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SUMMARY

Lymphocytes represent basic components of verte-
brate adaptive immune systems, suggesting the util-
ity of non-mammalianmodels to define themolecular
basis of their development and differentiation. Our
forward genetic screens in zebrafish for recessive
mutations affecting early T cell development re-
vealed several major genetic pathways. The iden-
tification of lineage-specific transcription factors
and specific components of cytokine signaling and
DNA replication and/or repair pathways known
from studies of immunocompromisedmammals pro-
vided an evolutionary cross-validation of the screen
design. Unexpectedly, however, genes encoding
proteins required for pre-mRNA processing were en-
riched in the collection of mutants identified here. In
both zebrafish and mice, deficiency of the splice
regulator TNPO3 impairs intrathymic T cell differenti-
ation, illustrating the evolutionarily conserved and
cell-type-specific functions of certain pre-mRNA-
processing factors for T cell development.

INTRODUCTION

All vertebrates share the same basic principle of lymphocyte dif-

ferentiation along distinct T-cell-like and B-cell-like lineages

(Boehm, 2011; Hirano et al., 2013), suggesting that the genetic

program regulating the developmental pathways of lymphocytes

must have already existed in a common ancestor for all verte-

brates. Taking advantage of the apparent evolutionary conserva-

tion of lymphocyte-based immunity, we conducted genetic

screens in zebrafish aimed at identifying previously unknown
Cell Repor
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regulators of T lymphocyte development. Zebrafish is particu-

larly suited for such an analysis, as T cell development already

begins in the embryo during the third day after fertilization (Lan-

genau and Zon, 2005). During these early stages of embryonic

development, maternal factors are expected to buffer, at least

partially, the phenotypic consequences of zygotic defects in

mutant fish unless particular cell types (T cells in the present

case) exhibit a specific requirement for the unimpaired activity

of a certain gene(s). We therefore expected that this unique bio-

logical feature of T cell development in zebrafish would allow us

to identify cell-type-specific functions of genes that are also

required for stages of development prior to the onset of lympho-

poiesis. A similar approach would not be feasible in mammals,

because their lymphocytes develop at a considerably later point

in embryogenesis; as a consequence, in mice, for instance, em-

bryonic lethality often masks subsequent lineage-specific func-

tions of pleiotropically acting genes, for exampleGata3 (Pandolfi

et al., 1995).

In the mouse, specific networks of transcription factors have

been shown to regulate the three major phases of T cell develop-

ment. In the initial phase, T cell progenitors are generated and

recruited to the thymus; subsequently, they are induced to

adopt a T cell fate; finally, they become responsive to signals

emanating from the T cell receptor (Yui and Rothenberg, 2014).

Hence, assuming that these regulatory circuits emerged at an

early stage in vertebrate evolution, a comprehensive genetic

screen of T cell development in zebrafish would be predicted

to identify at least some of the factors governing these three

phases. In keeping with this expectation, we identified mutations

in genes encoding lymphoid lineage-specific transcription

factors, and components of cytokine signaling and DNA replica-

tion/repair pathways. Quite unexpectedly, however, pre-mRNA-

processing factors were also found to play a specific role in T cell

development. Using genetic interaction analysis and transcrip-

tome profiling, we established a functional network of certain
ts 17, 2259–2270, November 22, 2016 ª 2016 The Author(s). 2259
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:boehm@immunbio.mpg.de
http://dx.doi.org/10.1016/j.celrep.2016.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.11.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Identification of 15 Genes Associated with Impaired T Cell Development in Zebrafish Larvae

Mutanta Allelea Affected Geneb Molecular Defectc Reference

Hematopoietic Development

IP109 t25127 cmyb (ENSDARG00000053666) p.I181N mis-sense mutation Soza-Ried et al., 2010

IT325 t24980 ikzf1 (ENSDARG00000013539) p.Q361X non-sense mutation Schorpp et al., 2006

II032 t25880 ikzf1 (ENSDARG00000013539) p.R489X non-sense mutation this paperd

HY022 t21380 il7r (ENSDARG00000078970) p.L124FfsX5 frameshift mutation Iwanami et al., 2011

HX157 t22598 jak1 (ENSDARG00000020625) p.R580X non-sense mutation Iwanami et al., 2011

IP045 t25078 jak3 (ENSDARG00000010252) p.Q336X non-sense mutation Iwanami et al., 2011

DNA Replication/Repair

HI064 t22406 top3a (ENSDARG00000052827) p.E331X non-sense mutation Mönnich et al., 2010

WW20/12 fr17 top3a (ENSDARG00000052827) p.I531S mis-sense mutation Mönnich et al., 2010

HG010 t20320 pole1 (ENSDARG00000058533) p.I633K mis-sense mutation this paperd

IG335 t23336 mcm10 (ENSDARG00000045815) p.L248R mis-sense mutation this paperd

IY071 t25501 dnmt1 (ENSDARG00000030756) p.N1391K mis-sense mutation this paperd

HK017 t20463 zbtb17 (ENSDARG00000074548) p.Q562K mis-sense mutation this paperd

Pre-mRNA Processing

KW059 t26426 snapc3 (ENSDARG00000071237) p.C297X non-sense mutation this paper

WW18/10 fr100 lsm8 (ENSDARG00000091656) p.E72X non-sense mutation this paper

KL069 t26393 gemin5 (ENSDARG00000079257) p.Y437X non-sense mutation this paper

HA343 t22074 tnpo3 (ENSDARG00000045680) p.R203X non-sense mutation this paperd

IU191 t25877 cstf3 (ENSDARG00000018904) p.D313VfsX7 frameshift mutatione this paperd

aWW20/12 and WW18/10 lines originate from the Freiburg (allele designation frx) gynogenetic screen; all other lines (allele designation tx) originate

from the T€ubingen 2000 screen.
bGenes (ENSEMBL identifiers) marked in red have previously been associated with human immunodeficiency syndromes: IL7R (Puel et al., 1998);

JAK3 (Russell et al., 1995); POLE1 (Pachlopnik Schmid et al., 2012); ikzf1 is also known as ikaros.
cMolecular defects designated according to nomenclature in den Dunnen and Antonarakis (2000).
dFull details for these mutations will be reported elsewhere.
eAs a result of a splice mutation (Zv9; g.18:44,161,594G > A).
components of the pre-mRNA splicing machinery and demon-

strated that the role of this network for T cell development is

evolutionarily conserved.

RESULTS

Outcome of Forward Genetic Screens in Zebrafish
Two genetic screens were conducted in zebrafish to identify

recessive mutations affecting T lymphocyte development

(Boehm et al., 2003; Schorpp et al., 2006). To this end, the

expression of rag1 was determined at 5 days post-fertilization

(dpf) by RNA in situ hybridization. The product of the rag1 gene

is essential for T cell receptor assembly in developing T cells in

the thymus, the first site of lymphopoiesis in zebrafish embryos.

Only mutant fish with no overt developmental abnormalities

apart from impaired intrathymic T cell development were consid-

ered for further characterization. Together with the T€ubingen

2000 screen consortium, we screened F3 clutches of 4,584 F2
families, representing 4,253 mutagenized haploid genomes; so

far, 42 lines carrying recessive mutations affecting rag1 expres-

sion levels could be established. The Freiburg gynogenetic

screen of 281 genomes led to the establishment of three lines,

all of which were found to harbor recessive mutations. Owing

to the considerable efforts associated with isolating mutated

genes by positional cloning, we conducted an interim analysis
2260 Cell Reports 17, 2259–2270, November 22, 2016
after the identification of more than one-third of affected genes.

The results of this analysis are reported here.

The pertinent features of the first 15 complementation groups,

for which the affected genes were identified by linkage analysis

and positional cloning (in two cases, aided by whole-genome

sequencing), are summarized in Table 1. The fact that, among

the first 17 of the 45 mutant lines analyzed here, two genes

(ikzf1 and top3a) were represented by two distinct alleles each

suggests that our screen was near saturation. According to their

known functions, it was possible to group the affected genes into

three categories: regulators of hematopoiesis and lymphopoie-

sis; regulators of DNA replication, repair, and cell cycle; and

regulators of pre-mRNA processing.

Regulators of Pre-mRNA Processing
The products of the five genes in the third functional group

(snapc3 [small nuclear RNA-activating protein complex pro-

tein 3], lsm8 [like-Sm protein 8], gemin5 [gem nuclear organelle

associated protein 5], tnpo3 [transportin 3], and cstf3 [cleavage

stimulation factor subunit 3]) are implicated in pre-mRNA pro-

cessing. The mutations are predicted to affect different aspects

of this multi-layered process, such as transcription of small

nuclear RNAs (snRNAs) (snapc3) (Hernandez, 2001), formation

of small nuclear RNA-containing ribonucleoprotein (snRNP)

splicing complexes (gemin5; lsm8) (Friesen and Dreyfuss,



Figure 1. Impaired Early T Cell Development in Zebrafish Mutant for Genes Encoding Components of snRNPs, Related to Figures S1–S3

(A) Diagnostic whole-mount RNA in situ hybridization pattern in lsm8mutants using rag1 (thymus encircled in purple), and gh (hypophysis encircled in orange) at

5 dpf. Scale bar, 10 mm.

(B–D) Quantification of the rag1/gh ratios as a measure of thymopoietic activity at 5 dpf. The number (n) of individual fish per genotype is indicated; mean ± SEM.

(E) In homozygous lsm8mutants (additionally transgenic for an ikaros:eGFP reporter), the number of ikaros-expressing cells in the thymus (encircled with dotted

lines in middle and right panels) is drastically reduced at 5 dpf. Note the normal numbers of ikaros-positive cells in general hematopoietic tissues at 1 dpf. Scale

bars, 100 mm.
2000), nuclear import of splice regulators (tnpo3) (Kataoka et al.,

1999), and polyadenylation (cstf3) (Xiang et al., 2014). As our

screen was focused on T cell development, the prevalence of

this group of ubiquitously expressed genes was unexpected,

particularly because, to the best of our knowledge, there is no

precedence for their hematopoietic/lymphopoietic roles from

studies in mammals. Previous biochemical studies indicated

that the number of spliceosome-associated factors is in the

order of 170 (Wahl et al., 2009), whereas the gene ontology

term ‘‘RNA processing’’ is associated with about 500 genes.

Assuming a coding capacity of the zebrafish genome of about

26,000 genes (Kettleborough et al., 2013), and using a conserva-

tive estimate that a total of 2,000 genes encode the various com-

ponents of pre-mRNA-processing pathways, the degree of

enrichment of genes in this functional category in our screen

(5/15) is significant (hypergeometric test, p = 0.0036).

The unexpected prevalence of mutations in genes encoding

components of the pre-mRNA-processing machinery in our

screen prompted us to examine whether the cell-type-specific

functions of the gene products of this group are mirrored in

functional similarities, i.e., whether they belong to the same ge-

netic network and whether their functions are evolutionarily

conserved.

snRNP Function and T Cell Development
Despite the fact that the identified mutant alleles of lsm8,

gemin5, and snapc3 most likely encode non-functional variants,

larval development and hematopoietic development initially pro-
ceed normally apart from a pronounced defect in T cell develop-

ment (Figures S1–S3). Wemonitored the presence of developing

T cells in the thymus of 5 dpf larvae by evaluating the signal

emanating from rag1-expressing thymocytes in both thymic

lobes; on a per-cell basis, rag1 expression levels are the same

in all genotypes analyzed, allowing us to use the rag1 hybrid-

ization signal as a proxy for the number of rag1-expressing

thymocytes. The signal emanating from growth hormone (gh)

gene-expressing cells in the hypophysis was found to be un-

changed in mutant fish and thus subsequently used as an inter-

nal standard (Figure 1A). The extent of T cell development

was then expressed as the rag1/gh ratio and referred to as

the thymopoietic index. The double-probe RNA in situ analyses

indicate severe reductions of rag1 signals in the thymic lobes

of homozygous lsm8, gemin5, and snapc3 mutants; heterozy-

gotes exhibit no detectable decrease in the thymopoietic indices

(Figures 1B–1D).

In contrast, other tissues in the developing larvae were much

less affected. For example, in lsm8 and gemin5 mutants, the

development of lymphoid precursors—visualized in the ikaros:

eGFP transgenic background (Hess and Boehm, 2012)—is

initially not affected (Figures 1E and 2A). However, by 5 dpf,

fewer lymphoid precursors are present in the thymus—as iden-

tified by ikaros expression (Figures 1E and 2B), in line with

the reduced rag1 signal (Figures 1B, 1C, and 2C). By 8 dpf,

T cell development in gemin5�/� fish has completely ceased

(Figure 2D). This defect is lymphocyte intrinsic, because the

stromal microenvironment of the thymus appears to be normal.
Cell Reports 17, 2259–2270, November 22, 2016 2261



Figure 2. Tissue-Restricted Abnormalities in gemin5 Mutants, Related to Figure S5

(A) Normal numbers and distribution of fluorescent lymphoid progenitor cells visualized in an ikaros:eGFP transgenic background (arrows). Scale bar, 10 mm.

(B) Reduced numbers of ikaros-expressing lymphocyte progenitors in the mutant thymus. Scale bar, 25 mm.

(C) Diagnostic whole-mount RNA in situ hybridization pattern in gemin5mutants using rag1 (thymus encircled in purple), and gh (hypophysis encircled in orange)

at 5 dpf. Scale bar, 100 mm.

(D) Lack of thymocytes in the thymus (red circle) at 8 dpf (H&E staining). Scale bar, 25 mm.

(E) Expression of the thymic epithelial marker foxn1 (thymus encircled in purple) at 5 dpf. Scale bar, 100 mm.

(F) Normal receptive capacity of mutant thymic epithelium for whole kidneymarrow hematopoietic cells isolated from adult wild-type ikaros:eGFP transgenic fish.

At 5 dpf, the number of transplanted cells per embryo was determined. The overall success rate of the transplantation procedure is identical between the

genotypes.

(G) Distribution of ikaros-expressing neurons in the mutant hindbrain. Scale bar, 100 mm.

(H) Retinal cell layers (1, ganglion cell layer; 2, inner plexiform layer; 3, inner nuclear layer; 4, outer plexiform layer; 5, outer nuclear layer; 6, photoreceptor cell layer;

7, retinal pigment epithelium) (right panel); H&E staining. Scale bar, 25 mm.

(I) Body size at 8 dpf. Scale bar, 500 mm.

No differences were observed for gemin5+/+ and gemin5+/� fish for any of the analyzed parameters.
The mutant thymic anlage expresses foxn1 (Figure 2E), the gene

encoding the master regulator of thymic epithelial cell differenti-

ation (Nehls et al., 1996), and is colonized normally by trans-

planted wild-type lymphoid precursors (Figure 2F). In contrast

to impaired T cell development, several other features indicate

that gemin5�/� embryos and larvae initially develop normally.

For instance, development of different types of neuronal tis-

sues appears undisturbed, including the hypophysis (exhibiting

normal numbers of growth-hormone expressing cells [Fig-

ure 2C]), the hindbrain (visualized by ikaros-expressing neurons

[Figure 2G]), and the retina (exhibiting the characteristic multi-

layered organization [Figure 2H]). Moreover, the swim bladder

develops normally and the body size is indistinguishable from

that of wild-type siblings [Figure 2I]). Collectively, these observa-

tions suggest a surprisingly tissue-restricted consequence of

gemin5 mutation during early stages of zebrafish development,

well beyond the stages during which maternally supplied protein
2262 Cell Reports 17, 2259–2270, November 22, 2016
and/or mRNA could be expected to compensate for the loss

of zygotic gemin5 function. Likewise, fish mutant for lsm8

(Figures 1 and S1) and snapc3 (Figure S3) also exhibit tissue-

restricted phenotypes.

Importantly, the phenotypes that are observed in pre-mRNA-

processing mutants cannot be explained simply by impairment

of the rapid cell proliferation occurring in developing zebrafish

embryos and larvae, as this would also cause, for instance, se-

vere perturbations in the development of cranio-facial and

neuronal structures in addition to affecting T cell development.

Rather, our findings point to a particular sensitivity of developing

thymocytes to aberrations in certain components of snRNPs.

Epistasis Analysis
In order to gain insight into the functional interrelationships be-

tween the three regulators of pre-mRNA processing identified

here, epistasis analysis was performed. The SMN (survival of



Figure 3. Epistasis between lsm8 and

gemin5 Mutations, Related to Figure S4

(A and B) lsm8 is a maternal effect gene resulting in

synthetic interaction between lsm8 and gemin5;

the thymopoietic indices (rag1/gh ratio; mean

values ± SD) at 5 dpf are given for fish (genotypes

denoted in bars) resulting from crosses of parents

whose genotypes and genders are indicated

above the bars. The numbers of fish in each group

are indicated.
motor neurons) complex (part of which is GEMIN5) contributes to

the formation of U1, U2, U4, and U5 snRNPs, and to the forma-

tion of the spliceosomal U6 snRNP (containing the LSM2-8

protein ring) (Friesen and Dreyfuss, 2000). Hence, we tested

whether genetic interaction was detectable between gemin5

and lsm8 mutations. Several features were notable. The pheno-

type of impaired intrathymic T cell development in gemin5�/� fish

was considerably more severe when the fish originated from

gemin5+/�;lms8+/� double-heterozygous parents rather than

from single heterozygous gemin5+/� (that is, gemin5+/�;lms8+/+)

parents; by contrast, the phenotype of lsm8�/� fish was not

affected by parental heterozygosity of gemin5 (Figure 3A). The

more severe phenotype of gemin5 mutants arising from lsm8

heterozygosity has a maternal origin (Figure 3B), suggesting

that reduced levels of lsm8 mRNA and/or protein in the oocyte

affect the function of gemin5 in the early stages of embryogen-

esis. By contrast, maternal contribution of gemin5 mRNA and/

or protein appears to be less important than that of lsm8, at least

with respect to T cell development, because the extent of T cell

development in lsm8�/� fish was unaffected by parental gemin5

heterozygosity (Figure 3A). Impaired translation of maternal and

zygotic lsm8 mRNA (using antisense oligonucleotides directed

against the translational start site) phenocopies the genetic

lsm8 defect and affects T cell development at later stages of

development, whereas interference with splicing of zygotic

lsm8 pre-mRNAs alone (using antisense oligonucleotides

directed against the splice donor site of exon 3), has no effect

on the thymopoietic index (Figures S4A and S4B). Collectively,

these observations indicate that reduced levels of LSM8 in the

early embryo have a long-lasting effect that becomes apparent
Cell Reports
at much later stages of development

and specifically affects T cell differentia-

tion. Of note, the effect of maternal het-

erozygosity of lsm8 was not observed in

combination with a null mutation of the

il7r gene, encoding a component of the

il7 cytokine receptor (Figures S4C and

S4D), which by itself also affects T cell

development (Table 1) (Iwanami et al.,

2011). Collectively, our observations sup-

port the notion that gemin5 and lsm8

function predominantly in separate path-

ways with redundant or complementary

roles (Mani et al., 2008).

Epistasis analysis of snapc3 mutants

was complicated by the fact that their
thymopoietic index is very low; hence, it proved to be difficult

to establish by analysis of compound mutants the presence

and the direction (synthetic or alleviating) of genetic interactions

between snapc3 and lsm8 mutations and snapc3 and gemin5

(data not shown).

Perturbed Splicing Patterns in snapc3 and lsm8Mutants
Next, we determined the effect of snapc3 and lsm8mutations on

the global splicing patterns in 4 dpf whole larvae using RNA

sequencing (RNA-seq), as it is technically not feasible to isolate

the few developing thymocytes for transcriptome analysis. The

alterations of splicing patterns observed in both mutants are

dominated by the occurrence of exon-skipping events (Figures

4A and 4B; Table S1). However, in lsm8 mutants, a significant

number of genes (including tnpo3) were additionally affected

by incomplete splicing events, resulting in the frequent occur-

rence of retained introns (Figure 4B; Table S2). Other types of

splicing events, such as the aberrant usage of mutually exclusive

exons and the use of alternative donor and acceptor sites, did

not appreciably contribute to the global changes in either geno-

type (Figures 4A and 4B). Intriguingly, we observed a consider-

able degree of overlap between the genes that are affected

by splicing aberrations in the two mutants (Figures 4C and

4D; Tables S1 and S2). Interestingly, in snapc3 mutant

fish, skipping of the first coding exon of the gemin8 gene

(ENSDARG00000053496; ENSDART00000142315; Table S1; in-

clusion levels, 0.86 ± 0.05 [mean ± SEM] for wild type; 0.46 ±

0.02 [mean ± SEM] for mutant; p = 0.002; t test, two-tailed)

was detected, predicting the formation of an N-terminally trun-

cated protein. Because GEMIN8 is, like GEMIN5, part of the
17, 2259–2270, November 22, 2016 2263



Figure 4. Aberrant Splicing Patterns in snapc3 and lsm8 Mutants

(A) Alternative splicing (AS) events in snapc3mutants at 4 dpf. Bar chart shows the number of significant AS events per condition at a false discovery rate (FDR) of

1% for five different AS event types. The total numbers of tested AS events are indicated on the right.

(B) AS events in lsm8 mutants at 4 dpf.

(C) Genes commonly affected by alternative skipped exon events; in 72 of 84 instances, the same exon is affected.

(D) Genes commonly affected by intron retention; in 1 of 9 instances, the same intron is affected.

(E) Genes upregulated in the two genotypes.

(F) Genes whose products are implicated in pre-mRNA splicing upregulated in the two genotypes.

(G) Expression levels of genes (relative to wild type) encoding the components of the seven-membered SM and LSM rings of snRNP particles in mutant fish (see

key for identification) at 5 dpf; results are depicted in a schematic of the seven-membered LSM and SM rings, with homologous proteins aligned. Mean

expression values ± SD relative to actin as determined by qPCR; n R 3; t test, two-tailed: *p < 0.05; **p < 0.01.
SMN complex (Battle et al., 2006; Wahl et al., 2009), this obser-

vation supports the notion that snapc3 and gemin5 act in the

same molecular pathway.

Changes in Gene Expression in snapc3 and lsm8

Mutants
To further address the functional consequences of the identified

mutations, we also analyzed the transcriptomes of snapc3 and

lsm8 mutants and their wild-type counterparts for changes in

gene expression levels (R2-fold; false discovery rate [FDR] <
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5%) (Table S3). In snapc3mutants, 140 genes were significantly

upregulated (Figure 4E), including 17 protein-coding genes with

known functions in pre-mRNA splicing (Table S4). Most notable

was the increase in expression levels for genes encoding

components of the SM (snrpa1, snrpd2, snrpd3, snrpe, snrpf)

and the LSM (lsm7, lsm8) heptameric complexes (Table S4). In

lsm8mutants, the expression levels of 427 geneswere increased

(Figure 4E), including 35 protein-coding genes, the functions of

which have been linked to pre-mRNA splicing (Table S4). As is

the case in snapc3 mutants, genes encoding components of



Figure 5. Characterization of tnpo3 Mutants, Related to Figure S5

(A) Reduction of ikaros-expressing cells in the thymus (encircled with dotted lines in middle and right panels) of homozygous tnpo3 mutants (additionally

transgenic for an ikaros:eGFP reporter). Note the normal numbers of ikaros-positive cells in general hematopoietic tissues at 1 dpf. Scale bars, 100 mm.

(B) Maturation block of thymocytes. Few ccr9b-positive thymocytes (insets in 4 dpf panels) in tnpo3 mutants express rag1. Scale bars, 100 mm.

(C) Thymopoietic indices at 5 dpf. Each symbol represents one animal. The mean ± SEM is indicated. Scale bar, 100 mm.

(D) Analysis of ptprc isoforms by RT-PCR; size markers are indicated.

(E) Masking genetic interaction between gemin5 and tnpo3mutations in zebrafish. The thymopoietic indices (rag1/gh ratio; mean values ± SD) at 5 dpf are given

for fish (genotypes denoted in bars) resulting from crosses of parents heterozygous for both gemin5 and tnpo3; the observed thymopoietic index for

(legend continued on next page)
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the SM (snrpb, snrpd1, snrpd2, snrpd3, snrpe, snrpf) and LSM

(lsm6, lsm7, lsm8) ring structures are upregulated (Table S4).

Of the 58 genes upregulated in both snapc3 and lsm8 mutants,

16 (28%) encode splicing-related proteins (Figure 4F). This in-

cludes snapc4, encoding one component of the transcriptional

activation complex of snRNA genes, and of genes (snrpd2,

snrpd3, snrpe, snrpf, lsm7, lsm8) encoding 6 of the 14 compo-

nents of the SM and LSM heptameric ring structures containing

snRNAs (Table S4). In both lsm8 and snapc3 mutants, expres-

sion of the foxg1d gene is reduced (Table S3); the mouse homo-

log of this gene (Foxg1) is implicated in the regulation of thymic

epithelial cell differentiation (Wei and Condie, 2011), possibly

contributing to impaired T cell development.

We then tested the generality of the presumed transcriptional

feedback regulation among components of snRNPs by exam-

ining transcriptional responses in gemin5 mutants, focusing on

the expression levels of sm and lsm genes. In support of our

hypothesis, the qPCR results indicate that snapc3, lsm8, and

gemin5 mutations all result in strong upregulation of lsm7 and

lsm8 mRNAs (Figure 4G), defining a core group of genes

co-regulated by perturbation of snapc3, lsm8, and gemin5 func-

tions. By contrast, expression levels of mRNAs of genes encod-

ing the eight known GEMIN protein family members are largely

unaffected in the three mutants (Table S5), supporting the notion

of the specific nature of the transcriptional feedback regulation.

Collectively, the present genetic interaction studies and tran-

scriptome analyses suggest the presence of a network connect-

ing snapc3, lsm8, and gemin5 genes encoding key components

of snRNPs that appears to converge on the transcriptional

regulation of lsm7 and lsm8 genes.

tnpo3 As a Regulator of Early T Cell Development in
Zebrafish
TNPO3 has been shown to participate in the import of splice reg-

ulators to the nucleoplasm (Maertens et al., 2014). Hence, in

contrast to the gene products of snapc3, lsm8, and gemin5,

TNPO3 is predicted to indirectly affect pre-mRNA processing.

In zebrafish tnpo3 mutant larvae, the number of lymphoid pre-

cursors in hematopoietic tissues is not affected at 1 dpf when

definitive hematopoiesis has begun in zebrafish; at later stages

of development, lymphoid progenitors are found in the thymus

(albeit in somewhat reduced numbers), indicating that the hom-

ing process is largely unaffected by tnpo3 deficiency (Figures 5A

and S5). However, only few of thymocytes in tnpo3 mutants ex-

press rag1 (Figures 5B and 5C), despite normal expression levels

of a thymocyte marker, ccr9b (Figure 5B), suggesting that intra-

thymic defects contribute to impaired T cell development in

tnpo3-deficient fish. At the time point of our analyses (5 dpf),

only T cells are present in zebrafish larvae, because B cells
gemin5�/�;tnpo3�/� double mutants is significantly higher than that expected

interaction. The numbers of fish in each group is indicated.

(F) Alternative splicing events in tnpo3mutants at 4 dpf. Bar chart shows the numb

five different AS event types. The total numbers of tested AS events are indicate

(G) Genes affected by exon-skipping events.

(H) Genes exhibiting transcriptional upregulation.

(I) Genes exhibiting transcriptional downregulation.

(J) Summary of the network structure involving snapc3, lsm8, gemin5, and tnpo3
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develop considerably later in development (Danilova and

Steiner, 2002). Hence, we reasoned that the splicing pattern of

ptprc (encoding the zebrafish ortholog of themammalian thymo-

cyte maturation marker CD45) might provide further evidence

for impaired intrathymic T cell differentiation in tnpo3-deficient

larvae. Indeed, the mutant splicing pattern is dominated by

lower molecular weight isoforms (Figure 5D) that are character-

istically found in immature mouse thymocytes (Lefrancois and

Goodman, 1987). At present, it is not possible to determine the

cause-and-effect relationship of differential ptprc splicing in

the absence of TNPO3 function. However, tnpo3-deficient ze-

brafish larvae exhibit aberrant splicing of the nck2b gene (Table

S1), encoding the zebrafish homolog of the essential adaptor

protein NCK required for proper TCR signaling in the mouse

(Alarcón et al., 2003), suggesting that differential splicing of ptprc

is an indirect effect of tnpo3 deficiency.

tnpo3 appears to be functionally connected to the snpac3/

lsm8/gemin5 network of splice regulators, as indicated by allevi-

ating genetic interaction between tnpo3 and gemin5 mutations.

In double-deficient fish, the thymopoietic index is lower than in

each of the single mutants, yet 3-fold higher than expected if

the two genes acted independently (Mani et al., 2008) (Figure 5E),

suggesting that tnpo3 and gemin5 are active in the same

pathway. As expected, splicing defects were abundant in 4 dpf

tnpo3 mutants possibly owing to faulty transport of splice regu-

lators to the nucleoplasm (Maertens et al., 2014). We recorded a

considerably greater number of exon-skipping events in mutant

fish compared to their wild-type siblings, alongside other

splicing changes, such as the presence of retained introns and

the use of mutually exclusive exons or alternative splice donor

and splice acceptor sites (Figures 5F and 5G; Tables S1 and

S2). Interestingly, we observed that both lsm8 and tnpo3

deficiency are associated with aberrant splicing of gemin5 and

tnpo3 pre-mRNA, and snapc3- and tnpo3-deficient larvae both

exhibit aberrant splicing patterns of gemin8 (Table S1), further

emphasizing the functional interrelationships in the snpac3/

lsm8/gemin5/tnpo3 network.

Comparatively few alterations were observed at the level of

gene expression (R2-fold; FDR < 5% [Table S3]) in tnpo3

mutants. Thirty-eight genes are upregulated in tnpo3 mutants,

however, with little overlap to genes upregulated in snapc3 and

lsm8 mutants, indicating the presence of mechanistic differ-

ences with respect to the regulation of snRNP assembly among

the three mutants (Figure 5H).

Changes in Transcriptomes Common to snpac3, lsm8,
and tnpo3 Mutants
The presence of pervasive autoregulation affecting the process-

ing of pre-mRNAs of splice regulator genes as a consequence of
from the indices of single mutants under the multiplicative model of genetic

er of significant AS events per condition at a false discovery rate (FDR) of 1% for

d on the right.

genes. +, alleviating genetic interaction; �, synthetic interaction; ?, unclear.



Figure 6. Characterization of Conditional

Mouse Tnpo3Mutants, Related to Figure S6

(A) Absolute numbers of CD4+CD8+ double-pos-

itive (DP) cells per thymus (mean ± SEM).

(B) Absolute numbers CD4+ and CD8+ single-

positive (SP) thymocytes (mean ± SEM).

(C) CD5 surface levels on single-positive thymo-

cytes; panels representative of three biological

replicates.

(D) Numbers of peripheral CD4+ and CD8+ single-

positive T cells in Tnpo3-deficient mice (mean ±

SEM).

(E) Proliferation of peripheral T cells (exemplified

by CD4+ lymph node cells).
mutations in snpac3, lsm8, and tnpo3 is suggested by our finding

that among the 32 genes commonly affected by exon-skipping

events (Figure 5G), two genes—srsf3a and ptbp3—encode

known regulators of pre-mRNA processing; and of the four

genes commonly affected by intron retention, two encode splice

regulators (srsf1b, prpf39) (Table S2).

When we examined transcriptomes for changes common to

all three mutants and potentially involved in T cell/thymus devel-

opment, we noted that splicing of the dnmt4 (also known as

dnmt3bb.1) gene, which is expressed in the hematopoietic

lineage (Takayama et al., 2014), is similarly affected in all three

mutants; the splice pattern suggests the presence of different

compositions of the N-terminal non-catalytic domains of the

predicted protein (Figure 5G; Table S6).

Many of the 34 downregulated genes (Figure 5I) are signa-

ture genes of the exocrine pancreas, identifying a second

cell type exhibiting particular sensitivity to the malfunction

of the pre-mRNA splicing regulators identified here. The

lower expression levels of elastase, trypsin, amylase, and

carboxypeptidase, etc. (ela3l, try, amy2a, cpa1) genes

suggest that the downstream effects of snapc3, lsm8, and

tnpo3 mutations converge on malfunction of the exocrine

pancreas (Table S7). This conclusion is supported by the

fact that in all three mutants, aberrant splicing of the NR5A2

transcription factor also occurs (Table S6), which is required

for liver and exocrine pancreas development (Nissim et al.,

2016). We also note that the gene encoding the brush-border

membrane glycoprotein Trehalase (treh) is affected by intron

retention in all three mutants, adding to impaired absorption

of carbohydrates. Although more work is needed to assess

the functional significance of these findings, we hypothesize

that malfunction of the exocrine pancreas and the intestine

at least partly underlies the phenotype of premature death in

the mutant fish. These results also underscore the notion of

cell-type-restricted functions of snapc3, lsm8, and tnpo3

genes.
Cell Reports
Tnpo3 Deficiency in Mouse T Cells
Having established the role of the snpac3/

lsm8/gemin5/tnpo3 network (Figure 5J)

in zebrafish T cell development, we next

examined a possible evolutionary conser-

vation of functions of these genes in

mammalian T cell development;wechose
the mouse Tnpo3 gene for our studies. To this end, we generated

conditional knockoutmice using a floxedallele ofTnpo3 (exon 7 is

flanked by loxP sites) and Lck:Cre (Orban et al., 1992) to eliminate

Tnpo3 in the ab lineage of T cells. Under these conditions, com-

plete inactivation of the Tnpo3 gene was achieved (Figure S6).

The predicted TNPO3 mutant protein consisting of the first 291

amino acids closely resembles the mutant form identified in

zebrafish (202 amino acids) (Figure S6); notably, they both lack

the region required for interaction with RS cargo proteins (Maert-

ens et al., 2014). In the thymus, Tnpo3 deficiency was accompa-

nied by a moderate, but non-significant reduction of CD4/

CD8-double-positive (DP) T cell progenitors; by contrast, single-

positive (SP) thymocytes were significantly reduced, CD4+ cells

by about 40% and CD8+ cells by about 60% (Figures 6A and

6B). As expected, the number of gd T cells remained unchanged,

because the Lck:Cre transgene is not expressed in this lineage

(Figure S6). Reduced levels of CD5 staining of Tnpo3-deficient

ab thymocytes (particularly of those with CD8+ surface pheno-

type) indicate that TCR signaling is impaired in mutant cells (Fig-

ure 6C); this feature is also evident in peripheral T cells (FigureS6).

These findings suggest that loss of Tnpo3 in thymocytes is

associated with an incomplete maturation block affecting the

DP-to-SP transition. Because expression levels of Rag genes

are unchanged in mutant DP cells (data not shown), we attribute

the mutant phenotype to impaired TCR signaling. This finding is

reminiscent of the features of impaired TCR signaling identified

in the tnpo3-deficient zebrafish larvae. The loss of single-positive

cells in mutant thymi does not appear to be due to increased

apoptosis, because the fractions of TUNEL-positive and Annexin

V-positive thymocytes remained unchanged (data not shown);

these findings call for further mechanistic studies addressing

migration, survival, etc., of mutant T cells in the periphery. As

expected for the lymphopenic condition in Tnpo3-deficient

mice (Figure 6D), increased proliferation levels of peripheral

T cells are observed (Figure 6E), compatible with the notion that

TNPO3 deficiency per se does not impair cell proliferation.
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Collectively, the present data suggest an evolutionarily conserved

role of TNPO3 in T cell differentiation.

DISCUSSION

Our unbiased genetic screens identified an extended ge-

netic network linking genes of several distinct functional cate-

gories (hematopoietic differentiation; DNA replication/repair;

pre-mRNA processing) required for early stages of intrathymic

T cell development in zebrafish. The present study has estab-

lished additional animal models for mammalian (particularly

human) immunodeficiency syndromes and presents previously

unknown candidate genes whose mutations might underlie

failing immune function. Indeed, we note that some of the genes

that we have identified are implicated in human immunodefi-

ciency disorders, such as il7r (Puel et al., 1998), jak3 (Russell

et al., 1995), and pole1 (Pachlopnik Schmid et al., 2012) (Table 1).

The value of forward genetic screens to identify candidate genes

is underscored by our finding of an enrichment of genes encod-

ing factors involved in pre-mRNA processing. This outcome was

unexpected, because mutations in this group of genes have so

far been associatedmostly with neuronal disease, such as spinal

muscular atrophy or retinitis pigmentosa (Singh and Cooper,

2012). Mutations in spliceosomal factors manifest themselves

as hypomorphic alleles (Singh and Cooper, 2012), indicating

that the resulting phenotypesmost likely arise from subtle pertur-

bations in the multi-component protein complexes regulating

pre-mRNA splicing. For example, insufficient levels of the SMN

complex are associated with impaired maturation of snRNPs

and aberrant splicing reactions in neuronal tissues (Zhang

et al., 2008, 2013), whereas complete loss of SMN function is le-

thal (Hsieh-Li et al., 2000). However, because defects in early

development are buffered by maternal factors, our results also

illustrate how the unique biological features of the zebrafish

model allow the identification of tissue-restricted functions

of pleiotropic genes also in the case of null alleles, which in

the mammalian system can only be studied by conditional

mutagenesis.

Although the results of the present epistasis analysis are

consistent with those in previously published molecular studies

on snRNP assembly and function (Wahl et al., 2009), an unex-

pected finding in the in vivo studies described here is the pres-

ence of a feedback loop connecting impaired snapc3, lsm8,

and gemin5 function with the transcriptional regulation of the

lsm7 and lsm8 genes. In contrast to many other genes in zebra-

fish, lsm genes do not possess paralogs. Hence, the transcrip-

tional response in our mutants is unlikely to be part of a direct

compensatory mechanism, but rather appears to be a general

consequence of snRNP biogenesis perturbation, because

expression levels of lsm7 and lsm8 are also upregulated in ze-

brafish larvae mutant for the p110 splicing regulator (Trede

et al., 2007), which is required for recycling of the U4/U6 snRNP

from singular U4 and U6 snRNPs (Bell et al., 2002). Another

notable feature of transcriptional changes emerging from our

studies is the presence of pervasive autoregulatory loops

affecting the splicing of pre-mRNAs-encoding splice regulators,

as illustrated here by, for instance, the srsf3a gene, a homolog

of the mammalian Srsf3 gene previously shown to be regulated
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by variable inclusion of so-called poison-cassette exons (Lar-

eau et al., 2007). On a more general level, our findings provide

evidence for the emerging notion of tissue-restricted roles

played by ubiquitous components of basic cellular pathways.

Future work may thus reveal an ‘‘RNA splicing code’’ of

context- and cell-type-dependent functions of some general-

purpose factors involved in pre-mRNA processing; our mutants

provide an entry point into the identification of the precise

mechanism(s) by which pre-mRNA splicing affects T cell

development.

With respect to the mechanism(s) underlying failing T cell

development in zebrafish larvae, our work indicates that,

despite mechanistic differences, certain commonalities exist

among the aberrations caused by mutations in the snapc3/

lsm8/gemin5/tnpo3 network. One particularly notable observa-

tion is the apparent association with DNA methylation, because

the splicing of several genes encoding putative de novo DNA

methylases is affected by perturbations in this network; most

importantly, aberrant processing of the dnmt3bb.1 gene is a

common feature of snapc3, lsm8, and tnpo3 mutants. We

consider this mechanistic link to be particularly intriguing,

because our screen has independently uncovered a mis-

sense mutation in the gene encoding the maintenance DNA

methylase dnmt1 (Table 1). Given that the status of DNA

methylation affects the differentiation of hematopoietic stem

cells (Challen et al., 2014) and modulates immune functions

including T cell differentiation (Jin et al., 2008), it will be inter-

esting to examine the possible presence of common changes

in gene-specific DNA methylation patterns to identify those

genes whose methylation signatures are crucial to normal

T cell development.

Finally, an important aspect of our present work addresses

the evolutionarily conserved function of the identified network

of splice regulators with respect to T cell differentiation. We

chose TNPO3 to verify that the observations made in the zebra-

fish model also hold for the mammalian system. Our conditional

mouse Tnpo3 knockout model exhibits a phenotype of impaired

T cell differentiation, resembling the phenotype observed in

tnpo3-deficient zebrafish larvae. The comparative analysis of

mutant zebrafish tnpo3 and mouse Tnpo3 genes highlights the

advantages of the zebrafishmodel to identify cell-type-restricted

functions of pleiotropic regulators, because Tnpo3-deficient

mice exhibit early embryonic lethality. Future work will have to

be aimed at addressing the degree of functional conservation

for the other members of the identified genetic networks and

the precise molecular mechanism(s) underlying the exquisite

sensitivity of T cells to perturbed pre-mRNA splicing.
EXPERIMENTAL PROCEDURES

Animals

The zebrafish (Danio rerio) strains Ekkwill (EKK), T€upfel long fin (TL), wild-type-

in-Kalkutta (WIK), AB, Assam (ASS), and T€ubingen (TÜ) are maintained in the

animal facility of the Max Planck Institute of Immunobiology and Epigenetics.

The ikaros:eGFP transgenic line was described previously (Hess and Boehm,

2012). The floxed Tnpo3 allele of the mouse was maintained on the C57BL/6J

background. All animal experiments were approved by the institute’s review

committee and conducted under licenses from the local government (Regier-

ungspräsidium Freiburg).
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A detailed description of the screen design, coverage, complementation anal-

ysis, and mutant identification by positional cloning and whole genome

sequencing can be found in Supplemental Experimental Procedures.

Tnpo3 Conditional Knockout Mice

The ESC line EPD0318_3_G02 (genetic background: C57BL/6N Agouti(A/a);

allele name: Tnpo3tm1a(KOMP)Wtsi) was obtained from the KOMP Repository

and used to derive chimeric mice using standard procedures.

Morphants and Phenotypic Rescue

Morphants were generated as described (Schorpp et al., 2006). For rescue ex-

periments, mRNAs were injected into fertilized eggs and analysis carried out

by gh and rag1 RNA in situ hybridization at various time points after injection.

Cell Transplantation and Live Microscopy

EGFP+ cells were sorted from single-cell suspensions of kidney marrow cells

isolated from adult ikaros:eGFP transgenic zebrafish and injected into the si-

nus venosus of embryos from heterozygous intercrosses at 2 dpf. GFP+ cells

in the thymic region were counted using Imager.Z1 (Zeiss) at 3 days post-injec-

tion. The procedures for live imaging using the ikaros:eGFP transgenic back-

ground were described previously (Hess and Boehm, 2012).

Flow Cytometry

For analysis of Tnpo3 mutant mice, analytical flow cytometry was carried out

as described in Calderón and Boehm (2012).

RNA In Situ Hybridization

Procedures for RNA in situ hybridization and probes were described previ-

ously (Schorpp et al., 2006). The determination of rag1/gh ratios was carried

out as described in Supplemental Experimental Procedures.

RNA Extraction, cDNA Synthesis, and qPCR

Total RNA was extracted using TRI Reagent (Sigma) following the manufac-

turer’s instructions. After treatment with Cloned DNaseI (Takara), RNA extrac-

tion using TRI Reagent was repeated. Superscript II Reverse Transcriptase

(Invitrogen) and random hexamer primers were used for cDNA synthesis

from total RNA. qPCR was carried out as described (Rode and Boehm,

2012); primers are listed in Table S8.

RNA Sequencing and Computational Analysis of RNA-Seq Data

Total RNA was extracted from whole zebrafish larvae at 4 dpf and subjected

to transcriptome analysis. The libraries were sequenced in paired-end

75-bp mode on 0.8 lanes per sample on an Illumina HiSeq 2500 instrument.

The high-throughput RNA sequencing analysis pipeline, version 0.4.2, written

by Fabian Kilpert (https://github.com/kilpert/rna-seq-qc) was applied as

described in Supplemental Experimental Procedures. RNA-seq data are

deposited in NCBI’s GEO (Edgar et al., 2002) and are accessible through

GEO: GSE77480.

Statistics

For single comparisons of independent groups, Student’s t test or the Mann-

Whitney test was performed depending on the sample size and distribution.

Analyses were performed using Prism software. The statistical models applied

to RNA-seq data are described in Supplemental Experimental Procedures.

ACCESSION NUMBERS

The accession number for the RNA-seq data reported in this paper is GEO:

GSE77480.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and eight tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2016.11.003.
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Pye, V.E., Cosnefroy, O., Snijders, A.P., et al. (2014). Structural basis for nu-

clear import of splicing factors by human Transportin 3. Proc. Natl. Acad.

Sci. USA 111, 2728–2733.

Mani, R., St Onge, R.P., Hartman, J.L., 4th, Giaever, G., and Roth, F.P. (2008).

Defining genetic interaction. Proc. Natl. Acad. Sci. USA 105, 3461–3466.
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