleno-
protein mRNA expression in zebrafish embryos (Thisse et al, 2003).
This highlights the diverse array of selenoprotein functions during
development and stresses the importance of future studies di-
rected toward the coordinated regulation of the factors that are
required for selenoprotein production.

Our analysis of sbp2−/− fish was surprising in that zebrafish larvae
are able to survive this condition, whereasmouse embryos die early
during gastrulation (Seeher et al, 2014). Although our immunoblot
analysis could not definitely show a complete lack of Sbp2 because
of the presence of cross-reacting species, sequencing at the genomic
and transcript level confirmed thatwt sbp2 is not detectable. As such, it
is likely that the relatively low oxygen exposure of fish eliminates the
requirement for a full complement of selenoproteins during early
development. This point was emphasized by our finding that injecting
anti-secisbp2l CRISPR sgRNA was sufficient to completely eliminate
selenoprotein synthesis. This is the first demonstration that Sec in-
corporation is fully dependent on SECIS-binding proteins because all
prior works have focused solely on Sbp2. The fact that these embryos
did not survive past day 14 pinpoints a surprisingly late time in de-
velopment that is sensitive to the loss of selenoproteins. Although it is
not possible to pinpoint which selenoproteins might be required for
survival, considering the central role of GPX4 in responding to fer-
roptotic damage and its ability to allow survival ofmouse embryos that
lack other selenoproteins (Ingold et al, 2018), it is a good candidate for
playing a similarly key role in fish.

We found that selenoprotein production was significantly but
selectively down-regulated in sbp2−/− but not in secisbp2l−/− larvae.
The primary exception to down-regulation is a 68-kD selenium-
labeled protein that we predict corresponds to thioredoxin re-
ductase (Txnrd1). This leads to the key mechanistic question of
whether Secisbp2l preferentially binds certain selenoprotein
mRNAs. Considering that ablating Secisbp2l led to a modest re-
duction of all selenoproteins, it is more likely that selective ex-
pression in the sbp2−/− background is mainly a result of the altered
mRNA levels in that strain. Indeed, qPCR and quantitative mass
spec analysis revealed a good correlation between the reduced
mRNA and protein levels for gpx4, gpx1, and selenow. However, in
the case of selenof, substantial loss of protein was not accom-
panied by a change in mRNA levels. In the case of secisbp2l ab-
lation, most mRNA levels were within 60–80% of wild-type with the
exception of selenof and txnrd2, which showed a ~40% increase that
was not apparent at the protein level. In addition, Gpx4a protein
levels were found to bemore than twofold higher in the secisbp2l−/−

strain but mRNA levels were reduced to 60% of wild-type. These
results are consistent with substantial translation regulation that
might be expected from the loss of a 39 UTR-binding protein.
Targeted mechanistic studies of these cases may reveal novel
regulatory mechanisms that are unique to Secisbp2l.

The fact that selenoproteins are still made in the absence of
Sbp2 strongly implicates Secisbp2l as a factor that supports
“survival” selenoprotein production under conditions where Sbp2
may be limiting. Prior work in mammalian cells indicated that

oxidative stress resulted in glutathionylation and altered subcel-
lular localization of Sbp2 from the cytoplasmic to the nuclear
compartment, thus leading to reduced selenoprotein synthesis
(Papp et al, 2006). Although this effect seen in cultured cells may
not be related to what we observed in zebrafish, it is consistent with
the idea that the primary role of Secisbp2l in the context of Sec
incorporation may be to shift selenoprotein synthesis to a survival
mode during stress. However, we found secisbp2l−/− animals to be
no more sensitive to peroxide stress than wild-type controls. This
was in contrast to sbp2−/− animals where the larvae did not survive
past 2 dpf in the presence of peroxide. We also found that peroxide
treatment almost completely eliminates selenoprotein expression
in 3 to 4 dpf but not 5 dpf embryos. The resistance at 5 dpf serves as
an important control in reducing the likelihood that peroxide is
preventing selenium uptake. This was an unexpected result con-
sidering that other studies have demonstrated reduced seleno-
protein expression in the presence of peroxide, but this dramatic
temporally regulated response has not previously been reported.
This result also raises a question about why only sbp2−/− larvae
were sensitive to 2 mM peroxide. If the sensitivity was due to the
lack of selenoproteins and peroxide is eliminating all selenoprotein
production, then both lines should have been sensitive. The
continued use of zebrafish will allow mechanistic evaluation of this
potentially novel stress pathway as further dissection of the re-
sponse to peroxide stress will be required to determine the basis
for this striking regulation of selenoprotein expression.

One clue about the type of stress resulting from the loss of Sbp2
may lie in our observation that sbp2−/− animals showed substantial up-
regulation of vitellogenin (Vtg1) which has previously been noted to be
up-regulated in stress conditions, specifically as a target of environ-
mental toxins that are estrogen receptor agonists (Hultman et al, 2017).
This confirms the idea that the loss of Sbp2 causes a specific type of
stress that is likely caused by the loss of one or more selenoproteins.
Future work with these zebrafish lines will allow the Identification of
precisely what type of stress might lead to the condition where
Secisbp2l driven Sec incorporation is required, ultimately providing
mechanistic insight into why Secisbp2l expression is positively
correlated with protection from lung cancer.

Materials and Methods

Zebrafish husbandry

All fish were maintained in a flow-through system with a light/dark
cycle of 14/10 h according to standard procedures (Mullins et al,
1994). Embryos and larvae (0–5) dpf were grown at 28°C in em-
bryonic medium (0.005% Instant Ocean and 0.1% Methylene Blue).
We performed all experiments involving fish according to animal
protocols that were approved by Rutgers, The State University of
New Jersey.

Generation of Secisbp2l and Sbp2 knockout zebrafish

Ablation of the secisbp2l gene was performed by Knudra, now
InVivo Biosystems. An in vitro assembled CRISPR–Cas9 RNP complex
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(consisting of a sgRNA [Table 1], and recombinant Cas9) was micro-
injected into TU zebrafish embryos at the single-cell stage. Injected
embryos were shipped to Rutgers and raised to the juvenile stage
before genotyping (see below). Ablation of the sbp2 gene was per-
formed in-house via microinjection into EK zebrafish embryos at the
single-cell stage using an in vitro assembled CRISPR–Cas9 RNP
complex (consisting of a crRNA, tracrRNA, and recombinant Cas9). Alt-R
CRISPR–Cas9 crRNA (IDT) and Alt-R CRISPR–Cas9 tracrRNA, ATTO 550
(IDT) were diluted to a final concentration of 3 μM each in IDTE buffer
(10 mM Tris and 0.1 mM EDTA, pH 8.0), heated to 95°C for 5 min, and
then cooled to room temperature. In a separate tube, Alt-R S.p. Cas9
Nuclease V3 (IDT) was diluted to a final concentration of 1.5 μg/μl in
Cas 9 working buffer (20 mM Hepes and 150 mM KCl, pH 7.5). Equal
volumes of each solution were incubated together at 37°C for 10 min
before being cooled to room temperature then injected into single-cell
embryos (Wierson et al, 2019).

Generation of Secisbp2l and Sbp2 double knockout zebrafish

Ablation of both sbp2 and secisbp2l gene was performed via mi-
croinjection of in vitro assembled CRISPR–Cas9 RNP complex
(consisting of a crRNA, tracrRNA, and recombinant Cas9) against the
secisbp2l gene into sbp2−/− zebrafish embryos at the single-cell
stage. Alt-R CRISPR–Cas9 crRNA (IDT) and Alt-R CRISPR–Cas9
tracrRNA, ATTO 550 (IDT) were diluted to a final concentration of 3
μM each in IDTE buffer (10 mM Tris and 0.1 mM EDTA, pH 8.0), heated
to 95°C for 5 min, and then cooled to room temperature. In a
separate tube, Alt-R S.p. Cas9 Nuclease V3 (IDT) was diluted to a final
concentration of 1.5 μg/μl in Cas 9 working buffer (20 mMHepes and
150 mM KCl, pH 7.5). Equal volumes of each solution were incubated
together at 37°C for 10 min before being cooled to room temper-
ature then injected into single-cell embryos (Wierson et al, 2019).

Genotyping

For genotyping, DNA was extracted from juvenile tail fragments in 1×
PCR buffer (10 mM Tris HCl, pH 8.3, 50 mM KCl, 0.3% IGEPAL, and 0.3%
Tween 20), which were lysed at 95°C for 10 min. Samples were
cooled to 55°C and PCR grade Proteinase K (Roche) was added to a
concentration of 1 μg/μl, and samples were incubated for 16 h at

55°C. Proteinase K was then heat inactivated for 10 min at 95°C and
a fragment surrounding the target site was generated by PCR. PCR
products were gel purified using the PureLink Quick Gel Extraction
Kit (Invitrogen) and sequenced. F0 adults with detectable editing
were crossed to wild-type EK zebrafish adults. F1 generation fish
that had frameshift mutations were isolated and an allele with a 26-
bp exonic insertion in the secisbp2l gene was chosen for further
analysis, whereas a 5-bp exonic deletion in the sbp2 gene was
chosen. F1 interbreeding created F2 fish homozygous knockout,
heterozygous, and wild-type siblings for each allele. F2 fish ho-
mozygous for the 26 bp allele (secisbp2l−/−) and homozygous wt
(secisbp2l+/+) for the secisbp2l gene were used in experiments. In
the case of SBP2, F2 fish homozygous for the 5 bp allele (sbp2−/−)
and homozygous wt (sbp2+/+) for the sbp2 gene were used for all
experiments in this report. The primers used for genotyping single
and double knockout animals are shown in Table 1.

RNA extraction and qR-TPCR analysis

Pools of at least 15 embryos were euthanized and placed in a 1.5 ml
conical tube and all embryo medium was withdrawn. Embryos were
then immediately flash frozen on dry ice. Samples were then
thawed on ice and the manufacturer’s protocol for solid sample
TRIzol Reagent (Ambion) extraction was followed. To remove ge-
nomic DNA, RNA cleanup protocol of RNeasy Mini Kit (QIAGEN) with
DNase treatment was used. cDNA was generated from total RNA
using the Superscript IV Reverse Transcriptase (Thermo Fisher
Scientific) following the manufacturer’s protocol using poly(A)
priming and 200 ng of total RNA. 10 ng/rxn of cDNA was then used in
qRT-PCR using PowerSYBR Green PCR Master Mix (Applied Bio-
systems) with QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific). The total reaction volume was 20 μl with 5 μl of 1:5
diluted RT reaction. Working concentration of the primers in the
reaction was 0.25 μM. Thermal cycling conditions were 95°C for 10
min followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. Melt curve
analysis was performed for each sample to ensure a single am-
plification product. Samples were analyzed in triplicate for both the
reference gene and the target gene. Quantitation was performed
using the comparative ΔΔCt method. We used eef1a as the nor-
malizer and the calibrator sample was from each wild-type back-
ground. Primers in the acceptable efficiency range (90–110%) were
determined using the standard curve method.

secisbp2l and sbp2 cDNA cloning

Coding sequence for sbp2was PCR-amplified from 0 to 5 dpf pooled
cDNA using the forward and reverse primers shown in Table 1 and
then TA cloned into pcDNA3.1 V5/His Topo (Thermo Fisher Scientific).
For secisbp2l, most of the predicted coding region was amplified as
overlapping fragments from 0 to 5 dpf pooled cDNA. Specifically the
sequence obtained corresponded to the start of exon 2 (22 nt
downstream from the predicted start) to the stop codon. The 59 end
of the cDNA was added as a synthesized fragment based on a
multiple sequence alignment with other fish sequences. Note that
the sbp2 gene in goldfish is annotated as LOC113080603 and the
corresponding mRNAS are incorrectly annotated as secisbp2l.

Table 1. List of oligonucleotide sequences used in this study.

Oligonucleotide description Sequence

secisbp2l single guide RNA UAAGCUGGUGUCCCUGACGG

crRNA UCCCGGUCAGCU

secisbp2l genotyping fwd GGCTGTTCAATAAGCTGGTGTC

secisbp2l genotyping rev AGATGACGCTGCAGAAGGAG

sbp2 genotyping fwd CTTAGGTGGTCTAGATGAGGC

sbp2 genotyping rev TCTTCCTGTAGATCCTCCTGCG

sbp2 cloning fwd ATGGAGAATCATTCAAAAAGAGCTC

sbp2 cloning rev ACTTCCTTCATCGTCCAGAAGCTG

secisbp2l cloning fwd GAGGAAGGATGTAAAGCTCTCTGC

secisbp2l cloning rev GATCTGCCGCTGGTTCAGTG
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Metabolic labeling with 75Se

Embryos were placed in multiwell plates at a density of 83 μl per
embryo in labeling medium (embryo medium containing 0.5%
DMSO (vol/vol) and 375 nM 75Se [~500 Ci/g; University of Missouri
Reactor]). Embryos were incubated at 28°C for 24 h. After incu-
bation, embryos were transferred to wash vessels at a density of
about 10 ml per embryo for 10 min. Four wash cycles were sufficient
to remove background of 75Se label. Embryos were immediately
frozen on dry ice and stored at −80°C until used for protein
extraction.

Protein extraction of zebrafish embryos

Frozen aliquots of 1–4 fish were thawed on ice and 15–30 μl of
extraction buffer (63 mM Tris–HCl, pH 6.8, 10% glycerol [vol/vol],
3.5% SDS [wt/vol], and 5.0% BME [vol/vol]) was added to the em-
bryos before the fish were thoroughly homogenized with a pestle
attached to a power drill run at ~700 RPM. The samples were kept on
ice, whereas three 10-s pulses were delivered, separated by 10-s
resting intervals. Samples were briefly centrifuged then heated to
85°C for 10 min and vortexed at room temperature halfway through
heating. Samples were centrifuged for 20 min at 14,000g and the
supernatant was isolated. Bromophenol blue was added to a
concentration of 0.1% (wt/vol) to samples. Samples were then
analyzed by SDS–PAGE and the gels dried and exposed to Phos-
phorImager screens (GE Healthcare). Total protein was monitored
by Coomassie blue staining.

Immunoblotting

SDS–PAGE was performed on lysates and transferred to nitrocel-
lulose via wet transfer (Bio-Rad). SECISBP2 Polyclonal antibody
(12798-1-AP; ProteinTech) was used at a 1:1,000 dilution, and Beta
Tubulin Monoclonal antibody (66240-1-Ig; ProteinTech) at 1:20,000
dilution. Horseradish peroxidase–conjugated anti-rabbit IgG sec-
ondary (65-6120; Invitrogen) was used at a dilution of 1:40,000. Blots
were developed using the SuperSignal West Femto kit (Pierce) or
fluorescence imaging according to the manufacturer’s protocol
with Amersham Imager 600 (GE Healthcare).

Hydrogen peroxide treatment

For the toxicity assay, 0 dpf embryos were transferred to 10 cm petri
dishes containing 40 ml of labeling medium either with or without 2
mM H2O2 (Sigma-Aldrich) at a density of 1 ml embryo medium per
embryo and kept at 28°C. Toxicity was assessed every 24 h under
a light microscope, checking for the evidence of a heartbeat.
Embryos were removed from the dish when heartbeat was not
detected, and medium was changed every 24 h from the time of
initial treatment. For labeling during peroxide treatment, 2–4 dpf
embryos were transferred to a 12-well plate containing 1 ml of
labeling medium with or without 0.5 mM H2O2 per well. After 24 h
of treatment, larvae were washed then flash frozen on dry ice
and processed for SDS–PAGE and phosphorimager analysis as
described above.

Quantitative mass spectrometry

4 dpf larval extracts were prepared (4 larvae per tube) as described
above. Mass spectrometry was performed at the Biological Mass
Spectrometry facility at Rutgers Robert Wood Johnson Medical
School. The entire sample was loaded onto an SDS–PAGE gel and
run just enough to enter the gel. The gel was stained with Coo-
massie blue and all stained material was recovered as a gel slice.
The gel slices were incubated at 60°C for 30 min with 10 mM DTT.
After cooling to room temperature, 20 mM iodoacetamide were
added and kept in the dark for 1 h to block free cysteine. The
samples were digested by trypsin at 1:50 (w:w, trypsin:sample) and
incubated at 37°C overnight. The digested peptides were extracted
and dried under vacuum and washed with 50% acetonitrile to pH
neutral. The digested peptides were labeled with Thermo TMTpro
(Lot #: UI292951) following the manufacturer’s protocol. Labeled
samples were pooled at 1:1 ratio for a small volume and analyzed
with LC–MS/MS to get normalization factor. The labeling efficiency
is 97.8%. The labeled samples were then pooled at 1:1 ratio for all
the channels. The pooled samples were dried and desalted with
SPEC C18 (WAT054960; Varian). The desalted samples were frac-
tionated using Agilent 1,100 series. The samples were solubilized in
200 μl of 20 mM ammonium formate, pH 10, and injected onto an
Xbridge column (C18 3.5 μm 2.1 × 150 mm; Waters) using a linear
gradient of 1% B/min from 2 to 45% of B (buffer A: 20 mM
ammonium, pH 10, B: 20 mM ammonium in 90% acetonitrile, pH 10).
1-min fractions were collected and dried.

Nano-LC-MSMS was performed using a Dionex rapid-separation
liquid chromatography system interfaced with a Eclipse (Thermo
Fisher Scientific). Selected desalted fractions 28–45 were loaded
onto a Acclaim PepMap 100 trap column (75 μm × 2 cm; Thermo
Fisher Scientific) and washed with Buffer A (0.1% trifluoroacetic
acid) for 5 min with a flow rate of 5 μl/min. The trap was brought in-
line with the nano analytical column (nanoEase, MZ peptide BEH
C18, 130A, 1.7 μm, 75 μm× 20 cm; Waters) with flow rate of 300 nl/min
with a multi step gradient (4–15% buffer B [0.16% formic acid and
80% acetonitrile] in 20 min, then 15–25% B in 40 min, followed by
25–50% B in 30 min).

The scan sequence began with an MS1 spectrum (Orbitrap
analysis, resolution 120,000, scan range from 350 to 1,600 Th, au-
tomatic gain control [AGC] target 1 × 106, maximum injection time
100 ms). For SPS3, MSMS analysis consisted of collision-induced
dissociation (CID), quadrupole ion trap analysis, AGC 2 × 104,
(normalized collision energy 35, maximum injection time 55 ms),
and isolation window at 0.7. After acquisition of each MS2
spectrum, we collected an MS3 spectrum in which 10 MS2 fragment
ions are captured in the MS3 precursor population using isolation
waveforms with multiple frequency notches. MS3 precursors were
fragmented by HCD and analyzed using the Orbitrap (normalized
collision energy 55, AGC 1.5 × 105, maximum injection time 150 ms,
resolution was 50,000 at 400 Th scan range 100–500). The whole
cycle is repeated for 3 s before repeat from an MS1 spectrum.
Dynamic exclusion of 1 repeat and duration of 60 s was used to
reduce the repeat sampling of peptides.

LC-MSMS data were analyzed with Proteome Discoverer 2.4
(Thermo Fisher Scientific) with a sequence search engine against
uniprot human and a database consisting of common laboratory
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contaminants. The MS mass tolerance was set at ± 10 ppm, MSMS
mass tolerance was set at ± 0.4 D. TMTpro on K and N-terminus of
peptides and carbamidomethyl on cysteine was set as static
modification. Methionine oxidation, protein N-terminal acetylation,
N-terminal methionine loss, or N-terminal methionine loss plus
acetylation were set as dynamic modifications. Percolator was used
for results validation. Concatenated reverse database was used for
target-Decory strategy. High confidence for protein and peptides
were defined as false discovery rate (FDR) < 0.01, medium confi-
dence was defined as FDR < 0.05.

For reporter ion quantification, reporter abundance was set to
use signal/noise ratio (S/N) if all spectrum files have S/N values.
Otherwise, intensities were used. Quan value was corrected for
isotopic impurity of reporter ions. Co-isolation threshold was set at
50%. Average reporter S/N threshold was set at 10. SPS mass
matches % threshold was set at 65%. Protein abundance of each
channel was calculated using summed S/N of all unique+razor
peptides. The abundance was further normalized to the summed
abundance value for each channel over all peptides identified
within a file.

Protein abundance ratio was calculated based on protein
abundance. Pairwise comparison was done using t test. P-value was
further corrected by Benjamini–Hochberg method for FDR. Volcano
plots were generated by VolcanoseR (Goedhart & Luijsterburg,
2020) and gene ontology was performed by the Molecular and
Genomics Informatics Core at Rutgers New Jersey Medical School.

Data Availability

Quantitative mass spectrometry data were deposited to the mass
spectrometry interactive virtual Environment (MassIVE) database as
doi:10.25345/C5VP39.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101291.

Acknowledgements

We thank Sumangala Shetty for helpful advice and Haiyan Zheng for help
with mass spectrometry data analysis. We also thank Joseph Kramer and
Katie Flaherty for assistance with techniques. This work was supported by a
grant from the National Institutes of General Medical Sciences, R01GM077073
(PR Copeland).

Author Contributions

NT Kiledjian: conceptualization, data curation, formal analysis,
validation, investigation, visualization, methodology, project ad-
ministration, and writing—review and editing.
R Shah: conceptualization, data curation, formal analysis, valida-
tion, visualization, methodology, and writing—review and editing.

MB Vetick: conceptualization, validation, investigation, methodol-
ogy, and writing—review and editing.
PR Copeland: conceptualization, data curation, formal analysis,
supervision, funding acquisition, project administration, and wri-
ting—original draft, review, and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Berry MJ, Banu L, Chen YY, Mandel SJ, Kieffer JD, Harney JW, Larsen PR (1991)
Recognition of UGA as a selenocysteine codon in type I deiodinase
requires sequences in the 39 untranslated region. Nature 353: 273–276.
doi:10.1038/353273a0

Caban K, Kinzy SA, Copeland PR (2007) The L7Ae RNA binding motif is a
multifunctional domain required for the ribosome-dependent Sec
incorporation activity of Sec insertion sequence binding protein 2..
Mol Cell Biol 27: 6350–6360. doi:10.1128/MCB.00632-07

Copeland PR, Stepanik VA, Driscoll DM (2001) Insight into mammalian
selenocysteine insertion: Domain structure and ribosome binding
properties of Sec insertion sequence binding protein 2. Mol Cell Biol
21: 1491–1498. doi:10.1128/MCB.21.5.1491-1498.2001

Copeland PR, Fletcher JE, Carlson BA, Hatfield DL, Driscoll DM (2000) A novel
RNA binding protein, SBP2, is required for the translation of
mammalian selenoprotein mRNAs. EMBO J 19: 306–314. doi:10.1093/
emboj/19.2.306

Damdimopoulos AE, Miranda-Vizuete A, Treuter E, Gustafsson JA, Spyrou G
(2004) An alternative splicing variant of the selenoprotein thioredoxin
reductase is a modulator of estrogen signaling. J Biol Chem 279:
38721–38729. doi:10.1074/jbc.M402753200

Deniziak M, Thisse C, Rederstorff M, Hindelang C, Thisse B, Lescure A (2007)
Loss of selenoprotein N function causes disruption of muscle
architecture in the zebrafish embryo. Exp Cell Res 313: 156–167.
doi:10.1016/j.yexcr.2006.10.005

Donovan J, Caban K, Ranaweera R, Gonzalez-Flores JN, Copeland PR (2008) A
novel protein domain induces high affinity selenocysteine insertion
sequence binding and elongation factor recruitment. J Biol Chem 283:
35129–35139. doi:10.1074/jbc.M806008200

Donovan J, Copeland PR (2009) Evolutionary history of selenocysteine
incorporation from the perspective of SECIS binding proteins. BMC
Evol Biol 9: 229. doi:10.1186/1471-2148-9-229

Donovan J, Copeland PR (2012) Selenocysteine insertion sequence binding
protein 2L is implicated as a novel post-transcriptional regulator of
selenoprotein expression. PLoS One 7: e35581. doi:10.1371/
journal.pone.0035581

Fradejas-Villar N, Seeher S, Anderson CB, Doengi M, Carlson BA, Hatfield DL,
Schweizer U, Howard MT (2017) The RNA-binding protein Secisbp2
differentially modulates UGA codon reassignment and RNA decay.
Nucleic Acids Res 45: 4094–4107. doi:10.1093/nar/gkw1255

Goedhart J, Luijsterburg MS (2020) VolcaNoseR is a web app for creating,
exploring, labeling and sharing volcano plots. Sci Rep 10: 20560.
doi:10.1038/s41598-020-76603-3

Gupta N, DeMong LW, Banda S, Copeland PR (2013) Reconstitution of
selenocysteine incorporation reveals intrinsic regulation by SECIS
elements. J Mol Biol 425: 2415–2422. doi:10.1016/j.jmb.2013.04.016

Howard MT, Copeland PR (2019) New directions for understanding the codon
redefinition required for selenocysteine incorporation. Biol Trace
Elem Res 192: 18–25. doi:10.1007/s12011-019-01827-y

Selenoprotein expression in zebrafish Kiledjian et al. https://doi.org/10.26508/lsa.202101291 vol 5 | no 5 | e202101291 12 of 13

https://doi.org/doi:10.25345/C5VP39
https://doi.org/10.26508/lsa.202101291
https://doi.org/10.26508/lsa.202101291
https://doi.org/10.1038/353273a0
https://doi.org/10.1128/MCB.00632-07
https://doi.org/10.1128/MCB.21.5.1491-1498.2001
https://doi.org/10.1093/emboj/19.2.306
https://doi.org/10.1093/emboj/19.2.306
https://doi.org/10.1074/jbc.M402753200
https://doi.org/10.1016/j.yexcr.2006.10.005
https://doi.org/10.1074/jbc.M806008200
https://doi.org/10.1186/1471-2148-9-229
https://doi.org/10.1371/journal.pone.0035581
https://doi.org/10.1371/journal.pone.0035581
https://doi.org/10.1093/nar/gkw1255
https://doi.org/10.1038/s41598-020-76603-3
https://doi.org/10.1016/j.jmb.2013.04.016
https://doi.org/10.1007/s12011-019-01827-y
https://doi.org/10.26508/lsa.202101291


Hultman MT, Petersen K, Tollefsen KE (2017) Characterizing combined effects
of antiestrogenic chemicals on vitellogenin production in rainbow
trout (Oncorhynchus mykiss) hepatocytes. J Toxicol Environ Health A
80: 987–1001. doi:10.1080/15287394.2017.1354435

Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, Roveri A, Peng X,
Porto Freitas F, Seibt T, et al (2018) Selenium utilization by GPX4 is
required to prevent hydroperoxide-induced ferroptosis. Cell 172:
409–422.e21. doi:10.1016/j.cell.2017.11.048

Jurynec MJ, Xia R, Mackrill JJ, Gunther D, Crawford T, Flanigan KM, Abramson JJ,
Howard MT, Grunwald DJ (2008) Selenoprotein N is required for
ryanodine receptor calcium release channel activity in human and
zebrafish muscle. Proc Natl Acad Sci U S A 105: 12485–12490.
doi:10.1073/pnas.0806015105

Kapushesky M, Emam I, Holloway E, Kurnosov P, Zorin A, Malone J, Rustici G,
Williams E, Parkinson H, Brazma A (2010) Gene expression atlas at the
European bioinformatics institute. Nucleic Acids Res 38: D690–D698.
doi:10.1093/nar/gkp936

Legrain Y, Touat-Hamici Z, Chavatte L (2014) Interplay between selenium levels,
selenoprotein expression, and replicative senescence in WI-38 human
fibroblasts. J Biol Chem 289: 6299–6310. doi:10.1074/jbc.M113.526863

Mariotti M, Ridge PG, Zhang Y, Lobanov AV, Pringle TH, Guigo R, Hatfield DL,
Gladyshev VN (2012) Composition and evolution of the vertebrate and
mammalian selenoproteomes. PLoS One 7: e33066. doi:10.1371/
journal.pone.0033066

McCurley AT, Callard GV (2008) Characterization of housekeeping genes in
zebrafish: Male-female differences and effects of tissue type,
developmental stage and chemical treatment. BMC Mol Biol 9: 102.
doi:10.1186/1471-2199-9-102

McKay JD, Hung RJ, Han Y, Zong X, Carreras-Torres R, Christiani DC, Caporaso
NE, Johansson M, Xiao X, Li Y, et al (2017) Large-scale association
analysis identifies new lung cancer susceptibility loci and
heterogeneity in genetic susceptibility across histological subtypes.
Nat Genet 49: 1126–1132. doi:10.1038/ng.3892

Mullins MC, Hammerschmidt M, Haffter P, Nüsslein-Volhard C (1994) Large-
scale mutagenesis in the zebrafish: In search of genes controlling
development in a vertebrate. Curr Biol 4: 189–202. doi:10.1016/s0960-
9822(00)00048-8

Papp LV, Lu J, Striebel F, Kennedy D, Holmgren A, Khanna KK (2006) The redox
state of SECIS binding protein 2 controls its localization and
selenocysteine incorporation function. Mol Cell Biol 26: 4895–4910.
doi:10.1128/MCB.02284-05

Santesmasses D, Mariotti M, Gladyshev VN (2019) Tolerance to selenoprotein
loss differs between human and mouse. Mol Biol Evol 37: 341–354.
doi:10.1093/molbev/msz218

Seeher S, Atassi T, Mahdi Y, Carlson BA, Braun D, Wirth EK, Klein MO, Reix N,
Miniard AC, Schomburg L, et al (2014) Secisbp2 is essential for
embryonic development and enhances selenoprotein expression.
Antioxid Redox Signal 21: 835–849. doi:10.1089/ars.2013.5358

Seeher S, Schweizer U (2014) Targeted deletion of Secisbp2 reduces, but does
not abrogate, selenoprotein expression and leads to striatal
interneuron loss. Free Radic Biol Med 75: S9. doi:10.1016/
j.freeradbiomed.2014.10.849

Shetty SP, Copeland PR (2015) Selenocysteine incorporation: A trump card in
the game of mRNA decay. Biochimie 114: 97–101. doi:10.1016/
j.biochi.2015.01.007

Squires JE, Stoytchev I, Forry EP, Berry MJ (2007) SBP2 binding affinity is a
major determinant in differential selenoprotein mRNA translation
and sensitivity to nonsense-mediated decay. Mol Cell Biol 27:
7848–7855. doi:10.1128/MCB.00793-07

Sun X, Li X, Moriarty PM, Henics T, LaDuca JP, Maquat LE (2001) Nonsense-
mediated decay of mRNA for the selenoprotein phospholipid
hydroperoxide glutathione peroxidase is detectable in cultured cells
but masked or inhibited in rat tissues. Mol Biol Cell 12: 1009–1017.
doi:10.1091/mbc.12.4.1009

Thisse C, Degrave A, Kryukov GV, Gladyshev VN, Obrecht-Pflumio S, Krol A,
Thisse B, Lescure A (2003) Spatial and temporal expression patterns of
selenoprotein genes during embryogenesis in zebrafish. Gene Expr
Patterns 3: 525–532. doi:10.1016/s1567-133x(03)00054-1

Tujebajeva RM, Copeland PR, Xu XM, Carlson BA, Harney JW, Driscoll DM,
Hatfield DL, Berry MJ (2000) Decoding apparatus for eukaryotic
selenocysteine insertion. EMBO Rep 1: 158–163. doi:10.1093/embo-
reports/kvd033

Weiss SL, Evenson JK, Thompson KM, Sunde RA (1997) Dietary selenium
regulation of glutathione peroxidase mRNA and other selenium-
dependent parameters in male rats. J Nutr Biochem 8: 85–91.
doi:10.1016/S0955-2863(96)00178-7

White RJ, Collins JE, Sealy IM, Wali N, Dooley CM, Digby Z, Stemple DL, Murphy
DN, Billis K, Hourlier T, et al (2017) A high-resolution mRNA expression
time course of embryonic development in zebrafish. Elife 6: e30860.
doi:10.7554/eLife.30860

Wierson WA, Simone BW, WareJoncas Z, Mann C, Welker JM, Kar B, Emch MJ,
Friedberg I, Gendron WAC, Barry MA, et al (2019) Expanding the CRISPR
toolbox with ErCas12a in zebrafish and human cells. CRISPR J 2:
417–433. doi:10.1089/crispr.2019.0026
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