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Abstract

Centroacinar cells (CACs) are ductal Notch-responsive progenitors that in the larval zebrafish
pancreas differentiate to form new islets and ultimately contribute to the majority of the adult
endocrine mass. Uncovering the mechanisms regulating CAC differentiation will facilitate
understanding how insulin-producing B cells are formed. Previously we reported retinoic acid
(RA) signaling and Notch signaling both regulate larval CAC differentiation, suggesting a shared
downstream intermediate. Sox9b is a transcription factor important for islet formation whose
expression is upregulated by Notch signaling in larval CACs. Here we report that sox96 expression
in larval CACs is also regulated by RA signaling. Therefore, we hypothesized that Sox9b is an
intermediate between both RA- and Notch-signaling pathways. In order to study the role of Sox9b
in larval CACs, we generated two cre/lox based transgenic tools, which allowed us to express full-
length or truncated Sox9b in larval CACs. In this way we were able to perform spatiotemporal-
controlled Sox9b gain- and loss-of-function studies and observe the subsequent effect on
progenitor differentiation. Our results are consistent with Sox9b regulating CAC differentiation by
being a downstream intermediate of both RA- and Notch-signaling pathways. We also demonstrate
that adult zebrafish with only one functional allele of sox96 undergo accelerated p-cell
regeneration, an observation consistent with sox9b regulating CAC differentiation in adults.
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1. Introduction

A cure for diabetes needs to include a method to replace lost insulin-producing B cells of the
pancreas. If a pharmacological method to induce B-cell neogenesis from human endogenous
progenitors can be found, this therapeutic route has the potential to be more accessible to the
global patient population than alternative approaches, such as transplantation of cells derived
from donors or differentiated embryonic stem cells. The zebrafish has many attributes that
lend itself to the challenge of finding factors that influence p-cell neogenesis (Kinkel and
Prince, 2009; Tiso et al., 2009). The transparency and small size of zebrafish larvae
facilitates carrying out chemical screens to find drugs that induce p-cell neogenesis (Rovira
etal., 2011; Wang et al., 2015). For example, a hit from one such screen indicated that the
morphogen retinoic acid (RA) is a molecule that is involved in regulating the differentiation
of endocrine progenitors (Huang et al., 2014; Rovira et al., 2011). Other chemical screens in
zebrafish larvae identified additional roles for RA in regulating p-cell proliferation (Tsuji et
al., 2014; Wang et al., 2015).

The cellular mechanisms of p-cell neogenesis used during zebrafish development and adult
regeneration are the same (Beer et al., 2016; Delaspre et al., 2015; Wang et al., 2011);
specialized ductal cells called centroacinar cells (CACs) differentiate to form new insulin-
producing cells. CACs differentiate throughout the pancreas but can be most easily
distinguished in the tail of the pancreas where they give rise to distinct secondary (2°) islets
(Parsons et al., 2009). In adult fish CACs are located in a terminal duct position within the
lumen of the acinus — the functional unit of the exocrine pancreas. An enigmatic cell type
with distinct ultrastructure (Ekholm et al., 1962; Parsons et al., 2009), CACs possess
specialized morphology with long cytoplasmic extensions that line the pancreatic ducts and
extend into the parenchyma (Beer et al., 2016; Leeson and Leeson, 1986; Pour, 1994).
Following B-cell ablation, CACs leave their location in the acinus (Pour, 1994) before either
forming new small islets or contributing to preexisting islets (Delaspre et al., 2015).

There are several known molecular attributes that distinguish CACs from other cells in the
pancreatic epithelia, including their active responsive to RA signaling and persistent Notch
signal transduction (Huang et al., 2014; Parsons et al., 2009). Notch signaling plays a crucial
and well documented role in mammalian pancreas development (Apelqvist et al., 1999; Esni
et al., 2004; Hald et al., 2003; Jensen et al., 2000a; Jensen et al., 2000b; Murtaugh et al.,
2003). Notch is also important in the zebrafish pancreas. To date, the most potent method to
induce precocious differentiation of CACs into 2° islets is to inhibit Notch signaling (Lorent
et al., 2004; Ninov et al., 2012; Parsons et al., 2009; Zecchin et al., 2007). However, from a
chemical screen and subsequent follow up work, endogenous RA signaling was also shown
to play a role in maintaining CAC potency (Huang et al., 2014; Rovira et al., 2011).
Furthermore, it was shown that inhibiting both RA and Notch lead to synergy in induction of
endocrine differentiation (Huang et al., 2014). Accordingly, we hypothesized that both the
Notch and RA signaling pathways act through a common downstream effector.

Other molecular characteristics of CACs include the expression of Sox9 transcription
factors. Sox9 is expressed in multipotent pancreatic progenitors in the mouse (Seymour et
al., 2007; Seymour and Sander, 2011) where it plays a vital function in pancreas
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development and homeostasis. There is considerable evidence that the level of Sox9 activity
is critical for normal pancreas biology (Seymour et al., 2008): 1) Total loss of Sox9 activity
in the pancreas anlagen of mouse models demonstrates it is required in endocrine and duct
cell formation (Seymour et al., 2007). 2) Heterozygosity leading to a partial loss of SOX9
activity in humans or mice causes Campomelic dysplasia, a syndrome that includes
malformed, smaller islets and glucose intolerance (Dubois et al., 2011; Piper et al., 2002;
Seymour et al., 2008). 3) Over-expression of Sox9 in adult mice is sufficient to cause
complete dedifferentiation of mature  cells (Puri et al., 2013). In the zebrafish there are two
homologues of SOX9, sox9aand sox9b (Chiang et al., 2001); however, only sox9b is
expressed in the pancreas (Manfroid et al., 2012). Larva homozygous for the null allele,
50x9b™313 have reduced CAC number, decreased ability to produce endocrine cells (Delous
et al., 2012; Manfroid et al., 2012), and compromised -cell regeneration following p-cell
ablation (Manfroid et al., 2012). However, a haploinsufficient phenotype has yet to be
described in zebrafish sox9b™313 heterozygotes.

Consistent with CAC expression, Sox9 transcription factors are directly regulated by Notch
signaling in the pancreatic progenitors of both mammals and zebrafish (Delous et al., 2012;
Manfroid et al., 2012; Shih et al., 2012). Other reports have shown that the expression of
Sox9 can be highly induced by the treatment of exogenous RA in human cell lines (Afonja
et al., 2002; Laursen et al., 2013; Muller et al., 2010). This data led us to hypothesize that
Sox9b is a common downstream target of both RA- and Notch-signaling pathways. In the
study described in this paper we explored the relationship between Notch and RA signaling,
and how these pathways converge on Sox9 to control CAC potency. We show that partial
loss of Sox9b function facilitates differentiation in both larvae and adult zebrafish.

2. Material and Methods

2.1. Transgenic/mutant Lines

To(Tplglob:creERT2YM2 drives creERT2 in cells undergoing Notch signaling and is referred
to as a ‘ Notch-responsive creER'? driver . Tg(B-actin:GFP-F2A-creERT2)29 drives
creERT2 ubiquitously and is referred to as a ‘ubiquitous creER'? driver (Wang et al., 2011).
Two new ubiquitous cre-responder lines utilizing the ubiquitous promoter/enhancer element
from ubiquitin B (ubb) (Mosimann and Zon, 2011) were generated: 1) 7g(ubb:loxP-eCFP-
loxP-sox9b-2A-mCherry)¥7, abbreviated to ‘sox9b cre responder’; 2) Tg(ubb:loxP-eCFP-
loxP-trsox9b-2A-mCherry )8, shortened to “ truncated sox9b cre responder’ . Following cre
recombination, these 2 transgenes express full-length Sox9b and mCherry or the first 289
residues of Sox9b and mCherry, respectively. The truncated version of Sox9b is equivalent
to 304 residues of human SOX9 shown to lack an essential transactivation domain (Lefebvre
etal., 1997). The Ty(neuroD:GFP)"! transgenic line (Obholzer et al., 2008) labels nascent
pancreatic endocrine. Tg(Tplglob:eGFP)“M4 _ shortened to Tpl.eGFP - labels Notch-
responsive cells including the CACs with green fluorescence and 7g(7plglob.hmgbl-
mCherry)"2 - Tp1:nuc-mCherry - labels CAC nuclei with red fluorescence (Parsons et al.,
2009). The TgBAC(cftr-cftr-gfn)*®2%4! transgenic line expresses a Cftr-GFP fusion protein
in the endogenous cftrexpression domain (Navis et al., 2013). sox96™313 s a null allele of
sox9b (Manfroid et al., 2012); hence, wildtype, heterozygotes and homozygotes are referred
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to as sox9b™*, sox9b*'~ and sox9b7!~. These fish were genotyped as described elsewhere
(Delous et al., 2012). Tg(HS4-sst2:CFP;ins:PhiYFP-m-destl-2TA-nfsB)mMc009 (abbreviated
to /ns:NTR) was used to perform B-cell ablation (Delaspre et al. 2015).

2.2. In situ Hybridization and Immunofluorescence

5 dpf larvae were fixed in 4% PFA at 4°C overnight (Parsons et al., 2009). /n situ
hybridization was performed on dissected larval pancreata. The primer sequences used to
generate the ribo probes as follows: col2aiaF, GATTGCTGGATTCACGGACTCT;
colZalaR, TCACCGGGCAGACCACGAGGAC; neuroDF,
TCACAGCAGCTCCCAAGACGAAC; neuroDR, AGACCCGCTGCCTGATAGTGC;
sox9bF, TCGATGTTAATGAGTTCGA,; sox9bR, CTATGGAAACCCTCAGGTTA. Images
were recorded using a Nikon AZ100 microscope.

Immunofluorescent staining was performed on dissected larval pancreata and on adult
paraffin sections (Parsons et al., 2009). The following antibodies were used: anti-Nkx6.1
(1:100, Developmental Studies Hybridoma Bank, F55A1), anti-insulin (1:500, Dako), anti-
glucagon (1:500, Dako), anti-GFP (1:500, Life Technologies), anti-dsRed (1:500, Clontech),
anti-Sox9b (1:100, this study), and fluorescently conjugated 2° antibodies (1:400, Jackson
ImmunoResearch Labs Inc).

To produce the Sox9b antibody, cDNA from 27 hour post fertilization (hpf) embryos was
used to amplify a 356 bp fragment of sox96 cDNA using the following primers: 5’-
gtacggatccatggggccggecggtgeag-3’, and 5’-gtacgaatcctcagggtcetggacagetgtgtg-3°. The
amplified sox9b cDNA was cloned into the pGEX4T1 vector, followed by the purification of
recombinant Sox9b protein (amino acids 290-407) from E. coli. The purified recombinant
Sox9b protein was used as an antigen to generate anti-Sox9b antibody in rabbit (Pacific
Immunology, CA), followed by affinity purification. For anti-Sox9b immunofluorescence, 5
dpf larvae were fixed in fresh 4% PFA overnight at 4°C. Following PBST washes, pancreata
were dissected and permeabilized in acetone for 7 minutes at —20°C. Pancreata were then
washed in PBST and staining proceeded as above.

2.3. Confocal Imaging

Dissected larval pancreata were mounted in fluorescent mounting medium (Dako) and
imaged with a Nikon Al-si Laser Scanning Confocal Head mounted on a TiE inverted
microscope through a Plan Apo 20x VC (N.A. 0.75) (Nikon). Acquisition and analysis was
performed using NIS-Elements software (Ver 3.22, build 710). All the fluorescent images
are merged to DIC view. Cell number was quantified by counterstaining nuclei with DAPI
(1:2000) and counted using NIS-Elements software (Nikon) or ImageJ.

2.4. Drug Treatments

Unless otherwise stated in the text, drug treatments were performed as follows. Compounds
were made into 10 mM stock (in DMSO) and diluted in E3 media (Westerfield, 2000) to 50
UM All-trans retinoic acid (RA; Sigma, R2625), 50 pM N-[N-(3, 5-Difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma, D5942), and 10 uM
Diethylaminobenzaldehyde (DEAB; D86256, Sigma). Larvae were incubated in drug until 5
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dpf in the dark at 28 °C. 4-Hydroxytamoxifen (4OHT; Sigma, T176) was dissolved in 100%
ethanol to make a 10 mM stock solution. Embryos were incubated in E3 medium with 5 uM
40HT and kept in the dark at 28°C for 24 hours, then washed in fresh E3. To ablate { cells,
30 mM metronidazole (MTZ, M3761, Sigma) in PBS was intra-coelomically (ic) injected
into adult /ns:NTR fish at a dose of 0.25 g/kg of body weight. Control fish were injected
with PBS.

2.5. Quantitative RT-PCR

Zebrafish larvae were incubated in the dark with 50 uM RA from 4-5 dpf, and DMSO
treated larvae were used as control. pPCR was performed on pools of 10 pancreata in 3
independent experiments. Total RNA was extracted from dissected larval pancreata and
purified using RNeasy Mini Kit (Qiagen). For gRT-PCR from whole embryos, ~15-20
embryos were pooled and RNA was extracted using TRIzol (Thermo Fisher Scientific). In
both experiments, cDNA was generated using SuperScript 111 Reverse Transcriptase
(Thermo Fisher Scientific) with random hexamer primers. Quantitative PCR was run using
iQ SYBR Green Supermix (Bio-Rad) on a CFX96 Real-Time System (Bio-Rad) and fold
change in expression was calculated using the AACt method. rp/13a, thp, and rnap were used
as reference genes for dissected pancreata (McCurley and Callard, 2008; Tang et al., 2007),
and e/fawas used as a reference gene for whole embryos (McCurley and Callard, 2008).

2.6 Western Blotting

For western blotting, genotyped 9 dpf wildtype or sox96™313 heterozygous larvae were
pooled and lysed in Laemmli loading buffer. The equivalent of 1.7 larvae were loaded into
each lane. Following blotting, anti-Sox9b (1°, 1:1000) and anti-rabbit-lgG-HRP (2°,
1:100,000) were detected using Supersignal Femto substrate (Thermo).

2.7 Glucose assays

Adult fish were fasted for 24 hours, sacrificed, and blood glucose measured using a
OneTouch Ultra (LifeScan) glucose meter (Eames et al., 2010).

2.8 Statistical analysis

3. Results

Significance was assessed using Student's t test and probability (p) is provided.

3.1. RA and Notch signaling regulate sox9b expression in larval CACs

To better understand the mechanism mediating the actions of RA on CAC differentiation
(Figure 1A), we tested the effects of RA treatment on the expression of a number of
transcription factors known to be important in pancreas development. Using whole mount /n
situhybridization we found that expression of sox9b, but not padx1, hb9or neuroD (data not
shown) was significantly increased in larval pancreata treated with RA from 3-5 days post
fertilization (dpf) compared to control (Figure 1B—C). This effect on sox9b expression was
verified by quantitative RT-PCR (Figure 1G). Conversely, expression of sox9b was
unchanged in larvae treated with the RA-signaling inhibitor DEAB from 3-5 dpf (Figure
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1D). As previously reported, treating larvae with the Notch inhibitor DAPT reduced sox9b
mMRNA levels (Delous et al., 2012) (Figure 1E) but co-treatment with RA and DAPT restored
sox9b expression in the larval CACs (Figure 1F) (Huang et al., 2014). Using detection of
Nkx6.1, a marker of larval CACs (Huang et al., 2014), we quantified CAC numbers (Figure
1H) and found that loss of Notch-signaling by DAPT treatment leads to loss of this cell type.
CAC proliferation was unaffected by DAPT and/or RA treatment (Supplemental Figure 1).
Although addition of RA to the DAPT treatment rescues sox9b expression, RA does not
prevent the differentiation of Nkx6.1-positive CACs. This observation is consistent with
CACs differentiating to become cells of a non-endocrine fate.

To further explore the fate of CAC progenitors differentiating to a non-endocrine fate, we
examined expression of cftr.cfir-gfo, another CAC marker (Delaspre et al., 2015; Navis and
Bagnat, 2015), and 2F11, a marker of ductal epithelium (Zhang et al., 2014), following
treatment with RA and/or DAPT from 3-5 dpf. Compared to DMSO control, expression of
cftr.cftr-gfp in the intrapancreatic duct was unaffected by treatment with RA alone (Figure
2A-B), but was abolished in DAPT treated larva (Figure 2C). cftr.cftr-gfp expression could
not be rescued by co-treatment with DAPT and RA (Figure 2D). These observations parallel
the loss of Nkx6.1 expression in CACs under the same conditions. Conversely, expression of
the ductal marker 2F11 was unaffected by treatment with DAPT and/or RA (Figure 2E-H).
We conclude that, following inhibition of Notch signaling, CACs that do not differentiate
toward an endocrine fate lose their endocrine progenitor status and retain ductal epithelium
identity. RA signaling may thus act downstream of Notch signaling during endocrine
differentiation of CACs.

3.2. Generation of new cre-responder lines to study gain and loss of Sox9b function

Our initial results showed that both RA levels and Notch activity influence sox9b
expression. Sox9 is a known downstream target of Notch signaling in the pancreas (Delous
et al., 2012; Shih et al., 2012) and from our new observations, we hypothesized that RA
signaling in CACs influences Sox9b activity. To test this hypothesis, we set out to study gain
and loss of Sox9b function in larval CACs using an inducible cre/lox system. We first
created sox9b cre responder and truncated-sox9b cre responder transgenic lines. Following
cre-directed recombination, the sox9b cre responder line is designed to constitutively
expresses Sox9b and mCherry (Figure 3A and Supplemental Figure 2A); whereas, the
truncated-sox9b cre responder expresses a truncated form of Sox9b (trSox9b) designed to
act in a dominant-negative fashion (Lefebvre et al., 1997) and mCherry (Figure 3F and
Supplemental Figure 2A).

Before testing CAC-autonomous phenotypes, we first validated both the new cre-responder
lines by observing the effects of widespread cre-activation by generating fish transgenic for
our cre-responder lines and our ubiquitous creER™? driver | Tg(B-actin:GFP-F2A-
creERT2YM29] (Wang et al., 2011). These fish were treated continuously with 5 uM 4-
hydroxytamoxifen (4OHT) starting in the first hour of development to induce constant and
widespread cre activity. Observations from both cre-responder lines demonstrated
widespread mCherry expression by 24 hpf, indicating successful excision of the loxP
flanked sequences and the co-expression of a fluorescent reporter and either full length or
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truncated Sox9b (Figure 3D, I). Continuous expression of ectopic Sox9b was shown to be
deleterious to development. Ubiquitous Sox9b expression during the first 72 hours of
development led to an aberrant phenotype including pericardial edema, heart malfunction,
and underdevelopment of the jaw (Figure 3B, D). This aberrant morphology is concomitant
with increased expression of the well-known Sox9b-target gene, col2ala (Yan et al., 2002;
Yan et al., 2005) (Figure 3C, E). As predicted, ectopic expression of truncated Sox9b also
leads to abnormal development. By 5 dpf, fish expressing widespread trSox9b displayed
pericardia edema and underdeveloped jaws and pectoral fins (Figure 3G, H, J, K). This
phenotype is more severe than is seen in null mutations of sox9b but is reminiscent of
double null sox9a/sox9b phenotype (Yan et al., 2005). This result suggests that truncated
Sox9b does act as a dominant negative form but most likely also inhibits the actions of its
paralog, Sox9a, and potentially other closely related Sox transcription factors. However,
over expression of neither full length nor truncated Sox9b affected sox9a expression levels
(Supplemental Figure 2B). Additionally, we were unable to observe that expression of
colZalawas affected by expression of the truncated Sox9b (Figure 3l, L), indicating that
other Sox9b-independent factors may maintain its expression.

Having validated our ability to cause cre-dependent expression of both full length and
truncated Sox9b in a temporally controlled manner, we next tested limiting expression to
just the pancreatic progenitors. To overexpress either Sox9b or trSox9b in CACs, we crossed
our new cre-responder lines with our Notch-responsive creER'Z driver fish (Delaspre et al.,
2015; He et al., 2014; Wang et al., 2011). The resulting double transgenic larvae were
incubated with 40HT from 2-3 dpf to induce overexpression of either Sox9b or trSox9b in
larval CACs. At 5 dpf in both sets of fish the mCherry label was co-expressed with the CAC
marker Nkx6.1 (Figure 4A-B, D-E). By quantifying the percentage of Nkx6.1 positive
CACs that were labeled with mCherry, we showed that both our new cre-responder lines
were efficient in directing CAC-specific 4OHT-dependent cre-recombination (sox9b cre-
responder - 96.5%%3% SD, 8 pancreata imaged and trsox9b cre-responder 93.1%+3.2% SD,
9 pancreata imaged). By counting numbers of Nkx6.1 positive CACs in double transgenic
larvae in 40OHT treated and untreated controls, we concluded that overexpression of Sox9b
in larval CACs from 2 — 3 dpf does not significantly affect CAC number compared to
vehicle controls (105.9+18.4 SD v598.8+12.1 SD, p>0.05, Figure 4C). Ectopic expression
of trSox9b lead to a significant reduction in CAC number (80.7+13.5 SD vs 109.5+10.1 SD
in vehicle controls, p<0.001, Figure 4F). CAC numbers could be even further reduced by
inducing expression of truncated Sox9b earlier in development between 1.5 — 2.5 dpf
(67.1+13.5 SD vs 112.5+21.3 SD in controls, p<0.001, Figure 4F). A reduction in CAC
numbers following induction of trSox9b expression is reminiscent of the pancreatic
phenotype in sox9b null larvae where CAC numbers are reduced (Delous et al., 2012;
Manfroid et al., 2012). Our observations are consistent with trSox9b expression inhibiting
Sox9b function, which is required for pancreatic progenitor specification and maintenance

3.3 The effect of exogenous RA treatment on larval CACs is dependent on Sox9b activity

2° islet production can be induced by DAPT treatment and blocked by exogenous RA
treatment (Huang et al., 2014; Rovira et al., 2011). We set out to test if changing Sox9b
activity in CACs would alter the actions of DAPT and RA. To facilitate studying the effects
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of either Sox9b or trSox9b overexpression on 2° islet formation, we crossed our double
transgenic fish conditionally expressing either Sox9b or trSox9b with the neuroD:GFP
transgenic line, which carries a pan-endocrine GFP reporter allowing visualization of 2° islet
cells in the tail of the pancreas (Huang et al., 2014). As outlined in Figure 5A, triple
transgenic larvae were first treated with 4OHT from 2-3 dpf to induce expression of
mCherry and either Sox9b or trSox9b. Larvae displaying red fluorescence were collected
and further incubated from 3-5 dpf with one of the following treatments: DMSO (negative
control), DAPT, RA or DAPT+RA. Vehicle treated larvae, in which no cre-recombination
was induced were treated with the same drug regime from 3-5 dpf for comparison.

As expected, larvae treated with just DMSO (Figure 5B, 5K) or exogenous RA (Figure 5D,
5M) had very few 2° islet cells. Additionally, 4OHT-dependent expression of neither Sox9b
(Figure 5C, 5E) nor trSox9b (Figure 5L, 5N) had any influence on 2° islet number.
Conversely, Notch-signaling via DAPT treatment dramatically increased the number of 2°
islet cells, as expected (Figure 5F and 50).

Two different experimental paradigms attenuated the DAPT induction of 2° islet formation.
First, 4OHT-directed over-expression of Sox9b expression prior to Notch signaling
inhibition (4OHT+DAPT) significantly reduced the average number of 2° islet cells/
pancreas (3.9+0.3 SE 2° islet cells vs 10.4+0.5 SE in DAPT treated controls, p<0.001,
Figure 5F-G). Second, as previously shown (Huang et al., 2014; Rovira et al., 2011), adding
RA to the DAPT treatment blocked CAC differentiation towards an endocrine fate (vehicle
+RA+DAPT, Figure 5H and 5Q). These two observations demonstrated that Sox9b
overexpression in larval CACs has the same outcome as exogenous RA treatment.

This capacity of RA to mitigate the effects of DAPT treatment was unaffected by Sox9b
over-expression (Figure 51) but was abolished in the presence of the dominant negative
trSox9b form. In larvae induced to express trSox9b and treated with both RA and DAPT
(Figure 5R), the average number of 2° islet cells per pancreas was similar to larvae treated
with DAPT alone and significantly higher than detected in vehicle+RA+DAPT treated
controls (8.0 £0.5 SE vs 2.9 +0.3 SE, p<0.001 Figure 5Q). Overall, these results are
summarized in Figure 5J and Figure 5S.

From our work with the transgenic lines, we conclude that normal levels of Sox9b activity
are required in CACs to mediate the effects of exogenous RA on 2° islet formation. To verify
these results using an independent method, we took advantage of fish carrying a nonsense
allele of sox9b, soxb™313 (Delous et al., 2012; Manfroid et al., 2012). Blocking Sox9b
activity either in sox96™313 homozygous mutant fish or by over expression of truncated
sox9b results in fewer CAC progenitors available to produce new endocrine cells (Delous et
al., 2012; Manfroid et al., 2012). Therefore, we focused on examining sox9b heterozygous
larvae. To examine whether sox96™313 heterozygous larvae have a reduced dosage of Sox9b
protein we first generated an antibody specific to Sox9b (Supplemental Figure 3). To
demonstrate the specificity of this antibody, we performed immunofluorescence staining on
5 dpf pancreata in which the nuclei of Notch-responsive cells (including CACs) are labelled
with mCherry (7p1.:nuc-mCherry). As can be seen in Figure 6A, Sox9b co-localized to
nuclear mCherry within CACs. Using this new antibody on Western blots of whole larval
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lysate showed that sox96™323 heterozygous larvae express significantly less Sox9b when
compared to wildtype (Figure 6B, 9 dpf, pool of 10 larvae each).

Next, we incubated wild-type and sox96™313 heterozygous larvae with DAPT from 3-5 dpf
and used whole mount /n situ hybridization to detect neuroD expression. Since this method
is not suitable for counting numbers of individual 2° islet cells, we instead counted numbers
of 2° islets to gauge levels of endocrine differentiation. As previously observed, DAPT
treatment induced precocious 2° islet formation in the wild-type controls. Additionally, as
expected, sox9b™313 heterozygotes developed with wild-type numbers of CACs (Figure 6C,
E, G).

To further test the hypothesis that Sox9b function is required for RA to block CAC
differentiation, we incubated wild-type and sox96™313 heterozygous larvae with RA+DAPT
from 3-5 dpf. As we have previously shown, wild-type larvae treated with RA+DAPT had
fewer 2° islets per pancreas than fish treated with DAPT alone (1.4+1.60 SD vs 7.13+2.32
SD, p<0.001 Figure 6C-D, H) (Huang et al., 2014). On the other hand, the ability of RA to
mitigate DAPT-induced differentiation was significantly diminished in sox96*/~
heterozygotes compared to wildtype (5.1+£2.0 vs 1.4+1.6 SD, p<0.001, Figure 6E-F, H).
This finding is consistent with our previous result using our truncated-sox9b cre responder
fish to express a dominant negative form of Sox9b in larval CACs (Figure 5Q, S). Taken
together, our results show that impeding Sox9b function prevents exogenous RA from
blocking CAC differentiation into endocrine cells. Along with our observations of RA
induced expression of sox9b, we conclude that Sox9b mediates the CAC response to RA
stimulation. As such, Sox9b function is pivotal in transducing both Notch and RA signaling
in pancreatic endocrine progenitors.

3.4 Sox9b haploinsufficiency affects p-cell regeneration

From our studies above, it was clear that sox967513 heterozygous larvae possess a
haploinsufficient phenotype affecting the regulation of CAC endocrine differentiation during
development. Accordingly, we wondered whether Sox9b function might also be important
during CAC differentiation in an adult setting. As sox96™313 homozygous adults display
severe cholestasis (Delous et al., 2012), we focused on examining adult heterozygotes. We
first examined whether there was a gross morphological phenotype in the pancreata of adult
50x9b™313 heterozygotes. According to gross histology, (Figure 7A-B), numbers of CACs
(Figure 7C-D, E), or a to B cell ratio (Figure 7F-G) we detected no significant difference
between wild-type and sox96313 heterozygous pancreas (Figure 7E, H).

To test if there is a sox9b haploinsufficient phenotype affecting CAC differentiation, we took
advantage of our /ns:NTR fish where B-cell-specific ablation can be induced by
metronidazole (MZT) treatment (Delaspre et al., 2015; Moss et al., 2009; Pisharath et al.,
2007). Following ablation, we tested if CAC contribution to p-cell regeneration was affected
in sox96313 heterozygous adult fish. The level of blood glucose in wild-type fish is an
average of 63 mg/dL (£17.6 SD), rising to an average of 491 mg/dL (z 65 SD) three days
after B-cell ablation (Delaspre et al., 2015; Eames et al., 2010). We performed p-cell
ablation in ins:NTR; wild-type (control) and /ins:NTR; sox9b™313 heterozygous siblings and
measured blood glucose after 7 days, a time point at the halfway mark for normal recovery
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(Delaspre et al., 2015). While the control fish still had elevated average blood glucose levels
of 131.6 mg/dL (+ 30 SD), sox96™313 heterozygous fish had a significantly lower average
blood glucose concentration of 78.6 mg/dL (+ 28 SD), consistent with a return to normal
blood glucose levels (p<0.0001, Figure 71).

We then sectioned recovering pancreata 7 days after p-cell ablation, and quantified numbers
of regenerated B cells. Regenerated B cells can appear in three different structures; single
cells, small clusters and within pre-existing islets (Figure 7J). We saw no difference in
numbers of B cells reappearing in pre-existing islets from sox96™313 heterozygous and wild-
type samples (data not shown); however, we did see significantly more single  cells and B-
cell clusters in sox9b™313 heterozygotes when compared to controls. Heterozygous fish
showed 1.71 (x 1.15 SD) single B cells per analyzed section while controls showed 0.57

(£ 0.42 SD) (p<0.05, Figure 7K). p cells presenting as single cells are consistent with B-cell
neogenesis from progenitors and transiently appear during regeneration but are harder to
find in uninjured pancreata (Delaspre et al., 2015). We conclude, therefore, that these
physiological and morphological differences observed between wildtype and sox967513
heterozygotes suggest sox9b haploinsufficiency is associated with accelerated regeneration
and is consistent with enhanced differentiation of CACs.

4. Discussion

We have previously demonstrated that RA and Notch signaling pathways act in concert to
regulate CAC differentiation into endocrine cells (Huang et al., 2014). We showed that RA
could block DAPT-induced CAC differentiation into endocrine cells (Rovira et al., 2011).
Together these observations suggested that there are common downstream targets shared by
both RA and Notch signaling pathways. In this study, we concluded that Sox9b is a likely
intermediate in the signal transduction from both the Notch and RA pathways in CAC
pancreatic progenitors. Thus, we have developed a model for the control of endocrine
differentiation of CAC progenitors in the larval zebrafish pancreas (Figure 8). In this model,
Notch signaling is the dominant mechanism restricting differentiation. Notch signaling
restricts differentiation in part by promoting a Sox9b positive feedback loop within
progenitors, and DAPT inhibition of Notch signaling leads to precocious endocrine
differentiation. In an independent secondary mechanism, RA signaling also promotes Sox9b
activity to inhibit differentiation. Exogenous RA is enough to completely block precocious
endocrine differentiation induced by DAPT Notch inhibition. Importantly, Sox9b activity is
necessary and sufficient for RA signaling to impart this effect.

It seems likely that Sox9 also plays a central role in integrating differentiation signals in
pancreatic progenitors in other organisms as well. Classically, Notch signaling regulates
progenitor differentiation through the action of members of the Aairy and enhancer of split
class of bHLH transcription factors (Bray, 2006). For instance, Notch signaling regulates
pancreatic progenitor differentiation in the mouse, at least in some part through the actions
of Hes1 (Apelqvist et al., 1999; Kopinke et al., 2011). We have identified several hairy
related genes that are expressed in larval and adult zebrafish CACs, including: Aer6and
her15 (Delaspre et al., 2015). Ongoing work will attempt to establish if these genes are
important in zebrafish CAC biology. Aside from Heshomologues, an ever-increasing body
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of work suggests that Sox9 plays a role in transducing Notch signaling in endocrine bipotent
progenitors in the mouse (Apelgvist et al., 1999; Delous et al., 2012; Jensen et al., 2000b;
Lynn et al., 2007; Seymour et al., 2007; Shih et al., 2012).

On the other hand, although RA is a well-known regulator of pancreas development, little is
known about its downstream transcriptional effectors in pancreatic progenitors. Several
studies in mouse and Xenogpus suggest that RA signaling influences the expression of
another important master regulator of pancreas development, Pdx1 (Chen et al., 2004;
Kumar et al., 2003; Micallef et al., 2005). Interestingly, recent work in mouse has
demonstrated that Pdx1 and Sox9 regulate the specification of pancreatic progenitors in
concert and that a positive feedback loop between Pdx1 and Sox9 maintains the pancreas
fate (Shih et al., 2015). Thus, RA signaling may influence Sox9b activity indirectly by
regulating its cofactors. Alternatively, RA signaling is well known to broadly affect
chromatin state, transcription factor activity, and ultimately cellular differentiation by
directly regulating the expression of nuclear lamins (Swift and Discher, 2014).
Consequently, during CAC differentiation RA may work to direct a large network of
transcriptional changes, in which Sox9b plays a central role.

In previous work, we showed evidence that the acinar cells of the developing 5 dpf larval
pancreas are enzymatically capable of generating a local source of RA and that larval CACs
are actively responding to RA signaling (Huang et al., 2014; (Rovira et al., 2011). Later in
larval development (15 dpf), specific epithelial cells express the enzyme, Aldehyde
dehydrogenasel (Aldhl). Aldhl activity is integral in RA synthesis, hence, these Aldhl
positive cells are another potential source for local RA (Matsuda et al., 2013). We showed
that loss of RA signaling leads to heightened CAC differentiation and endocrine production
(Huang et al., 2014; Rovira et al., 2011). Alongside the work presented here, these results
are consistent with local sources of RA acting upon larval CACs to regulate Sox9b activity
that in turn impedes CAC differentiation to endocrine cells. However, other downstream
effectors of RA signaling in CACs are likely also important during endocrine differentiation.

There are significant differences between the individual effects of Notch and RA on CAC
differentiation. Using the CAC markers Nkx6.1, sox9b, and cfir:cfir-gfp, it is clear that
Notch inhibition by DAPT treatment causes differentiation and loss of CAC identity. Yet, a
minor portion of CACs differentiates to become endocrine cells. Co-treatment with RA and
DAPT, however, blocks the production of any endocrine cells while still extinguishing
Nkx6.1 and cftr-gfp expression. In contrast to DAPT alone, RA plus DAPT leads to
retention in expression of both sox9b and the duct marker 2F11. These observations are
consistent with Notch inhibition in combination with exogenous RA causing a loss of CAC
endocrine progenitor capacity but retention of ductal epithelial identity. One interpretation is
that Notch and RA influence different parts in a CAC differentiation pathway with RA
downstream of Notch activity. An alternative hypothesis is that RA signaling only blocks
CAC differentiation to endocrine fate whereas Notch signaling blocks all CAC
differentiation.

In this report we used two different methods and showed that Sox9b function is required for
RA-dependent restriction of CAC differentiation. Furthermore we diminished Sox9b activity

Dev Biol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al. Page 12

in adult zebrafish leads to accelerated recovery of blood-glucose levels following B-cell
ablation concomitant with enhanced progenitor differentiation. Discovering that diminished
Sox9b activity leads to expedited differentiation is consistent with the findings of others that
established Sox9 homologs as being essential for maintenance of progenitor populations
(Belo et al., 2013; Seymour et al., 2007). We are now exploring a model where Sox9b, via
its downstream targets, maintains CACs by promoting self-renewal and restricting
differentiation. It is now important to identify these downstream targets and ascertain if they
can be exploited to facilitate progenitor differentiation as part of a diabetes treatment.
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Highlights

sox9bis downstream of Notch and RA signaling pathways in pancreas
progenitors

Transgenic tools to express full length and dominant negative sox9b are
created

sox9bis necessary and sufficient for RA to block progenitor
differentiation

sox9b halploinsufficiency leads to accelerated endocrine regeneration
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Figure 1. RA and Notch signaling both influence larval CAC expression of sox9b
(A) Model of the regulation controlling larval CAC differentiation towards an endocrine

fate. Notch signaling blocks differentiation that can be overcome by the Notch-inhibitor,
DAPT. RA also impedes differentiation, an action that can be inhibited either by blocking
RA synthesis with diethylaminobenzaldehyde (DEAB) or signal transduction with a
dominant negative RA receptor (ANRAR). DAPT and DEAB work synergistically to inhibit
CAC differentiation, suggesting a shared mechanism downstream of Notch and RA
signaling (Huang et al., 2014). (B-F) Images of dissected larval foregut following whole
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mount /n situ hybridization to detect sox9b expression. Larvae were treated from 3-5 dpf
with DMSO (B), RA (C), DEAB (D), DAPT (E) or RA+DAPT (F). White dashed lines
outline pancreata. Scale bar = 100 um (F). (G) Quantitative RT-PCR results indicate that
sox9b expression is significantly increased in dissected larval pancreata following RA
treatment from 4-5 dpf; t-test *p<0.01. (H) Quantification of the number of Nkx6.1+ CACs
in larval pancreata at 5 dpf after drug treatment from 3-5 dpf. Error bars indicate SD.
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Figure 2. RA and Notch signaling have separate effects on CAC differentiation
(A-D) Images of 5 dpf cftr.cfir-gfp dissected foregut following drug treatment. GFP signal

is abolished in larvae treated with DAPT (C) and RA+DAPT (D). (E-H) Images of
anti-2F11 staining in 5 dpf dissected foregut following drug treatment. Expression of the
ductal epithelial marker 2F11 is maintained under all treatment conditions. Larvae were
incubated from 3-5 dpf with DMSO (A, E), RA (B, F), DAPT (C, G), or RA+DAPT (D,
H). White dashed lines outline pancreata. Scale bar = 100 pm.
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Figure 3. Inducible systems to overexpress Sox9b or dominant-negative Sox9b
(A) sox9band (F) trsox9b cre responder constructs used to make new lines. 7o0/2arms (grey

triangles) facilitate transgenesis. Following cre-recombination between LoxP sites (black
triangles), both the eCFP gene (blue) and stop sequences (yellow) are removed allowing
ubiquitous expression of either sox96-2ZA-mCherry (A) or trsox9b-2ZA-mCherry (F) to be
driven off the ubb promoter/enhancer. Due to 2A sequence (green), either Sox9b (A) or
trSox9b (F) will be expressed as separate proteins along with mCherry. Double transgenic
larvae for the ubiquitous creERZ driverand either sox9b cre-responder (B—E) or trsox9b
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cre-responder (G-J). (B, D, G, J) Merged fluorescence images of the larvae at 72 hpf to
detect both eCFP in blue and mCherry in red. (C, E, I, L) Results of whole mount /in situ
hybridization on 24 hpf larvae to detect the known Sox9 target gene co/Zala. (H, K) Bright
field dorsalimages at 72 hpf. From 4 hpf, fish in (B, C, G-I) were treated with vehicle and
fish in (D, E, J-L) were treated with 5 uM 40OHT. 40HT treatment leads to induction of
mCherry expression (D and J) concomitant with abnormal gross development due to Sox9b
overexpression (D) and trSox9b expression (J-K). Overexpression of Sox9b also caused
increased expression of the Sox9 target gene co/2ala (E). Scale bars = 500 pm.
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Figure 4. Inducible expression of Sox9b and truncated Sox9b in CAC pancreatic progenitors
(A, B and D, E) Confocal images of 5 dpf pancreata dissected from double transgenic larvae

for the Notch-responsive creER™? driver and either sox9b cre-responder (A, B) or trsox9b
cre-responder (D, E) showing localization of Nkx6.1 (green) and mCherry (red). Transgenic
larvae were treated with vehicle (A, D) or 40HT (B, E) from 2-3 dpf. The numbers of
double positive (green/red) cells were quantified (C, F). Overexpression of Sox9b did not
significantly affect numbers of Nkx6.1 positive CACs (C); however, 40HT induction of
trSox9b significantly reduced CAC numbers, an effect that was heightened if 4OHT
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treatment was performed even earlier in development (1.5-2.5 dpf, F). Scale Bar = 100 pm,
*p<0.05, **p<0.001.
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Figure 5. RA regulates CAC differentiation through action of Sox9b
(A) Experimental timeline of 4OHT-dependent induction of either Sox9b or truncated-Sox9b

expression. 40HT was applied from 2-3 dpf, and drugs (either DMSO (vehicle), RA, DAPT
or RA+DAPT) from 3-5 dpf. (B-I, and K-R) Confocal images of 5 dpf dissected pancreata
from larvae transgenic for the Notch-responsive creER'Z driver, a pan-endocrine marker
neuroD:GFP and either the sox9b cre responder (B—1) or the truncated sox9b cre responder
(K-R). All larvae were incubated from 2-3 dpf with either vehicle or 4OHT (as indicated).
Next, vehicle and 40OHT treated larvae were incubated from 3-5 dpf with either: DMSO (B,
C,K,L),RA (D, E, M, N), DAPT (F, G, O, P), or RA+DAPT (H, I, Q, R). 2° islet cells are
marked by GFP (white arrow heads) and seen in the tail of the pancreas. White dashes
outline the pancreata. Scale bar = 100 um. Average number of 2° islet cells/pancreas in
larvae transgenic for the Nlotch-responsive creER'? driverand Tg(neuroD:GFP)" and
either the sox9b cre responder (J) or the truncated sox9b cre responder (S). N = number of
larval pancreata quantified. Error bar represents SE; *p<0.01, **p<0.001.
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Figure 6. sox9b haploinsufficiency impedes the effects of RA on CAC differentiation
(A) Immunofluorescence staining using a Sox9b antibody in 5 dpf pancreata expressing

Tp1:nuc-mCherry. Sox9b expression co-localizes with nuclear mCherry in CACs (white
arrows). Pancreas is outlined in dashed line. Scale bar = 20 um. (B) Western blot
demonstrating that Sox9b expression is reduced in sox96™313 heterozygous larvae. (C—F)
Images of dissected pancreata from 5 dpf larvae with the following genotype: (C-D)
wildtype (sox9b''*) (E-F) sox96™313 heterozygous (sox96*"). in situ hybridization for
neuroD was used to detect 2° islets. Larvae of differing genotypes (as indicated) were treated
from 3-5 dpf with either DAPT (C, E) alone or RA+DAPT (D, F). 2° islets are indicated by
black arrow heads. White dashes outline the pancreata. Scale bar = 100 pum. (G) Numbers of
CACs quantified using expression of 7p1.eGFPin pancreata from 5 dpf larvae, genotyped as
indicated. Heterozygotes do not have significantly different numbers of CACs compared to
wildtype. (H) Numbers of 2° islets/pancreas from genotyped larvae after being treated with
DAPT alone or RA+DAPT. Error bar represents SD; **p<0.001.
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Figure 7. B-cell regeneration is accelerated in adult sox9b heterozygous fish
Hematoxylin and eosin stained sections of adult pancreata from: A) wildtype (here on

sox9b*"*); and, B sox9b™313 heterozygotes (here on sox9b*~). Exocrine (exo) and islet (is).
(C, D) Detection of CACs using immunofluorescent detection of Nkx6.1 and GFP on
pancreas sections from fish transgenic for the Notch-responsive reporter and either sox9b*"*
(C) or sox9b*'~ (D). Double positive (Nkx6.1+/GFP+) cells were quantified and show no
significant difference between sox96*'* and sox9b*'~ (E). (F, G) Immunofluorescent
detection of glucagon (green) and insulin (magenta) to label a and B cells in sox96™* (F)

Dev Biol. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Huang et al.

Page 27

and sox96*'~(G) adult pancreata. (H) a. to @ ratio showed no significance difference
between islet composition from sox9b*'* and sox9b*!~ fish. (1-K) After B-cell ablation,
sox9b*!~ adult fish showed better capability of B-cell regeneration compared to sox96*'*. (1)
Blood glucose at 7 days post p-cell ablation shows significantly lower blood glucose levels
in sox9b*’~ (N = 13) compared to sox96™* (N = 14). (J) Representative immunofluorescent
images of single p cells, small p-cell clusters and pre-existing islets. (K) Number of single B
cells 7 days post B-cell ablation was significantly higher in sox96*'~ (n = 8) than that in
sox9b*"* (n = 6). Each dot represents the average number of single B cells observed per
section from one fish. 18-20 transverse paraffin sections for each fish were examined. In this
manner we analyzed the majority of pancreatic tissue for all 4 lobes. *p < 0.05, ****p <
0.0001.
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Figure 8. Model of Sox9b regulation of CAC differentiation
Our hypothesis is that Sox9b mediates both Notch and RA signaling in a cell autonomous

fashion to restrict CAC differentiation. In this model, Notch is the dominant mechanism
restricting endocrine differentiation, and promotes a positive feedback loop of Sox9b
activity. In a secondary mechanism, RA induces Sox9b activity to inhibit endocrine
differentiation of CACs. Inhibition of Notch signaling using DAPT leads to the precocious
differentiation of CACs toward an endocrine fate. However, addition of exogenous RA can
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completely abolish DAPT induced differentiation. Sox9b activity is necessary and sufficient
for the ability of exogenous RA to block CAC differentiation.
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