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Abstract

Background and Aims: Paucity of intrahepatic bile ducts is caused by various etiologies and
often leads to cholestatic liver disease. For example, in patients with Alagille syndrome (ALGS),
which is a genetic disease primarily caused by mutations in JAGZ, bile duct paucity often results
in severe cholestasis and liver damage. However, no mechanism-based therapy exists to restore
the biliary system in ALGS or other diseases associated with bile duct paucity. Based on previous
genetic observations, we investigate whether postnatal knockdown of the glycosyltransferase gene
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Poglutl can improve the ALGS liver phenotypes in several mouse models generated by removing
one copy of JagZ in the germline with or without reducing the gene dosage of Sox9in the liver.

Approach and Results: Using an antisense oligonucleotide (ASO) established in this study,
we show that reducing Poglutl levels in postnatal livers of ALGS mouse models with moderate
to profound biliary abnormalities can significantly improve bile duct development and biliary tree
formation. Importantly, ASO injections prevent liver damage in these models without adverse
effects. Furthermore, ASO-mediated Pog/utl knockdown improves biliary tree formation in a
different mouse model with no JagZ mutations. Cell-based signaling assays indicate that reducing
POGLUT1 levels or mutating POGLUT1 modification sites on JAG1 increase JAG1 protein level
and JAG1-mediated signaling, suggesting a likely mechanism for the observed /n vivo rescue.

Conclusions: Our preclinical studies establish ASO-mediated POGLUTI knockdown as a
potential therapeutic strategy for ALGS liver disease and possibly other diseases associated with
BD paucity.
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Introduction

Alagille syndrome (ALGS) is a multisystem developmental disorder involving the liver,
cardiovascular system, kidney, and skeletal system among other organs.[1:2] ALGS is caused
by autosomal dominant mutations in JAGZ (95%) or NOTCHZ (2-3%), which encode key
components of the Notch signaling pathway.[3-8] The characteristic feature of ALGS is
intrahepatic bile duct (BD) paucity, defined as a significant decrease in the average number
of BD per portal vein (PV).[2] BD paucity results in severe cholestasis in many ALGS
patients and often leads to end-stage liver disease.

With an estimated frequency of 1:30,000, ALGS is the most common genetic disease
resulting in intrahepatic cholestasis.[®] Standard of clinical care for BD paucity is directed
towards reducing intrahepatic bile accumulation by altering the flow through surgery or
modifying the enterohepatic bile acid transport through inhibitors and binding resins.[10.11]
However, similar to other diseases associated with severe BD paucity, the only cure for the
liver disease in ALGS is liver transplantation.[!1] The shortage of suitable liver donors and
the rather long time that patients usually spend on the liver transplant wait list highlight the
need for identifying strategies to bypass the requirement for liver transplantation.
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A recent study followed 293 ALGS patients who showed features of cholestasis by the age
of 5 and had their native liver at the time of enrollment.[12] Prospective analysis of these
patients showed that only 24% of them survived to age 18.5 without a liver transplant. This
work, which is the largest multi-center natural history study of the ALGS liver disease to
date, also reported that ALGS patients exhibit a second wave of liver disease due to fibrosis
and portal hypertension in later childhood.[*1.12] A more recent multicenter retrospective
study analyzed the natural history of the disease in 1,433 patients who were confirmed

to have ALGS.[23] In the 1,184 patients who had a history of neonatal cholestasis, a

native liver survival rate of 40.3% at 18 years of age was reported.[*3] Moreover, 68.9%

of patients developed clinically evident portal hypertension by 18.[13] Together, these studies
established that the burden of the liver disease and the need for transplantation is very high
in ALGS patients.

We previously reported that on a pure C57BL/6 background, mice heterozygous for
Jag1 (JagI*!") are a genetically representative model for ALGS and are born with
significant BD paucity.[14] The BD paucity remains at postnatal day 30 (P30) and is
accompanied by ductular reactions, hepatocyte necrosis and fibrosis, resembling chronic
hepatobiliary disease.[1415] We used this model to identify two dosage-sensitive genetic
modifiers of the JagZ™'~ phenotypes. First, we showed that the JagZ*/~ BD paucity can
be significantly improved by removing one copy of a glycosyltransferase called “protein
O-glucosyltransferase 1” (Poglutl).l**] More recently, we reported that the JagZ*/~ liver
phenotypes are highly sensitive to the level of Sox9and established two additional
ALGS models (Jag1t'~; Soxg"'f1ox. Albumin-Cre [hereafter called Jag1*'~; Sox94] and
JagI*!=: Soxgox'flox. A [bumin-Cre [hereafter called JagZ*'~: Sox924]).[15] The BD paucity
in these models is more severe than the JagZ*'~ model and does not show improvement
with age.[2®] Therefore, these three models represent the broad range of liver phenotypes
observed in ALGS patients.

Here we established an antisense oligonucleotide (ASO) which can efficiently knockdown
(KD) Poglutl in vivo, and found that it improves the liver phenotypes of all three models
upon postnatal injection. Cell-based signaling assays suggest that reducing Poglut1 level
improves JAG1-mediated signaling by directly affecting JAG1 protein level and signaling.
Our data suggest that ASO-mediated KD of POGLUT1 might be a viable therapeutic
strategy for ALGS liver disease.

Materials and Methods

ASO-1

The anti-Poglutl ASO (ASO-1; designed and developed by lonis Pharmaceuticals) is

a 3-10-3 cEt-ASO (GgTsTs MCsAsTsAsAsTsTs MCsTg MCg MCsAsA) with full
phosphorothioate linkages (PS; “s” subscripts in the sequence) and methylated cytosines
(M™C). ASO-1 working stocks (5 mg/mL) were diluted in sterile PBS without calcium
chloride and without magnesium chloride. Mice were subcutaneously injected with 50

mg/kg of ASO-1 or the same volume of PBS as control.
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Mouse strains and breeding

The following strains were used: WT C57BL/6, Jag19PSL (Jag1t'-)[14.161 Albumin-

Cre (Jackson Laboratory #003574)[X71 poglut1*!= (Poglut1! GT(15T10323G11) TIGM[18]

and Sox91ox/flox (Jackson Laboratory #013106).12%] Animals were kept on a C57BL/6
background for all crosses. All animals were maintained in a temperature-controlled
environment at 21°C with 12 hour light-dark cycles in a barrier facility at Baylor College of
Medicine per Institutional Animal Care and Use Committee guidelines and under approved
animal protocols. Litters were randomly assigned to PBS or ASO-1 injection groups, and all
pups from the same litter were injected with either PBS or ASO-1.

Quantification of the BD/PV ratio and fibrosis

RNAscope

The BD/PV ratio and fibrosis were quantified as previously described.[1520] For details,
please see Supporting Materials and Methods.

Liver tissue was fixed overnight to 3 days at 4°C in 4% paraformaldehyde, washed

with PBS, equilibrated in 30% sucrose PBS solution for cryoprotection, embedded in
O.C.T. (Tissue-Tek®), and stored at ~80°C. RNAscope was performed according to
ACDbio Multiplex Fluorescent v2 Manual with some modifications. For details, please see
Supporting Materials and Methods.

Biliary tree ink injection and quantification of the biliary tree density

Retrograde biliary ink injection was performed as previously described.[21] After clearing,
the liver lobes were imaged using a Ziess Axio Zoom.V16 microscope at 20x and
reconstructed in Adobe Illustrator. For quantification of the biliary tree density, portions
consisting of approximately one third of each left lobe were cropped from the whole image.
Using the color threshold tool in ImageJ, each background was filtered out and ink areas
were quantified.

Cell culture and Notch signaling assay

Signal-receiving MEFs or COS7 cells were seeded in 24-well plates 8x10% cells/well

and cotransfected with the TP-1 luciferase Notch-signaling reporter construct (0.12 pg/
well), plasmids expressing WT mouse Notchl or Notch2 or empty pcDNA3 (0.1 pg/

well), and gWI1Z B-galactosidase construct (0.06 pg/well). The latter was used for
transfection efficiency normalization using HD-FUGENE (Promega, Cat. #£5911) according
to the manufacturer’s instructions. After 24 hours, media was removed and signal-

sending HEK293T cells (or MEFs) stably expressing JAG1 (1.5x10° cells/well in 1 mL
medium) were overlaid on transfected MEFs (or COS7 cells, when MEFs were the
signal-sending cells). After 24 hours of co-culture, cells were lysed and luciferase and §-
galactosidase assays (Luciferase Assay System; Promega) were performed according to the
manufacturer’s instructions. Given the variability in luciferase-based co-culture assays, for
each dataset, 3—4 independent experiments were performed, each comprised of 9 samples.
For details, please see Supporting Materials and Methods.
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Statistical analysis

Results

Analysis of body weights, BD/PV ratios, serum total bilirubin levels, necrosis and fibrosis
was carried out with unpaired t-test, t-tests with Welch’s correction, or one-way analysis of
variance (ANOVA) with the appropriate multiple comparisons tests (Tukey’s or Dunnett’s)
using Prism (GraphPad).

Subcutaneous injection of ASO-1 can efficiently KD Poglutl in adult mouse livers with no

liver toxicity

Our previous work indicated that removing one copy of Poglutl in the germline or with
Albumin-Cre or SM22a-Cre leads to a significant improvement in JagZ*/~ liver phenotypes.
[14] Since both of these transgenes start CRE-mediated deletion in mouse embryos, [17:22]

it was not clear whether decreasing Poglut1 levels after birth would improve their biliary
phenotype. To test this notion, which is a prerequisite for therapeutic targeting of POGLUT1
in patients with ALGS, we identified a constrained ethyl (cEt) gapmer anti-Poglut1 ASO
(ASO-1) from a cell-based screen. Five weekly subcutaneous injections of ASO-1 at

50 mg/kg/dose into adult (8-week-old) WT mice led to ~95% Pogluti KD in the liver
(Supporting Fig. S1, A and B). Despite efficient Pog/ut1 KD, the animals did not show
growth retardation (Supporting Fig. S1C) or statistically significant abnormalities in liver
weight, AST, ALT, or bilirubin (Supporting Fig. S1, D and E). Therefore, we used this
anti-Poglutl ASO for our rescue experiments.

ASO-mediated Poglutl KD partially rescues the biliary abnormalities in P12 Jag1*/~

animals

Based on the strong KD observed with five weekly doses of ASO-1 and because of the
robust improvement in the JagZ*'~ phenotype upon genetic removal of one copy (50%) of
Poglut1,[141 we used two subcutaneous injections of ASO-1 at P1 and P7 (Fig. 1A). This
injection regimen led to 46% and 58% reduction in Pog/ut1 mRNA levels in JagZ*'~ and WT
livers, respectively, compared to PBS-injected controls (Fig. 1B).

To examine the expression pattern of Pog/utl in the liver and assess the ability of the ASO
to KD Poglutl in specific liver cell types, we performed RNAscope studies[23] on P12 livers.
Poglutl is expressed in hepatocytes, biliary cells (Sox9"), and periportal mesenchymal cells
(JagI*, Sox9) (Fig. 1C). Visual inspection of RNAscope images suggests that Pog/lut1
transcript levels are reduced in parenchymal and periportal regions of ASO-injected livers
compared to control livers (Fig. 1C). We next quantified the Pog/ut1* pixel area within liver
sections and calculated the relative area of the liver covered by Pog/utl transcript signal
(after excluding the PV and BD lumens and regions within the image without cells from

the total area analyzed). This analysis showed that ASO injections reduce the Poglut*

area by ~51% in the parenchymal areas, which is an indication of KD in hepatocytes (Fig.
1D). A similar analysis on PV regions to primarily assess KD in the biliary and periportal
mesenchymal cells showed a 37% reduction in Poglutl* area upon ASO injections (Fig.
1D). Antibody staining on PBS-injected and ASO-injected P12 WT livers showed broad
ASO uptake by hepatocytes and portal mesenchymal cells (aSMA™), but only limited signal

Hepatology. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Niknejad et al.

Page 6

in biliary cells (OPN*) (Fig. 1E). Together, these observations indicate that the cEt ASO
used in our studies can efficiently target hepatocytes and periportal mesenchymal cells and
potentially the biliary cells to a lesser extent.

Control Jag*'~ animals (PBS-injected) showed a qualitative reduction in the number of
patent BDs around PVs, accompanied by weak aSMA staining in the PV mesenchyme

and aberrant cytokeratin (CK)-expressing cells and hypercellularity in the liver parenchyma,
suggestive of ductular reactions (Fig. 1F).[1415] Quantification of the patent BDs for each
genotype showed that in agreement with our previous reports at P3, P7 and P30,[14:15] the
BD to PV ratio is significantly decreased in P12 JagZ*/~ livers (PBS-injected) compared

to WT controls (Fig. 1G). Importantly, ASO injections improved all of these phenotypes

in JagI*"~ mice (Fig 1, F and G), suggesting that postnatal Pog/ut KD can reverse the

BD paucity present in late embryonic and early postnatal JagZ™/~ animals and reduce the
ductular reactions resulting from BD paucity in these animals.

Poglutl KD in early postnatal period improves biliary development and significantly
decreases liver damage in P30 Jag1*/~ mice

By P30, JagZ*'~ animals exhibit more severe ductular reactions and also some degree of
necrosis.[4] To examine whether the ASO-induced improvements observed in P12 Jag1*/-
livers persist until a later stage, we analyzed additional cohorts of JagZ*/~ mice and their
WT siblings injected with the same ASO or PBS regimen as P12 (Fig. 2A). Similar to

P12 livers, the ASO significantly reduced Pog/utI mRNA levels in WT (62%) and JagZt~
(58%) livers (Fig. 2B). Two injections of ASO-1 led to a statistically significant increase

in the BD to PV ratio in P30 JagZ*/~ mice, accompanied by a strong reduction in ductular
reactions and periportal hypercellularity and a statistically significant rescue of liver necrosis
and fibrosis in these animals (Fig. 2, C-H). These data provide strong evidence that a
sustained improvement in JagZ*/~ liver phenotypes can be achieved by a limited number of
anti-Poglutl ASO injections.

Poglutl KD in early postnatal period improves biliary development and prevents liver
damage in ALGS mouse models with severe liver phenotypes

Similar to JagZ*'~ animals, two injections of ASO-1 resulted in a sustained significant
reduction in liver PoglutI mRNA levels in models with more severe liver phenotypes
(JagI*'~: Sox9"4 and Jag1t'~—: Sox924) (Figs. 3A and 4A; 72% reduction in JagI*'~—; Soxg+'4
and 66% reduction in JagZ*'~;Sox924). In both genotypes, ASO injections led to a
significant increase in the BD to PV ratio (Figs. 3B and 4B). In agreement with our

recent report,[15] the average BD to PV ratio in PBS-injected P30 JagZ*'~; Sox9*'4 and
JagIt'=; Sox9V2 animals was lower than that in JagZ™'~ mice (Figs. 3B and 4B; compare to
Fig. 2C). Nevertheless, upon ASO injections, the average BD to PV ratio rose to the same
level as ASO-injected JagZ*!~ livers or even higher. These observations suggest that ASO-
mediated Pog/utl KD can improve biliary development in ALGS mouse models regardless
of the severity of the phenotype.

At P30, Jag1*'=;Sox9"4 and Jag1t'~; Sox9Y2 animals show rather severe ductular reactions,
accompanied by hypercellularity in the liver parenchyma, fibrosis and extensive necrosis
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(Figs. 3 and 4).15] ASO injections dramatically improved these phenotypes, including a full
rescue of necrosis (Fig. 3, C-G and Fig. 4, C-G). These phenotypic improvements were
accompanied by a significant increase in the average body weight and a significant reduction
in the serum total bilirubin of both genotypes (Fig. 3, H and I, and Fig. 4, H and I). We
conclude that two postnatal injections of an anti-Pog/uti ASO can significantly improve the
severe liver phenotypes observed in these two ALGS models.

ASO-1 dramatically improves the biliary tree structure in ALGS models

Using retrograde ink injections into the common BD, we have previously reported that

the biliary tree fails to extend to the liver periphery in P30 JagZ*/~ animals and that this
phenotype is worsened upon removing one copy of Sox9in the liver.[23] In agreement
with this report, P30 PBS-injected JagZ*"~ and Jag1*/~; Sox9*/4 animals showed a stepwise
reduction in the degree of biliary tree extension towards liver periphery compared to PBS-
injected WT animals (Fig. 5A). Furthermore, ink injections showed a rudimentary biliary
tree in PBS-injected JagZ*'~; Sox9%4 animals, mostly limited to the hilar region of the
liver (Fig. 5A). Similarly, quantification of the area of the liver covered by the biliary

tree indicated a stepwise reduction in biliary density in JagZ*/~ and the other two models
(Fig. 5B). Our two-dose ASO regimen did not cause any biliary tree abnormalities in WT
animals (Fig. 5, A and B). However, the ASO led to biliary tree augmentation in all three
models (Fig. 5, A and B). In the two severe models, ASO injections led to a remarkable
improvement in the extension of the biliary tree towards the liver lobe periphery and the
density of biliary tree coverage in the liver (Fig. 5, A and B). These data reveal the beneficial
effects of Poglutl KD in promoting biliary tree development in ALGS mouse models.

Analysis of liver sections from mice with conditional loss of Sox9in the liver with
albumin/a-fetoprotein-Cre (A/fp-Cre) was reported to cause a delay in BD morphogenesis,
which fully resolved by five weeks of age.[24] In the course of our ink injection studies, we
noticed a mild but statistically significant reduction in the biliary tree density of A/bumin-
Cre;Sox910x/flox animals (Fig. 5, C and D; Jag1*'*;Sox924). Notably, the anti-Poglutl ASO
rescued this phenotype as well, suggesting that the biliary tree enhancement caused by
Poglutl KD is not limited to animals lacking one copy of Jag1.

The ASO induces significant Poglutl KD in the muscle but does not reduce the number of
muscle stem cells

We have reported that recessive missense mutations in POGLUTI cause a form of limb-
girdle muscular dystrophy in human patients called LGMD R21 (OMIM #617232; also
called LGMD 2Z).[25.26] Bjochemical experiments indicate that these mutations generally
result in an 80-85% decrease in POGLUT1’s enzymatic activity.[2526] Analysis of patient
muscle samples showed reduced NOTCH1 signaling and a severe decrease in the number
of PAX7* muscle stem cells (satellite cells).[2526] pog/ut1*/~ mice do not exhibit any gross
morphological defects and growth abnormalities,[14.18] suggesting that removing one copy
of Poglut1 does not affect muscle development and function. Nevertheless, to establish
ASO-mediated Poglutl KD as a therapeutic strategy in ALGS, it is important to demonstrate
that the rescue of ALGS liver phenotypes in JagZ-haploinsufficient animals upon ASO-
mediated Pog/utl KD is not accompanied by a reduction in the number of PAX7™* satellite
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cells. As shown in Supporting Fig. S2A, two injections of ASO-1 resulted in a significant
decrease in PoglutI mRNA levels in quadriceps muscles. However, staining of quadriceps
muscle sections of P30 animals indicated that a comparable number of PAX7* cells are
present in ASO-injected versus PBS-injected WT and JagZ*/~ animals (Supporting Fig. S2,
B and C). These data suggest that Pog/utl KD by systemic injection of a cEt ASO does not
reduce the number of satellite cells in WT or JagZ*/~ mice.

POGLUT1 negatively regulates JAG1 protein level and JAG1-mediated signaling

To elucidate the effects of reducing Pog/utl levels on JAG1, we generated WT

and PoglutI*’~ mouse embryonic fibroblasts (MEFs) and stably infected them with a
tetracycline-inducible human JAGI transgene (fet-JAGI). Treating WT-fet-JAGI MEFs with
doxycycline led to accumulation of JAG1 protein and a robust induction of endogenous
NOTCH1 signaling in these cells (Fig. 6A). Treating Pog/lutl™'—-tet-JAGI MEFs with
doxycycline led to the induction human JAGZ mRNA at levels comparable to those seen in
WT-tet-JAG1 MEFs (Fig. 6B). However, the levels of human JAG1 protein and endogenous
N1-1CD were higher in Pog/utI*'~ MEFs compared to WT MEFs (Fig. 6A), indicating that
loss of one copy of Poglutl in MEFs increases JAG1 protein level and NOTCH1 activation.

Since both JAG1 and NOTCH receptors are glycosylated by POGLUT1,[14.18.27] the
increased NOTCH1 activation observed in Pog/ut*!~ cells can theoretically result from
the effects of Poglutl heterozygosity in signal-receiving or signal-sending cells (or both).
To address this issue, we performed co-culture assays between MEFs (WT or Poglut1*-)
and another cell type (COS7 or HEK293T, both POGLUTI**) and used luciferase activity
driven by a Notch-responsive reporter (TP1-1-luc)[28] as the readout for Notch signaling.
Induction of JAG1 expression in WT-fet-JAGI MEFs led to ~2-fold increase in NOTCH1-
mediated signaling and ~4-fold increase in NOTCH2-mediated signaling in COS7 cells
compared to parallel co-cultures without JAG1 induction (Fig. 6C; black bars). Poglut1*!~-
tet-JAG1 MEFs were able to induce significantly more NOTCH1 and NOTCH2-mediated
signaling compared to WT-tet-JAGI MEFs (Fig. 6C; gray bars), indicating that reducing
Poglutl levels in signal-sending cells can increase the ability of JAG1 to activate NOTCH
receptors in neighboring cells.

In reciprocal experiments, we used MEFs as signal-receiving cells and cultured them with
POGLUTI*-tet-JAGI HEK293T cells. Induction of JAG1 in HEK293T cells induced a
5-6-fold increase in NOTCH1 and NOTCH2 signaling in WT MEFs compared to parallel
co-cultures without JAG1 induction (Fig. 6D). Removing one copy of Poglutl in signal-
receiving MEFs led to a statistically significant decrease in JAG1-mediated NOTCH1

and NOTCH2 signaling (Fig. 6D). These experiments indicate that decreasing Pog/utl

in signal-receiving cells leads to a reduction in NOTCH1 and NOTCH2 signaling upon
receptor overexpression. We also co-cultured POGLUTI*-tet-JAGI HEK293T cells with
MEFs transfected with empty pcDNAS3 vector to assess the impact of decreasing Pog/utl
expression level on signaling by endogenous NOTCH receptors. JAG1 from HEK293T
cells led to a 2-fold increase in signaling mediated by endogenous NOTCH receptors in
WT MEFs (Fig. 6D). Reducing one copy of Pog/utl in signal-receiving MEFs did not
lead to a significant reduction in JAG1-mediated Notch signaling in these cells (Fig. 6D).

Hepatology. Author manuscript; available in PMC 2024 November 01.
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Together, these experiments indicate that Pog/ut1 heterozygosity in signal-receiving and
signal-sending cells affects JAG1-Notch signaling in opposite directions.

JAG1 has four POGLUT1 modifications sites (Fig. 6E), all of which are efficiently O
glucosylated by POGLUT1.[14] To examine the role of JAG1 O-glucosylation in Notch
signaling, we generated PoglutI*'* MEFs stably infected with tetracycline-inducible human
JAGI transgenes harboring point mutations that abolish O-glucosylation in individual
POGLUT1 modification sites or in all four. We found that loss of O-glucosylation sites

on JAG1 recapitulates the effects of Poglutl heterozygosity on JAGL protein level and

on JAG1’s ability to induce NOTCH1 and NOTCH?2 signaling (Fig. 6, F and G). These
experiments strongly suggest that reducing the POGLUT1-mediated glycosylation of JAG1
increases the JAG1 protein level and the ability of JAG1 to induce Notch signaling in
neighboring cells.

Discussion

Intrahepatic BD paucity can result from various etiologies, including genetic, infectious,
nutritional and endocrine.[29] BD paucity commonly leads to cholestatic liver disease

and often impacts the liver function severely enough to require liver transplantation.[2°]
Other than liver transplant, the standard of care for BD paucity is mostly geared toward
symptomatic relief, although the recent approval of ileal bile acid transporter (IBAT)
inhibitors for clinical use in ALGS and progressive familial intrahepatic cholestasis (PFIC)
has been a major advance in improving the course of disease and quality of life in
patients.[10:30.31] Nevertheless, no approved mechanism-based strategy exists to enhance

the intrahepatic biliary tree formation. Here, we report that two injections of an anti-Poglut1
ASO during the early postnatal period lead to a statistically significant improvement in

the BD to PV ratio and the assessed clinical and pathologic criteria in all three models of
the ALGS liver disease examined in this study. JagZ*~ animals already show a dramatic
reduction in the number of SOX9* biliary cells at embryonic day 18, a lack of patent BDs in
the peripheral areas of the liver at PO, and a significant decrease in BD to PV ratio as early
as P3.[14.15] Therefore, our ASO injection regimen starts when the animals already show BD
paucity. The BD to PV ratio is not fully rescued by the ASO. Nevertheless, ASO treatment
results in a strong reduction in the degree of ductular reactions and periportal inflammation,
dramatically improves the biliary tree structure—both the degree of extension toward liver
periphery and the density of the tree—and almost completely prevents the appearance of the
liver damage response in ALGS models, as evidenced by the rescue of fibrosis, necrosis and
bilirubin levels. These observations suggest that ASO-mediated reduction of POGLUT1 in
the liver of ALGS patients might have the potential to improve their BD paucity enough to
avert the need for liver transplantation.

As shown here and previously,[1415] there is a negative correlation between the level of
SOXQ in hepatobiliary cells and the severity of ALGS liver phenotypes in our mouse models
and in human patients. In addition, a recent study reported that a small molecule with
putative Notch activating properties can induce the expression of Sox96 and rescue the

liver phenotypes in a zebrafish model of ALGS.[32] Lastly, Sox9has been shown to be

a direct target of JAG1-Notch signaling in hepatoblasts.[33]Accordingly, we expected that

Hepatology. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Niknejad et al.

Page 10

ASO-mediated Poglutl KD will improve the JagZ*/~ liver phenotypes in a SOX9-dependent
manner. Rather surprisingly, not only wasn’t this the case, but ASO injections led to a
stronger rescue of the liver phenotypes in Jag1*'~;Sox9*4 and especially Jag1*'—; Sox9¥4
animals compared to the original JagZ*'~ model. These data indicate that expression of
SOXQ9 in biliary cells is not essential for the improvement of JagZ-haploinsufficient liver
phenotypes by anti-Poglutl ASO. This conclusion is in agreement with the observation that
ASO injections also rescue the mild biliary tree defects caused by conditional loss of Sox9
in the liver. Given the transient and redundant role played by SOX9 in BD development,
[24.34] 3 likely explanation is that upon enhanced JAG1-mediated signaling caused by
Poglutl KD, Notch pathway targets other than SOX9 are induced in biliary cells and lead to
SOX9-independent rescue of the phenotypes. Regardless of the mechanism, our data suggest
that the beneficial effects of Pog/ut1 KD on postnatal biliary development are not limited

to a JagZ-haploinsufficient context. How can reducing SOX9 make the JagZ*/~ phenotype
worse but paradoxically improve the therapeutic response to Pog/utl KD? It has recently
been reported that biliary cells express SOX9 at variable levels and that the transcriptomes
of SOX9'°W and SOX9N9" biliary cells are quite distinct from each other,[3%] providing a
potential mechanism for our observation which awaits experimental verification.

Experiments on Poglutl-mutant Drosophila (official gene name: rumi), Poglutl KD
Drosophila S2 cells, Poglutl~-mice, several Poglutl KD mammalian cells, and muscle
samples from LGMD R21 patients have indicated that POGLUT1 promotes the activation
of Drosophila Notch and mammalian NOTCH1.[18:25.26.36.37] Moreover, the current work
indicates that removing one copy of Pogl/utl in signal-receiving MEFs reduces the activation
of overexpressed NOTCH1 and NOTCH2 by JAG1 from neighboring cells. Given our
previous report that mutating the O-glucosylation sites of Notch in transgenic Drosophila
phenocopies the effects of loss of Pog/ution Notch signaling,[37] these observations suggest
that reducing Notch O-glucosylation leads to reduced Notch activation. However, the
improvements in JagZ*'~ liver phenotypes upon genetic [14] and ASO-mediated (this study)
reduction in Poglutl suggest that POGLUT1 reduces JAG1-mediated Notch signaling.
Moreover, similar to Poglutl heterozygosity, mutating the POGLUT1 targets sites on JAG1
is associated with an increase in JAG1 protein level and signaling ability, strongly suggesting
that reducing JAG1 O-glucosylation leads to increased JAG1-mediated Notch activation.
Accordingly, we suggest that the opposite effects of reducing Pogl/utl in signal-receiving
versus signal-sending cells on Notch pathway activation can be explained by differential
roles played by O-glucose residues on NOTCH1 and NOTCH2 versus JAG1, although

we cannot exclude that an increase in the level of endogenous JAG1 in Poglut1*!~ signal-
receiving cells reduces NOTCHZ1/2 signaling via cis-inhibition.[38] Importantly, when JAG1
was overexpressed in a monoculture of Pog/utI*’~ MEFs, endogenous NOTCH1 activation
was increased, not decreased (Fig. 6A). Altogether, our data suggest that the effect Poglutl
reduction on JAG1-mediated NOTCH1/2 signaling depends on the relative expression levels
of JAG1 versus Notch receptors, and that in a JagZ*/~ context, decreasing Pog/ut leads to

a net increase in JAG1-mediated signaling, thereby improving the JagZ*~ haploinsufficient
liver phenotypes.

ASO-mediated KD in the liver is already employed in clinic to treat several metabolic
disorders.[39401 However, to our knowledge, no ASO-based therapy has been approved
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for clinical use in a genetic childhood disease affecting liver development. Our cell-based
signaling assays provide strong evidence that the JAG1-expressing, signal-sending cell is the
cell type in which Poglutl KD promotes biliary development. Previous work has established
that the periportal mesenchymal cells are the major source of JAG1 during biliary
development.[41] Moreover, our RNAscope analysis indicates that ASO-1 injections lead

to efficient KD of Poglutl in JagI-expressing periportal mesenchymal cells. Together, these
observations strongly suggest that ASO-mediated Pog/utl KD in periportal mesenchymal
cells mediates the observed rescue of the liver phenotypes in our ALGS models. Of

note, we previously reported that genetic removal of one copy of Pog/utl in hepatobiliary
cells (A/bumin-Cre) and periportal mesenchymal cells (SMZ22a-Cre) can both improve the
JagI*'~ liver phenotypes,[14] suggesting that the beneficial effects of reducing Pog/ut1 in
ALGS models are not limited to one cell type. It will remain to be seen whether reducing
Poglutl specifically in postnatal hepatocytes also contributes to the observed improvement
of the ALGS biliary phenotypes upon ASO injections.

Our data provide proof of concept that postnatal targeting of a genetic modifier can improve
the liver phenotypes in a pediatric liver disease and establish a framework for developing a
therapeutic strategy for ALGS liver disease. However, a number of key issues related to the
therapeutic potential of Pog/utl KD in ALGS remain to be addressed in preclinical models.
It is important to examine whether the BDs formed upon ASO injections remain stable
beyond P30, and to determine whether ASO injections after the appearance of fibrosis and
necrosis are still able to improve the ALGS liver phenotypes. Since ALGS is a multi-system
disorder, it is also important to assess whether ASO-mediated Pog/ut? KD can improve
other ALGS phenotypes. Finally, given the observed reduction in NOTCH1 and NOTCH2
signaling in PoglutI*'~ signal-receiving cells overexpressing these receptors (Fig. 6D), it

is critical to ensure that systemic anti-Pog/ut1 ASO injections do not negatively affect the

cardiovascular system and other organs that depend on NOTCHZ1 and NOTCH?2 signaling.
[42]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Early postnatal injection of ASO-1 broadly knocks down Poglutl in the liver and partially
rescues the biliary abnormalities in P12 .]agl”_ animals.

(A\) Injection regimen of ASO-1 and PBS in JagZ*'~ and WT animals (50 mg/kg/dose).

(B) QRT-PCR assays for Poglut] mRNA levels on WT and Jagz*/~ P12 livers injected

with ASO or PBS. (C) Liver RNAscope images from ASO- or PBS-injected P12 WT
animals, labeled with DAPI and probes for Poglutl, Sox9, and Jagl. (D) Quantification

of relative PoglutI* area of RNAscope images in parenchymal and periportal regions. (E)
Liver sections from ASO- or PBS-injected P12 WT animals, stained with antibodies against
ASO, osteopontin (OPN) and aSMA. (F) P12 liver sections of each genotype stained with
aSMA, wide-spectrum cytokeratin (wsCK) and DAPI. Asterisks mark PVs, arrowheads
mark patent BDs. Note the weak a SMA staining, ductular reactions and hypercellularity
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in the parenchyma of PBS-injected JagZ*/~ livers and their rescue upon ASO injections.
(G) Average BD to PV ratio in P12 WT and JagZ*~ mice injected with PBS or ASO.

In B and G, each circle represents an animal and horizontal lines show mean + Standard
Deviation (SD). In D, circles of the same color represent data from different parenchymal
or periportal regions of liver sections from the same animal (n=4 for PBS-injected, n=7 for
ASO-injected). NS: not significant, */<0.05, **P<0.01, ***P<0.001, ****<0.0001, using
one-way ANOVA with Tukey’s multiple comparisons test (B, G) or unpaired t-test with
Welch’s correction (D). Scale bars are 25 um in C, E, and 100 um in F.
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Fig. 2. Poglutl KD in early postnatal period improves biliary development and significantly
decreases liver damage in P30 Jagl”_ mice.

(A) Injection regimen of ASO-1 and PBS in JagZ*'~ and WT animals (50 mg/kg/dose). (B)
gRT-PCR assays for PoglutI mRNA levels on WT and JagZ*/~ P30 livers injected with ASO
or PBS. Note the increase in the Pog/utI mRNA levels in JagZ*'~ livers compared to WT
livers at this age. (C) Average BD to PV ratio in P30 WT and JagZ*~ mice injected with
PBS or ASO. (D) P30 liver sections of each genotype stained with a SMA, wide-spectrum
cytokeratin (wsCK) and DAPI. Asterisks mark PVs, arrowheads mark patent BDs. ASO-1
partially rescues the BD to PV ratio in JagZ*/~ animals and reduces the ductular reactions
and parenchymal hypercellularity observed in control animals. (E) Hematoxylin and eosin
(H&E) staining of P30 liver sections from the indicated genotypes. Dashed shapes mark

Hepatology. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Niknejad et al.

Page 19

areas of necrosis. (F) Percent area of necrotic regions in H&E staining of liver sections
form ASO- and PBS-injected animals. (G) Sirius Red staining of P30 livers from Jag1*/~
animals injected with ASO-1 or PBS. (H) The degree of liver fibrosis in the indicated
genotypes are measured as the percent area of each liver stained with Sirius Red. In B, C,
F and H, each circle represents an animal and horizontal lines show mean + SD. NS: not
significant, */<0.05, **/<0.01, ***P<0.001, ****P<0.0001, using one-way ANOVA with
Tukey’s multiple comparisons test (B, C, H) or unpaired t-test (F). Scale bars are 100 um.
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Jag1*"; sox9*'* (ASO)

Sirius Red

H&E

Fig. 3. ASO-1 injections improve the liver phenotypes in Jagl"" animals lacking one copy of

Sox9 in the liver.

(A) qRT-PCR assays for Poglut] mRNA levels on Jag1*'~; Sox9'4 P30 livers injected

with ASO or PBS. (B) Average BD to PV ratio in JagZ*/~; Sox94 mice injected with

PBS or ASO. (C) P30 liver sections of each genotype stained with aSMA, wide-spectrum
cytokeratin (wsCK) and DAPI. Asterisks mark PVs, arrowheads mark patent BDs. Scale
bar is 100 um. (D) Sirius Red staining of P30 livers from JagZ*/~; Soxg*'4 animals injected
with ASO-1 or PBS. Necrotic regions (dashed shapes) were excluded from quantification.
(E) The degree of liver fibrosis in the indicated genotypes are measured as the percent

area of each liver stained with Sirius Red. (F) H&E staining of P30 liver sections from
Jag1*'=;Sox9"4 animals injected with ASO-1 or PBS. Dashed shapes in the lower-left panel
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mark areas of necrosis. Scale bars are 500 um (top panels) and 100 um (bottom panels).
(G) Percent area of necrotic regions in H&E staining of liver sections form the indicated
genotypes. (H) Weights for P30 JagZ*~: Sox9"'4 animals injected with ASO-1 or PBS.
(1), Serum total bilirubin for the indicated genotypes. In all graphs, each circle represents
an animal and horizontal lines show mean + SD. NS: not significant, */<0.05, **/2<0.01,
***P<0.001, ****/£<0.0001, using one-way ANOVA with Tukey’s multiple comparisons
test (1) or unpaired t-test (A, B, E, G, H).
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Fig. 4. ASO-1 injections improve the liver phenotypes in Jagl*" animals lacking both copies of
Sox9 in the liver.

(A) qRT-PCR assays for Poglut] mRNA levels on Jag1*'~; Sox9%4 P30 livers injected

with ASO or PBS. (B) Average BD to PV ratio in JagZ*'~; Sox924 mice injected with

PBS or ASO. (C) P30 liver sections of each genotype stained with aSMA, wide-spectrum
cytokeratin (wsCK) and DAPI. Asterisks mark PVs, arrowheads mark patent BDs. Scale bar
is 100 pm. (D) Sirius Red staining of P30 livers from JagZ*/~; Sox922 animals injected with
ASO or PBS. The dashed shape marks a necrotic region. (E) The degrees of liver fibrosis

in the indicated genotypes are measured as the percent area of each liver stained with Sirius
Red. (F) H&E staining of P30 liver sections from Jagz*/~; Sox922 animals injected with
ASO or PBS. Dashed shapes in the lower-left panel mark areas of necrosis. Scale bars

are 500 um (top panels) and 100 um (bottom panels). Note that some degree of periportal
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inflammation persists in ASO-injected livers. (G) Percent area of necrotic regions in H&E
staining of liver sections form the indicated genotypes. (H) Weights for P30 Jag*/~; Sox92/4
animals injected with ASO or PBS. (I) Serum total bilirubin for the indicated genotypes.

In all graphs, each circle represents an animal and horizontal lines show mean + SD.

NS: not significant, **/<0.01, ***/<0.001, using one-way ANOVA with Tukey’s multiple
comparisons test (1) or unpaired t-test (A, B, E, G, H).
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Fig. 5. ASO-1 injections result in a dramatic improvement in the biliary tree structure of ALGS
models.

(A, C) Ink injection images of the left liver lobes of P30 animals with indicated genotypes
injected with two doses of ASO-1 or PBS. Each image is representative of 3-5 animals for
each condition. The pale structures in the liver parenchyma mark the outline of portal veins
and are easier to see in the absence of the biliary tree. (B, D) Quantification of the percent
area covered by the ink-filled biliary tree in a flattened image of each left liver lobe. The
red dashed box in A indicates the area used for quantification of the biliary tree density
except in PBS-injected Jag1*/~; Sox9"4 and Jag1t'~: Sox924 livers, where the red dashed
box was placed over the hilar region to maximize the ink-filled area used in quantification.
Each circle represents an animal and horizontal lines show mean + SD. NS: not significant,
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**p<0.01, ****P<0.0001, using one-way ANOVA with Dunnett’s multiple comparisons
test.
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Fig. 6. POGLUT1 negatively regulates JAG1 protein level and JAG1-mediated signaling.
(A) Immunoblots with anti-JAG1, anti-cleaved NOTCHL1 intracellular domain (N1-1CD) and

anti-Tubulin (loading control) antibodies are shown for WT and Pog/utI*'~ MEFs with or
without doxycycline (Dox) induction of human JAGI expression. Data are representative
of 3 independent experiments. endo: endogenous. (B) gRT-PCR assays for human JAGI
mRNA in WT and Pog/utI*'~ MEFs treated with Dox to induce human JAGI expression.
(C) Co-culture signaling assays between WT or Poglut1*'~ MEFs with or without human
JAGI overexpression and POGLUTI* COS7 cells overexpressing NOTCH1 (N1-OE) or
NOTCH2 (N2-OE) along with the TP1-1-luciferase construct. For each co-culture, the fold
change of luciferase induction upon Dox-induced expression of human JAG1 compared

to the same co-culture without human JAG1 induction (red line set at 1) is shown. (D)
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Fold change of Notch-dependent luciferase induction upon human JAG1 expression is
shown for the indicated co-culture conditions. (E) Schematic of the human JAG1 protein.
Blue boxes show EGF repeats with a POGLUT1 target site, along with the trisaccharide

and the enzymes responsible for its formation. C2, phospholipid recognition; DSL, Delta-
Serrate-Lag2; VWF-C, von Willebrand factor type C; TM, transmembrane. S-to-A mutations
prevent O-glucosylation by POGLUT1. (F) Immunoblots for WT cells with or without Dox
induction of human JAG1 (WT or harboring S-to-A mutations in individual or all POGLUT1
target sites). Data are representative of 4 independent experiments. (G) Co-culture signaling
assays to assess the impact of the POGLUT1 target site mutations on the ability of JAG1

to induce NOTCH2 signaling in neighboring cells. Signaling induced by WT JAG1 was set
to 1; signaling by mutant JAG1 proteins are shown as relative fold change compared to

that induced by WT JAGL. In C, D and G, n=9 for each column. Each graph shows the
results from a representative experiment from 3—4 independent experiments. In B, n=4 for
each column. In all graphs, mean + SD is shown. NS: not significant, */<0.05, **/<0.01,
***P<(0.001, ****/<0.0001, using one-way ANOVA with Tukey’s multiple comparisons
test (D, G) or unpaired t-test (B, C).
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