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Abstract

Background: Signal transducer and activator of transcription (STAT) proteins play key roles in development, growth, and homeostasis.
These roles have principally been assigned to their “canonical” function as inducible transcriptional activators acting downstream of
cytokines and other factors. However, variant “non-canonical” functions have also been identified. The potential in vivo role for non-
canonical STAT functions was investigated in the zebrafish model. Methods: Two zebrafish Stat5.1 mutants were generated using
CRISPR/Cas9 that should impact canonical functionality: one with a deleted transactivation domain (ATAD) and another with a disrupted
tyrosine motif (ATM). Immune cell development, growth, and adiposity of these Stat5.1 mutants were assessed in comparison to a Stat5.1
knockout (KO) mutant in which both canonical and non-canonical functions were ablated. Results: Both the ATAD and ATM mutants
showed significantly reduced embryonic T lymphopoiesis, similar to the KO mutant. Additionally, adult ATAD and ATM mutants
displayed a decrease in T cell markers in the kidney, but not as severe as the KO, which also showed T cell disruption in the spleen. Severe
growth deficiency and increased adiposity were observed in all mutants, but ATAD showed a more modest growth defect whereas ATM
exhibited more profound impacts on both growth and adiposity, suggesting additional gain-of-function activity. Conclusions: These
results indicate that canonical Stat5.1 plays a major role in T cell development and growth throughout the lifespan and non-canonical
Stat5.1 functions also contribute to aspects of adult T lymphocyte development and growth, with alternate functions impacting growth
and adiposity.
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1. Introduction as well as overlapping functions [8]. Both STAT5A
and STAT5B contribute to immune regulation, although
STATSB appears to play the dominant role, presumably
via canonical signaling downstream of various interleukin
(IL) receptors [9]. STATSA is a master regulator of mam-
mary gland development and lactogenesis attributed to a
canonical signaling function downstream of prolactin [10],
whereas STAT5B facilitates the regulation of growth and
metabolism assigned to canonical growth hormone (GH)
signaling [11-13]. Non-canonical functions of STATS pro-
i X i teins have also been reported. These include gene repres-
STAT (uSTAT) monomers in the.cyto.pla.sm via associated sion by pSTATSB during oncogenesis [14], uSTATSB par-
kinases such as JAKs, allowing dimerization of phosphory- ticipating in the regulation of megakaryocyte differentia-
lated STAT (pSTAT) molecules through reciprocal interac- . [15], and non-nuclear roles of STATSA/B in maintain-

tions betwe.en a phosphotyrosinejcontaining motif on one ing the structural integrity of sub-cellular organelles such
STAT protein with the S.H2 domain on .another. The sybse- as the endoplasmic reticulum and Golgi body [16]. Vari-
quent nuclear translocation of these activated STAT dimers ous STATSB mutations have been associated with disrupted
.enables. them to activate the transcrlptilon Of. targe.:t genes, growth and immunity but with differential clinical severity
impacting key cell processes, notably including differenti- depending on the site of mutation, further suggesting the
ation, survival, proliferation, and activation [4—6]. Hoyx{- potential for non-canonical functions [12,17-19].
ever, STATs have also been demonstrated to regulate criti- Zebrafish possess two STATS proteins, Stat5.1 and
cal cell processes through alternative “non-canonical” func- Stat5.2 [20]. Stat5.1 displays the closest si;nilarity with
tions 7] mammalian STATSB and has been shown to contribute to
Mammalian STAT5A and STAT5B proteins share lymphopoiesis throughout the life course [21], as well as
more than 90% amino acid similarity and have both unique the regulation of growth and sex-specific adiposity [21,22].

Mammals possess seven signal transducer and acti-
vator of transcription (STAT) proteins: STAT1, STAT2,
STAT3, STAT4, STATSA, STAT5B, and STAT6 [1]. The
myriad roles of STATs across development, growth, and
homeostasis have been largely attributed to their so-called
“canonical” function as inducible transcription factors
downstream of cytokines and other factors [2,3]. In this
modality, ligation of cytokine or other receptors triggers
the tyrosine phosphorylation of inactive unphosphorylated
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However, these publications used loss-of-function (LOF)
knockout (KO) mutant models that would abrogate both
canonical and non-canonical functions. In this study, two
Stat5.1 mutants were generated using CRISPR/Cas9-based
mutagenesis to examine potential non-canonical or alter-
nate functions. The impact of these Stat5.1 mutants on lym-
phopoiesis, growth, and adiposity was examined in direct
comparison to a Stat5.1 KO mutant. The results provided
evidence of predominantly canonical functions but also
suggested that non-canonical and alternate Stat5.1 func-
tions also exist.

2. Materials and Methods
2.1 Zebrafish Husbandry

Zebrafish were maintained using standard husbandry
practices [23] following national guidelines for their care
and use. All studies were approved by the Deakin Univer-
sity Animal Ethics Committee.

2.2 Generation of Stat5.1 Mutants

A single guide RNA (sgRNA) targeting the zebrafish
stat5.1 gene was designed using ZiFiTargetor v4.2 [24] and
CHOPCHOP v3 [25], which had a minimum of three mis-
matches with potential off-target sites, all on other chro-
mosomes (Supplementary Table 1). The sgRNA tem-
plate was cloned into pDR274 and sgRNA synthesized by
in vitro transcription using a MEGAscript T7 Transcription
Kit (#AM1354, Thermofisher Scientific, Australia), puri-
fied using a MegaClear Kit (#AM1908, Thermofisher Sci-
entific, Australia), and quantified. One cell stage wild-
type (WT) zebrafish embryos were injected with ~1 nL of
100 ng/puL sgRNA, 200 ng/uL TrueCut Cas9 protein v2
(#A36498, Thermofisher Scientific, Australia), and 0.4%
(w/v) phenol red. Founder fish were raised to adulthood,
out-crossed with WT fish, and screened for the presence of
mutations. Confirmed heterozygous fish were further out-
crossed to minimize potential off-target mutations, with het-
erozygous progeny in-crossed to obtain homozygous mu-
tant lines.

2.3 Genomic DNA Analysis

Genomic DNA from adult fin clips and whole em-
bryos was isolated with QuickExtract DNA Extraction So-
lution (#QE09050, Gene Target Solution, Australia) fol-
lowing the manufacturer’s instructions. This was subjected
to a polymerase chain reaction (PCR) for high-resolution
melt (HRM) analysis with the stat5. I-specific primers 5’-
GCGAGGGTGTGAAAAACAGT and 5'-CCCTTTCTGT
CTTCCTGTCCA or gel electrophoresis with the alternate
primers 5-GTGGTAAAAATGTGTGGATGAACTCTG
and 5'-GTCTCATGTATCCAAGGCAACTCG to iden-
tify potential mutants, which were confirmed by Sanger se-
quencing at the Australian Genome Research Facility.

2.4 Whole-Mount in Situ Hybridization

Embryos were collected and raised in egg water with
0.0003% (w/v) phenylthiourea (PTU) for 5 days and then
fixed in 4% paraformaldehyde/phosphate-buffered saline
(PFA/PBS) overnight at 4 °C, followed by 100% methanol
at —20 °C. Whole-mount in situ hybridization (WISH) was
performed on rehydrated embryos according to a pub-
lished protocol [26]. Embryos and juvenile fish were im-
aged with a MVX10 monozoom microscope using a 1 X
MVXPlan Apochromat lens (NA = 0.25) and DP74 cam-
era (#N5667400, Olympus, Tokyo, Japan), with the im-
ages captured on CellSens Dimension 1.6 software (Olym-
pus, Tokyo, Japan), and areas of WISH staining determined
using ImagelJ software (v1.x, National Institutes of Health
(NIH), Bethesda, MD, USA).

2.5 Body Measurements

Embryos and juvenile fish were imaged as described
above and the length was determined using Image] soft-
ware. Adult fish were imaged using an iPhone 13 pro max,
wide camera-26 mm f1.5 12 MP, 3024 x 4032, 1.5 pm
pixel size (Apple Inc., Cupertino, CA, USA) next to a ruler,
with standard length measured from snout to caudal pedun-
cle [27]. Following removal of eggs adult female zebrafish
were weighed and subjected to total lipid extraction using
8:4:3 (v/v) chloroform:methanol:NaCl (0.03%), incubating
the organic phase at 65 °C in a fumehood until dry to deter-
mine total lipid as described [28], which was expressed as
a percentage of body weight.

2.6 Gene Expression Analysis

Total RNA was extracted from whole juvenile fish us-
ing TRIsure™ (#BI10-38033, Meridian Biosciences, OH,
USA, and from the kidney and spleen of adult male fish
using an RNEasy Mini Kit (#74136, Qiagen, Australia) ac-
cording to the manufacturer’s instructions. RNA concen-
trations were determined using a NanoDrop 2000 Spec-
trophotometer (#ND-2000, Thermofisher Scientific, Aus-
tralia), and cDNA was synthesized from 500 ng RNA us-
ing a QuantiTect cDNA Synthesis Kit (#205311, Qiagen,
Australia). Samples were subjected to quantitative real-
time reverse-transcription PCR (qRT2-PCR) with primers
for actb (5'-TGGCATCACACCTTCTAC, 5-AGACCAT
CACCAGAGTCC), cd8 (5'-ACTCTTCTTCGGAGAGGT
GAC, 5-ACAGGCTTCAGTGTTGTTTGAA), cish.a (5’
-TCACCGAGACGCATTGACGAACC, 5'-AGACTGAA
ACGACATTGCCTG), cish.b (5'-CAGTCAGGAATGGT
TACAAGGG, 5'-TATGCGGATGTTAGTAGGGC), fasn
(5'-CATATTCTGGGTGTGCGTGAC, 5'-GCTTTACAG
GAGACTCCTCTTTC), ghl (5-TCTTATGCCTGAGGA
ACGC, 5'-AGGTCTGGCTGGGAAACTC), ghrb (5'-CA
ACACAGGGTCAGACTTCAAC, 5-CATTCATTCCTC
TGGGAGTTG), igfla (5'-CCGCATCTCATCCTCTTTC
TC, 5'-CCTGTCTCCACACACAAACTGC), igf2a (5'-A
GTGTCACAGGCTCTTCACAAG, 5'-GATGGGACTCC
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TCTCCTTAACC), ighm (5'-CCGAATACAGTGCCACA
AGC, 5-TCTCCCTGCTATCTTTCCGC), nkid (5'-TGG
TGAAATCCCAACAGAGCA, 5'-TTTCATCCTGAGTT
GCACCA), srebfl (5'-GAAGCTAAGCTCAATAAGTCT
GC, 5-TCAGAGACTTGTTCTTCTGGATG) and tcra (5
'-ACTGAAGTGAAGCCGAAT, 5'-CGTTAGCTCATCC
ACGCT) using Sensifast SYBR Green Lo-ROX Kit (#BIO-
94050, Meridian Biosciences, USA) on an Aria Mx Real-
time PCR System (Integrated Sciences, Australia). Data
were normalized to actb and fold-change was calculated as
described [29].

2.7 Western Blot Analysis

A synthetic gene encoding wild-type Stat5.1 with a
C-terminal Flag-tag was obtained from GeneArt (Ther-
mofisher Scientific, Australia) and cloned into pPBK-CMV
vector, with KO, TAD, and TM mutants generated us-
ing a Q5 Site-directed Mutagenesis Kit (#E0554S, New
England Biolabs, Australia). The resulting plasmids
were transfected into HEK293 along with pBK-CMV-
Jak3-A573V [30] using Lipofectamine 2000 Transfec-
tion Reagent (#11668019, Thermofisher Scientific, Aus-
tralia) and Western blot performed as described [31] us-
ing mouse monoclonal antibodies for Flag M2 (#F1804,
Sigma-Aldrich, Australia), pSTAT5A(Y694) (#ab30648,
Abcam, Australia) or beta-actin (#A5441, Sigma-Aldrich,
Australia), followed by rabbit anti-mouse Ig conjugated to
horseradish peroxidase.

2.8 Statistical Analysis

Statistical analysis was performed with GraphPad
Prism v8.0.0 for Windows (GraphPad Software, San Diego,
CA, USA) using One-way ANOVA with Tukey’s multiple
comparison test.

3. Results
3.1 Generation of Zebrafish Stat5.1 Mutants

Zebrafish Stat5.1 is highly homologous to human
STATSB, both at the level of protein domains as well as
individual amino acid residues [20], including the region
spanning the SH2 domain, the tyrosine motif (TM) phos-
phorylated in response to the external stimuli [32], and the
transactivation domain (TAD) (Fig. 1A). The region adja-
cent to the TM was targeted using CRISPR-Cas9 genome
editing [33,34] with a specific sgRNA (Fig. 1B). Two differ-
ent mutant alleles were generated, which were out-crossed
twice and bred to homozygosity and sequenced (Fig. 1C):
mdu033, a 4 bp deletion causing a frameshift that results in
the complete deletion of the TAD (ATAD) and mdu032, a
12 bp in-frame deletion resulting in the removal of 4 amino
acids in the TM but with other sequences intact. These mu-
tants were subsequently compared to wild-type zebrafish
and a previously generated knockout Stat5.1 KO mutant
[21] (Fig. 1D).
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3.2 Impact of Stat5.1 Mutations on Lymphopoiesis

Mammalian STATS proteins play important roles in
the development of lymphoid cells, particularly STAT5B
[35]. We have recently shown that zebrafish Stat5.1 KO
mutants exhibited severe disruption in T lymphopoiesis
throughout the life course, as well as, other lymphoid de-
fects [21]. Thus, we compared the impact of the other
Stat5.1 mutants on this aspect of biology.

Embryonic lymphopoiesis was investigated using
WISH on 5 dpf embryos using specific T cell markers: rag!
for early T cells [36] and Ick for mature T cells [37,38].
KO embryos showed a significant reduction in the area of
ragl staining in comparison to WT, as described [21]. Both
ATAD and ATM mutants showed a comparable significant
reduction in the area of rag/ staining, similar to the KO
(Fig. 2A,C). Likewise, the area of Ick staining was also re-
duced in both ATAD and ATM mutants compared to the
WT to a similar extent as seen with the KO (Fig. 2B,D).

Adult lymphopoiesis was examined in the kidney mar-
row, a primary lymphoid organ that plays an equivalent
role to mammalian bone marrow [39,40], and the spleen,
a secondary lymphoid organ [41]. Expression of four dif-
ferent lymphocyte-specific markers was analyzed: fcra (T
cells) [42], ¢d8 (cytotoxic T cells) [43], ighm (B cells) [44],
and nkld (NK cells) [45]. In the kidney, expression of tcra
and cd8 were both significantly reduced in the KO com-
pared to the WT, as described [21]. Expression of c¢d8 was
also significantly reduced in the ATAD and ATM mutants
(Fig. 2E,F), although the reduction was not statistically sig-
nificant for fcra in ATM and was more subtle than observed
in the KO. No significant changes in the expression of ighm
or nkld were observed in any of the mutants (Fig. 2E,F).
In the spleen, the KO, but not the other mutants, exhibited
significantly reduced cd8 expression compared to the WT,
with the KO also significantly lower than the ATAD. The
expression of ighm was upregulated in the KO compared
to the WT, but remained unaltered in ATAD and displayed
a significant reduction in ATM compared to the KO. The
relative expression of tcra and nkld remained unchanged in
all mutants compared to the WT (Fig. 2F).

3.3 Impact of Stat5.1 Mutations on Growth and Adiposity

Mammalian STAT5B/Stat5b plays a crucial role in the
regulation of growth and adiposity [46]. Moreover, ze-
brafish Stat5.1 KO mutants have also been found to exhibit
reduced growth but increased adiposity along with dysreg-
ulation of growth and lipid metabolism genes [21,22]. Dur-
ing all developmental stages and into adulthood for both
sexes, the ATAD and ATM mutants displayed a signifi-
cant reduction in length compared to the WT (Fig. 3A-D,
F—H), as well as weight in adults (Fig. 31,J). However, there
were subtle differences. Both the ATAD and ATM mu-
tants were slightly larger than the KO at the embryonic stage
(Fig. 3A,C). The trend continued for the ATAD mutant, and
although not statistically significant at the juvenile stage
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Fig. 1. Generation of zebrafish Stat5.1 mutants using CRISPR/Cas9. (A) Schematic diagram of STATSB/Stat5.1 and its constituent
N-terminal domain (NTD), coiled-coil domain (CCD), DNA-binding domain (DBD), linker domain (LD), Src-homology 2 domain (SH2),
tyrosine residue (Y), and transactivation domain (TAD). An amino acid alignment for the indicated region of Homo sapiens (Hs) STATSB
and Danio rerio (Dr) Stat5.1 is shown above, with identical residues indicated by asterisks. (B) Part of the zebrafish stat5.1 gene. Exons
are shown as boxes in color matching the corresponding domain, along with the sequence targeted by the sgRNA. (C) Sequence traces,
corresponding nucleotides, and encoded amino acids for homozygous wild-type (WT) (wt/wt), ATAD (mdu033/mdu033) and ATM
(mdu032/mdu032) Stat5.1. The dotted boxes on the WT trace indicate the sequences deleted for the specified mutant. The mdu033
allele represents a 4 bp deletion leading to an altered reading frame after P701 that results in 3 de novo residues followed by a stop
codon (shown in red), whereas the mdu(032 allele denotes a 12 bp in-frame deletion that results in the removal of 4 residues after K700
with all remaining C-terminal sequences intact. (D) Schematic representation of Stat5.1 WT along with the ATAD, ATM, and KO
(mdu022/mdu022) mutants.
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Fig. 2. Analysis of lymphopoiesis in Stat5.1 mutants. (A-D) Expression analysis of lymphoid markers using Whole-mount in situ
hybridization (WISH) in 5 dpf WT (stat5.1*"""), deleted transactivation domain (ATAD) (stat3. ["#033/mdu033y  ATM (stats. Jm4032/mdud32)
and knockout (KO) (stat5. [""0?%md022y embryos showing representative individuals for ragl (A) and Ick (B). Green arrows indicate the
thymic region and 0.5 mm scale bars are shown. The relative area of expression for rag!/ (C) and Ick (D) was quantified comparative
to the WT that was set at 100%, with mean and standard error of the mean (SEM) (n = 25-30) displayed. (E,F) Expression analysis
of representative lymphoid marker genes by quantitative real-time reverse-transcription polymerase chain reaction (QRT?-PCR) in the
kidney (E) and spleen (F) from adult male fish of the indicated genotypes. Primary data were normalized relative to actb and represented
as fold-change showing mean and SEM (n = 5). For panels (C-F), the level of statistical significance is indicated. *: p < 0.05, **: p <
0.01, ***: p < 0.001 compared to WT; #: p < 0.05 compared to KO; ns: not significant.
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Fig. 3. Analysis of growth and adiposity in Stat5.1 mutants. (A-B, F) Images of representative WT (stat5.1"""), ATAD
(stat5. [mau033/mdu033y " NTM (stat5. ["032mdu032y “and KO (star5. 140224022y jndividuals at 5 dpf (A), 28 dpf (B), and 5 mpf for male
(&) and female (@) adults (F). Scale bars represent 2 mm in panels (A) and (B), with ruler increments of 1 mm in panel (F). (C,D,G-J)
Analysis of size for fish with the indicated genotypes, showing quantitation of length at 5 dpf (C), 28 (D) and 5 mpf for male (G) and
female (H) fish, and weight at 5 mpf for male (I) and female (J) fish of the indicated genotypes showing mean and SEM (5 dpf: n = 90—
150; 28 dpf: n=30-45; 5 mpf: n=6-15) (J,K). (E) Expression analysis of the indicated genes involved in growth and lipid biosynthesis
by gRT2-PCR in 28 dpf WT, ATAD, ATM, and KO juveniles. Data were normalized relative to the actb and represented as relative
fold-change showing mean and SEM (n = 5). (K) Quantitation of total lipid content for WT, ATAD, ATM, and KO of 5 mpf adult
females each, represented as a percentage of wet weight showing mean and SEM (n = 6). For panels (C-E), (G,H), and (LJ) the level of
statistical significance is indicated. **: p < 0.01, ***: p < 0.001 compared to WT; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 compared
to KO; ns: not significant.
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(Fig. 3B,D), it was for adult males but not females (Fig. 3F—
J). In contrast, the ATM mutant was significantly smaller
compared to the KO at the juvenile stage (Fig. 3B,D), as
well as in adulthood of both sexes (Fig. 3F-J). Total lipid
content was significantly increased in all Stat5.1 mutants
compared to the WT, with the ATM mutant significantly
higher than the KO (Fig. 3K).

To investigate the molecular underpinnings of the
growth deficiency and enhanced adiposity, 28 dpf juve-
nile fish were analyzed for the expression of genes spe-
cific for growth, ghl (growth hormone 1), igfla and igf2a
(insulin-like growth factors) [47], and lipid metabolism,
fasn (fatty acid synthases) [48]. As described [21], KO ju-
veniles showed reduced igf2a and elevated fasn expression,
but no significant changes in gh/ or igfl/a compared to the
WT (Fig. 3E). Expression of ghl, igfla and igf2a in the
ATAD mutant remained unchanged, but fasn was signif-
icantly upregulated. ATM showed significant downregu-
lation of igfia expression, whereas expression of gh/ and
igf2a remained unaltered, while expression of fasn was up-
regulated, becoming significantly elevated relative to the
KO (Fig. 3E).

4. Discussion

The critical function of STAT proteins as inducible
transcription factors downstream of cytokines is well doc-
umented [2,49]. However, there is growing evidence that
in addition to such canonical roles, STATs also participate
in non-canonical functions [7]. However, the in vivo im-
pact of these non-canonical functions remains poorly un-
derstood since most studies are based on KO/LOF mutants
that abrogate both canonical and non-canonical functions.
Zebrafish Stat5.1 is structurally and functionally conserved
with STAT5B, and ablation of either impacted growth, adi-
posity, and lymphopoiesis [11,21,22]. This study sought to
investigate potential non-canonical functions of zebrafish
Stat5.1.

Two Stat5.1 mutants were successfully generated us-
ing CRISPR-Cas9 genome editing. The first mutant,
ATAD (p.P701£sX705%), truncated the entire TAD, thereby
ablating its ability to act as a transcriptional activator. This
is similar to the naturally-occurring splice variants encoding
STATS50 proteins that also lack a TAD. These variants are
able to bind to the promoter region of responsive genes but
not initiate transcription, and potentially hinder the bind-
ing of full-length STATS proteins to these sites, thereby dis-
rupting canonical functionality [50,51]. The second mutant,
ATM (p.P701-K704del), deleted four amino acid residues
at positions +3 to +6 downstream of the phosphotyrosine
(pY) motif that includes three residues within the critical
+1 to +5 region responsible for SH2 domain/pY recogni-
tion [52—54]. Loss of these amino acid residues may im-
pact the specificity of SH2 domain interactions [55] and
so perturb functionality. Western blot analysis confirmed
the expression of proteins of appropriate sizes and demon-
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strated that both the ATAD and ATM mutants retained the
ability to be tyrosine-phosphorylated (Supplementary Fig.
1A). The ATAD or ATM mutants were compared to a re-
cently described Stat5.1 KO/LOF mutant [21] as well as
wild-type (WT) fish. If the ATAD mutant exhibited a par-
ticular phenotype similar to the KO, this was likely due to
loss of canonical functionality. Conversely, if it displayed a
phenotype similar to the WT, then non-canonical function-
ality was potentially responsible.

As we have recently described, the Stat5.1 KO mu-
tant exhibited disrupted growth at all developmental stages
compared to WT fish with enhanced adiposity observed
in adult females along with reduced igf2a and increased
fasn [21]. This finding suggests that altered metabolism
was responsible, consistent with studies on an alternate
Stat5.1 KO mutant [56]. The Stat5.1 ATAD mutant also
showed significant growth deficiency, increased female
adiposity, and altered target gene expression compared to
the WT, indicating that loss of canonical functionality was
likely responsible for the metabolic perturbation. The ze-
brafish vizzini line, which harbors a LOF mutation in the
zebrafish growth hormone gene paralogue ghl, displayed
even more severe growth defects and increased adiposity
[57]. This suggests canonical Stat5.1 functionality down-
stream of growth hormone regulates zebrafish growth and
adiposity, and the more severe phenotype in the vizzini line
was likely due to redundancy with other downstream path-
ways.

The Stat5.1 KO mutants further displayed decreased
embryonic and adult T lymphopoiesis, but the B and NK
cells of these mutants were largely unaffected, as described
[21]. The Stat5.1 ATAD mutant exhibited a similar signif-
icant reduction in embryonic T lymphopoiesis compared to
the WT. However, adult lymphopoiesis was impacted less
uniformly by the mutants. In adult kidney marrow, T lym-
phopoiesis was significantly impacted in the ATAD mutant
compared to the WT, but to a lesser extent than in the KO,
whereas in the adult spleen only the KO displayed disrupted
T lymphopoiesis. The ATAD mutant also showed no alter-
ations in B and NK cell markers. This suggests that canon-
ical functionality predominates in embryonic and some as-
pects of adult T lymphopoiesis, but that non-canonical func-
tionality might contribute to other facets of adult T lym-
phopoiesis. LOF mutations of zebrafish il2rg.c, il7r, jakl,
or jak3 all impacted embryonic T lymphopoiesis in a simi-
lar, if not more extreme manner [31,58,59]. Loss of il2rg.c
or jak3 also caused a significant reduction in adult T lym-
phocyte populations, but B lymphocytes and NK cells were
additionally impacted [59,60]. Collectively, this indicates
that canonical Stat5.1 functionality downstream of IL-2R
family members plays a major role in regulating T lym-
phopoiesis, but redundant signaling via Stat5.2 and/or other
Stat proteins, and parallel signaling pathways such as PI3K
and IRS also likely contributes to certain T cell lineages, as
well as B and NK cells [61,62].
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The mechanism by which non-canonical Stat5.1 func-
tions regulate aspects of adult lymphopoiesis remains to
be determined, although precedents exist for non-canonical
STATS functions impacting mammalian immune cell de-
velopment. For example, human STAT5B mutations that
delete most of the protein—and so likely LOF—are associ-
ated with severe T and NK lymphopenia [12,17], but shorter
truncations that would still ablate canonical functions result
in milder effects, such as reduced CD8™ T cells with normal
levels of total T and NK cells [18,19]. Alternatively, sup-
pression of genes mediating Th9 cell differentiation by IL-
2-induced pSTATS5 was important for controlling the bal-
ance of Th9 versus Thl7-like differentiation [63], while
IL-7-induced pSTATS has been demonstrated to repress the
transcription of Igk genes to maintain the proliferation of
large pre-B cells and restrict transition to small pre-B cells
[64]. Other STATs have also been found to exert their ef-
fects via non-canonical functions. For example, uSTAT1
can mediate transcriptional activation of IFN-induced genes
independent of IFN stimulation [65—67], while uSTAT3
contributes to the expression of various NFxB-dependent
genes, as well as oncogenes such as RANTES, IL6, ILS,
MET, and MRAS [68,69]. Current therapeutic agents target
canonical STAT function, being directed at either upstream
signaling components such as JAKs or the SH2 domains
of STATs [70]. However, these agents may not be effec-
tive against diseases in which non-canonical functions are
involved. Elucidation of critical non-canonical functionali-
ties will inform the development of more appropriate thera-
peutic agents that accurately target specific STAT functions.

The distinct phenotypes of the ATM mutant were in-
triguing. During embryonic lymphopoiesis and for some
components of adult lymphopoiesis its phenotype mirrored
that of the KO (and ATAD) mutant, indicative of LOF.
However, in other aspects of adult lymphopoiesis it mir-
rored the WT (and ATAD mutant), suggesting normal func-
tion. In contrast, the ATM mutant disrupted growth and
adiposity to an even greater extent than observed in the KO,
and was associated with lower expression of igf/a rather
than igf2a, and also higher fasn expression than the KO,
revealing possible gain-of-function (GOF) properties. To
gain further insights, ATM heterozygotes were in-crossed
and the progeny were analyzed for ragl expression prior
to genotyping (Supplementary Fig. 1B). This revealed
that both homozygous and heterozygous ATM mutants
showed significantly reduced embryonic T lymphopoiesis
compared to the WT, indicating the mutant can act dom-
inantly over the wild-type. Expression analysis was also
performed on genes shown to be regulated by Stat5.1 in
our recent NGS analysis [21], including the ghrb, srebf],
and cish.a genes, the latter possessing tetrameric STATS
sites in its promoter able to be bound by Stat5.1, with its
expression decreased following Stat5.1 ablation, unlike the
related cish.b [71]. The ghrb, srebfl, and cish.a genes, but
not cish.b, showed substantial down-regulation in the KO

(Supplementary Fig. 1C). Interestingly, while ghrb ex-
pression was also significantly decreased in the ATM mu-
tant, this was not the case for srebfI and cish.a, nor for igf2a,
another STATS target, suggesting that the ATM mutant can
still activate the transcription of these genes. This contrasts
its effects on the fasn gene, also a STATS target [72], that
displayed even more elevated expression than the KO and
igfla which was reduced compared to WT and KO. This in-
dicates that ATM mutants can likely still interact with and
regulate at least some direct target genes but differentially,
and may also have the capability to interfere dominantly
with WT functions on some of these genes. Additionally,
it could potentially bind to activated Stat5.2, thereby inter-
fering with its function.

5. Conclusions

This study explored the relative involvement of canon-
ical versus non-canonical and other functions for zebrafish
Stat5.1 in vivo. The results revealed strong impacts of
Stat5.1 mutations on embryonic lymphopoiesis, growth,
and adiposity that largely appear to be due to loss of canon-
ical functions. However, there was also evidence of po-
tential non-canonical Stat5.1 functions regulating adult T
lymphopoiesis and growth, with growth and adiposity also
impacted by alternate functions.
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