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Abstract: Type 1 Diabetes (T1D) is a chronic metabolic disorder for which current treatments are unable
to prevent the onset of complications. Previously, we used an adeno-associated viral vector (AAV8) to
deliver furin-cleavable human insulin (INS-FUR) to the livers of diabetic non-obese diabetic (NOD) mice
to reverse T1D. The use of the traditional AAV8-INS-FUR vector could not bring about normoglycemia.
However, this vector, coupled with a transposon system in the AAV8/piggyBac-INS-FUR vector, was
able to do so. This study aimed to investigate the transcriptomic profiles of the livers of diabetic,
AAV8-INS-FUR-transduced, and AAV8/piggyBac-INS-FUR-transduced NOD mice and compare these to
the normal liver to identify genetic differences resulting from delivery of the AAV8/piggyBac-INS-FUR
vector which produced normoglycemia. Differential gene expression was determined by RNA-Seq
analysis and differentially expressed genes from each treatment were mapped onto cellular pathways
to determine the treatments’ cell signaling and downstream effects. We observed distinct differences
between the piggyBac-transduced and diabetic models, particularly in terms of metabolic function and
the upregulation of key pancreatic markers in the liver of piggyBac-transduced animals. The success
of the AAV8/piggyBac-INS-FUR vector in achieving normoglycemia through stable transduction was
evident. However, further engineering is necessary to achieve complete pancreatic transdifferentiation
of liver cells.

Keywords: type 1 diabetes; adeno-associated viral (AAV) vector; piggyBac transposon vector;
RNA-Seq; differential gene expression; pancreatic transdifferentiation; pathway analysis

1. Introduction

Type 1 Diabetes (T1D) has devastating physical and economic impacts on the 8.75 mil-
lion individuals worldwide living with the disease [1]. T1D is characterized by the au-
toimmune attack on pancreatic beta (β)-cells, resulting in the inability to produce sufficient
insulin to maintain normoglycemia [2]. The most common way this disease is treated is
through daily exogenous insulin injections. This, however, has proven to be inefficient in
mimicking the regulated release of insulin from the pancreas and may also be difficult to
manage, resulting in the risk of hypoglycemic episodes. Other treatments include using
an insulin pump, which automatically releases insulin depending on the blood glucose
level measured [3]. Although this is more effective and makes it easier to manage T1D
than daily insulin injections, it has shown a differing amount of insulin delivered than
required. There is also the opportunity for transplantation of the pancreas or islet cells for
T1D patients. However, this relies upon the availability of donor tissue and the need for
immunosuppressive drugs [4].

Gene therapy is considered a potential solution to the issues presented with the
current therapies. This therapy has proven to be effective in the treatment of other diseases,
including hemophilia, severe combined immunodeficiency, and retinitis pigmentosa [5–7].
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Gene therapy may be beneficial in the context of T1D as it allows for the development of
‘artificial β-cells’ from other cell types, including the patient’s cells. This line of research may
also be beneficial for those with insulin-dependent Type 2 Diabetes. One strategy for the
development of an artificial β-cell is through the use of non-viral or viral vectors. Vectors act
as a vehicle for delivering a desired gene to a specific cell type. Non-viral vector methods
include electroporation, lipofection and microRNA, which present a decreased biological
risk and reduced immunogenicity compared to viral vectors where previous exposure to the
virus can elicit a strong inflammatory response upon delivery [8,9]. Viral vectors used for
gene therapy include adenoviral, lentiviral, retroviral, and adeno-associated viral vectors.
There are biological challenges related to each viral vector choice; however, lentiviral and
adeno-associated viral vectors, in particular, have shown promise as compared to non-viral
vectors as they provide the opportunity for a long-term solution where non-viral vectors
offer more transient expression of the delivered gene and shorter-term treatment [10].

A range of cells have been investigated as targets for gene therapy, and hence pre-
cursors for ‘artificial β-cells’, including both stem and somatic cells. Different somatic
cells, including pancreatic, liver, and intestinal cell types, have been investigated for T1D
treatment. Liver cells, specifically, share characteristics with native β-cells that make them
favorable candidates to undergo β-cell transdifferentiation. Liver cells are formed from
the same endodermal region as pancreatic cells, and they also possess a glucose-sensing
system, a crucial component of an insulin-producing cell [11].

Our laboratory has previously shown that a second-generation lentiviral vector can
convert liver cells to insulin-secreting cells, also known as pancreatic transdifferentiation,
by delivering furin-cleavable insulin (INS-FUR) [12]. The occurrence of pancreatic transdif-
ferentiation was confirmed through evidence of storage of insulin in granules, regulated
insulin secretion in response to glucose stimulation, expression of β-cell transcription
factors, and ultimately, the ability to permanently reverse T1D. This vector was delivered
to the liver using a novel procedure of intervallic infusion in full-flow occlusion (FFO). This
invasive procedure involves clamping the major veins and arteries to the liver, allowing
the vector to remain in the liver during delivery into the portal vein. Using this technique
improves transduction rates and limits exposure of the vector to blood plasma, which
would typically rapidly inactivate it.

Although this methodology was very successful, the second-generation lentiviral
vector possesses viral proteins from the parent HIV and, therefore, would not be a viable
option for clinical use. In a later study conducted by La et al., an adeno-associated viral
vector (AAV8) carrying the INS-FUR gene was delivered to the livers of diabetic non-
obese diabetic (NOD) mice using the FFO procedure [13]. However, diabetes was not
reversed. The clinical use of AAV vectors has increased significantly over the past ten
years due to specific features, including a favorable safety profile and long-term gene
expression [10]. This study also employed an AAV8/piggyBac-INS-FUR (piggyBac) system,
which allowed the transposition of transgenes into the host genome. La et al. found that
delivery of 5× 1010 vector genomes of the piggyBac system into the portal vein of NOD mice
significantly reduced the blood glucose levels for up to 15 weeks and reversed T1D with
normal intraperitoneal glucose tolerance tests. However, pancreatic transdifferentiation
was not evident using PCR analysis alone.

In the current study, total RNA sequencing (RNA-Seq) analysis was undertaken on
cryopreserved liver tissue samples from the mice conducted by La et al. RNA-Seq analysis
has been used to determine the extent of differentiation or reprogramming of the target cells
to β-like cells [14,15]. Understanding the gene expression profile of the liver samples would
help identify transcriptomic differences to explain the success of transduction with the
integrating piggyBac system in reversing diabetes compared with the non-integrating AAV8
vector that did not. RNA-Seq analysis was undertaken on liver samples from each treatment
group (AAV8 vector alone, piggyBac vector, untreated diabetes, and untreated, non-diabetic
control). Bioinformatic analysis identified key pathways in livers transduced with the
piggyBac system and key pancreatic gene expression differences, suggesting evidence of
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pancreatic reprogramming in the liver. By comparison, hepatic markers examined were
not significantly different from the untreated liver, indicating the treatment did not impact
liver function.

2. Materials and Methods
2.1. Liver Samples

Liver samples used in this study were obtained from previous work conducted and
described by La et al. [13]. In the study conducted by La et al., female NOD mice between
16–21 weeks of age were assigned to two treatment groups, whereby one group was treated
via liver transduction with the AAV8-INS-FUR vector and the other with liver transduction
using the AAV8/piggyBac-INS-FUR vector. The sequence of the vector used has been
provided in the Supplementary Materials (Supplementary Material S1). Additionally, two
control groups were included: non-diabetic untreated NOD mice (normal) and untreated di-
abetic NOD mice (diabetic). La et al. confirmed the successful delivery of the INS-FUR gene
in the liver through immunohistochemistry and reverse transcriptase polymerase chain
reaction experiments and analysed metabolic behavior through intraperitoneal glucose
tolerance tests [13].

For the present study, biological replicates were collected from each treatment and
control group from the study conducted by La et al. to undergo further analysis: normal
liver (normal, n = 3), diabetic liver (DL, n = 3), AAV8-INS-FUR transduced liver (AAV, n = 3)
and AAV8/piggyBac-INS-FUR transduced liver (AAVPB, n = 3). A flow chart outlining
the analyses conducted in this current study is available in the Supplementary Materials
(Supplementary Figure S1).

2.2. RNA Isolation and Sample Quality Analysis

RNA was extracted from 30 mg of liver tissue for all samples collected using an AllPrep
DNA/RNA Kit (Qiagen, Australia) following the manufacturer’s protocol. The quality of
the extracted RNA was assessed using a NanoDrop™ 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), Agilent Bio-Analyser with an Agilent Eukaryote
Total RNA Nano Kit (Agilent, Santa Clara, CA, USA) and the Agilent TapeStation. The
threshold requirement for total RNA-Seq analysis was 260/280 and 260/230 ratios of 2–2.2
(based on Nanodrop readings) and an RNA integrity number (RIN) of >7 for all samples
(Supplementary Table S1 and Figure S2).

2.3. Total RNA Sequencing (RNA-Seq) Analysis

Total RNA-seq analysis was performed by the Ramaciotti Centre for Genomics (Univer-
sity of New South Wales, Australia) using the Illumina Stranded Total RNA prep Ligation
with Ribo-Zero Plus on a NovaSeq 600 SP 1 × 100 bp flow cell for data output of up to
800 M reads (single end, ~60 M reads/sample with 12 samples), including a PhiX spike-in.
QC of all samples was further confirmed by the Ramaciotti Centre, and upon completion
of sequencing, demultiplexed fastQ files were provided for data analysis.

2.4. Differential Gene Expression Analysis

QIAGEN CLC Genomics Workbench (CLC, version 20) (https://digitalinsights.qiagen.
com accessed on 5 January 2023) was utilized to process and analyze the RNA-Seq data
library for each group (normal, DL, AAV, and AAVPB). The raw RNA-Seq data was imported
into CLC and mapped to the Mus musculus reference genome. Quality control analyses
were performed on the mapped data, including assessments of total read counts, normal-
ization using the trimmed mean of M-values method (TMM), and determination of un-
mapped gene percentages (Supplementary Material S1, CLC Workbench Quality Control
methods: https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/
current/index.php?manual=QC_Sequencing_Reads.html accessed on 2 August 2023). Sub-
sequently, differential expression analysis (CLC Workbench Differential Expression Analy-
sis method: https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/
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current/index.php?manual=Differential_Expression.html accessed on 2 August 2023) was
conducted for each group relative to the normal group (DL vs. normal, AAV vs. normal,
AAVPB vs. normal), resulting in the identification of a list of differentially expressed genes
(DEGs) for each treatment. To generate a curated list for subsequent pathway analysis, a
statistical cut-off of a False Discovery Rate (FDR) p-value of ≤0.05 and a fold change of ≤−1
or ≥1 was applied to the DEGs.

2.5. Pathway Analysis

The curated list of DEGs was uploaded into QIAGEN Ingenuity Pathway Analysis
(IPA) (QIAGEN Inc., https://digitalinsights.qiagen.com/IPA accessed on 8 January 2023).
The core analysis function of IPA was employed to identify modified pathways, upstream
regulators, and diseases and functions associated with the differential gene expression
observed in the treated liver samples compared to normal liver [16]. The most significant
canonical pathways for each group were first evaluated, where pathways with a Z-score of
≥2 (activated) or ≤−2 (inhibited) were considered to be significantly enriched pathways.
A further, more targeted analysis of pathways and molecules related to pancreatic trans-
differentiation and liver function was also undertaken, in which more subtle changes in
Z-scores were considered. To confirm the activation state of a pathway of interest, upstream
regulator, and other molecules with direct relationships to the pathway or function, reverse
transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) was completed using
RNA extracted from the relevant liver samples. Additionally, the datasets were compared
to the profile of a normal β-cell using a dataset contained within the IPA databases (GEO
Dataset: GSE108097).

2.6. Validation of Differential Gene Expression by RT-qPCR

After extraction, RNA samples were treated with DNAse I (Applied BioSystems,
Thermo Fisher Scientific, Macquarie Park, Sydney, Australia) according to the manufac-
turer’s protocol. Reverse transcription was completed using the Tetro cDNA Synthesis
Kit (Bioline, Everleigh, Australia) with random primers according to the manufacturer’s
protocol. Quantitative PCR using the cDNA samples was then performed using the TaqMan
Fast Advanced Master Mix (Applied BioSystems, Thermo Fisher Scientific, Macquarie Park,
Sydney, Australia) on a QuantStudio 12 K flex instrument following the manufacturers’
protocol. Commercially available Taqman assays were utilized for amplification of the refer-
ence genes; Beta-Actin (Mm02619580_g1) and Ywhaz (Mm03950126_s1) and all eight target
genes; Cyp51A1 (Mm01322050_m1), PCSK9 (Mm01263610_m1), Pdx1 (Mm00435565_m1),
HNF4-α (Mm01247712_m1), Ins1 (Mm01950294_s1), Gck (Mm00439129_m1), PPAR-α
(Mm00440939_m1) and PPAR-δ (Mm00803184_m1). Each sample was analyzed in triplicate
within each assay, and each assay was repeated at least once to verify the results. The Ct
values (outliers removed) were used to determine the fold change in expression of each of
the target genes (using the 2−44Ct method) [17] across the different treatments normalized
against the reference genes; Beta-Actin and Ywhaz and the normal liver.

2.7. Statistical Analysis

Bioinformatic analysis statistics were carried out using in-built packages within CLC
Workbench and IPA. Differential expression analyses of each treatment group compared to
the normal group were completed using the Wald Test in CLC Workbench [18]. Activation
Z-scores and significance were calculated in IPA for predictions on the activation state
of relevant pathways and molecules based on the transcriptomic profile of the different
groups relative to the normal group. An absolute Z-score of ≥2 was considered signifi-
cant. RT-qPCR data was analyzed using GraphPad Prism software and expressed as the
mean ± SD.

https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/current/index.php?manual=Differential_Expression.html
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3. Results
3.1. RNA Extraction and RNA-Seq Quality Analysis

To investigate changes in gene expression in the different liver samples relative to
the control, RNA was extracted from the livers of the mice from each treatment and
control group (n = 3 for each group). All RNA quality control measures required for
RNA-Seq analysis were met (Supplementary Table S1 and Supplementary Figure S2), as
were the RNA-Seq data quality measures (Supplementary Material S2). Data analyses were
undertaken in CLC to identify differential gene expression associated with each treatment.

3.2. Identification and Visualization of Differentially Expressed Genes across Treatments

Differentially expressed genes (DEGs) were identified by comparing the transcriptomic
profiles of liver samples from each of the three treatment groups (diabetic, AAV-transduced,
and piggyBac-transduced) to that of normal liver (Figure 1A–D, volcano plots are provided
in the Supplementary Materials as Supplementary Figure S3). In the gene expression
plots, the higher Pearson correlation coefficient (r) for the piggyBac vs. normal (r = 0.98)
comparison suggests the piggyBac treatment produced a gene expression profile most
similar to that of the normal liver compared to the other liver samples (r = 0.86, for diabetic
vs. normal and r = 0.96 for AAV vs. normal) (Figure 1).
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Figure 1. RNA-Seq gene expression data visualization in scatter plots and a Venn diagram.
(A–C) Scatter plots of gene expression (GE) data from each treatment group compared to normal.
Each plot represents the expression level of a gene in both RNA-Seq datasets being compared. Pear-
son correlation coefficients (r) are displayed on each graph and represent the degree of similarity of
gene expression in the two datasets. (A) Diabetic Liver vs. Normal Liver, (B) AAV-transduced Liver
vs. Normal Liver and (C) piggyBac-transduced liver vs. Normal Liver. (D) Venn diagram showing
overlaps and differences in the gene expression profiles of all treatment groups with numerical values
indicating the numbers of genes expressed in each segment.

An absolute fold change of ≥1 and FDR p-value of ≤0.05 was used as the statistical
threshold for the selection of differentially expressed genes and was applied to produce
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a curated list of up- and downregulated genes associated with each treatment compared
to normal (Figure 2). As expected from the scatter plots, when compared to normal liver,
the diabetic liver showed the greatest number of DEGs (upregulated and downregulated),
while the piggyBac transduced liver showed the lowest number (Figure 2). The curated lists
of DEGs were imported into IPA to analyse the downstream effects potentially brought
about by the differences in gene expression observed across the treatments.
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Figure 2. Differential gene expression (upregulated and downregulated) in the different treatment
groups (DL, diabetic liver; AAV, AAV-transduced liver; AAVPB, piggyBac-transduced liver) compared
to the normal liver. Genes were selected based on a threshold fold change of ≤−1 and ≥1 and an
FDR p-value of ≤0.05.

3.3. Canonical Pathway Analysis Identifies the Pathway of Cholesterol Biosynthesis in Diabetic and
Piggybac Transduced Liver

Analysis based on the lists of curated DEGs imported into IPA showed pathways
of metabolism and metabolic regulation as areas of significant difference across all treat-
ments. Interestingly, cholesterol biosynthesis was a common point of difference observed
in both the piggyBac-transduced and diabetic liver samples, ranking in the top 10 signif-
icant canonical pathways for both treatments (Figure 3, Table 1). Based on the Z-Scores,
the cholesterol biosynthesis pathway, along with several molecules within this pathway,
including 7-Dehydrocholesterol Reductase (DHCR7), 3-Hydroxy-3-Methylglutaryl-CoA
Reductase (HMGCR) and Akt, were significantly activated in the piggyBac-transduced liver
and significantly inhibited in the diabetic liver (Table 1). Additionally, the gluconeogenesis
pathway was activated in both the diabetic and AAV-transduced liver and inhibited in the
piggyBac-transduced liver compared to normal (Table 1).
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the interconnecting signaling pathways of (i) the P13K/Akt pathway, (ii) AMPK repression, and
(iii) Protein modification by Acetyl-CoA production from glucose breakdown. (iv) Summary of
cholesterol biosynthesis, outlining the key enzymes regulating the pathway [19].
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Table 1. Activation Z-scores for pathways and downstream molecules across all treatment groups
compared to normal liver.

Pathway or Molecule
Activation Z-Score *

DL v Normal AAV v Normal AAVPB v Normal

Cholesterol Biosynthesis I −3.32 0.38 2.71
Cholesterol Biosynthesis II −3.32 0.38 2.71
Cholesterol Biosynthesis III −3.32 0.38 2.71

Gluconeogenesis 2.71 2.33 −2.45
DHCR7 −5.34 N/A 1.54
HMGCR −4.66 2.46 2.76

Akt −2.28 0.64 1.62
* Positive score indicates activation of the pathway or molecule, and a negative Z-score indicates inhibition of the
pathway or molecule.

To validate the directional effect of the treatments on cholesterol biosynthesis, as shown
in IPA, we selected two key upstream regulators in the pathway, namely Cytochrome P450
Family 51 Subfamily A Member 1 (CYP51A1) and proprotein convertase subtilisin/kexin
type 9 (PCSK9) for RT-qPCR validation (Figure 4). Both CYP51A1 and PCSK9 exhibited the
highest upregulation in piggyBac-transduced, compared to diabetic and AAV-transduced
samples. Notably, only PCSK9 showed significant upregulation when normalized against
the normal liver. These RT-qPCR results corroborated the fold change observed in the
RNA-Seq data. They solidified the predicted directional relationship between diabetic and
piggyBac-transduced liver samples in the context of cholesterol biosynthesis (Figure 4).
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Figure 4. Gene expression of cholesterol biosynthesis markers obtained from RNA-Seq data and
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) validation of CYP51A1
and PCSK9 in the three treatment groups (DL, diabetic liver; AAV, AAV-transduced liver; AAVPB,
piggyBac-transduced liver) compared to normal liver. RT-qPCR results are expressed as means
± SD (n = 3).

3.4. Pancreatic Markers Are Upregulated in AAV8/piggyBac-INS-FUR Transduced Liver and
Downregulated in Diabetic Liver

To understand whether transduction with the AAV8 or piggyBac vectors had caused
any β-cell developmental changes in the liver, a targeted analysis of significant and subtle
changes in key pancreatic markers was undertaken in treated livers compared to normal.
An existing transcriptomic dataset of normal β-cells in IPA was used to determine whether
any treatment groups shared similarities to the β-cell gene expression profile. The insulin
secretion pathway was chosen for further analysis as this indicates the liver-to-pancreas
functional transition (Figure 5, Table 2). In the overlay of the piggyBac-transduced liver
gene expression profile on the insulin secretion pathway, insulin and crucial pancreatic
transcription factors such as Pdx1, NeuroD1, and MafA were observed to be activated



Int. J. Transl. Med. 2023, 3 381

(Figure 5B). Conversely, in the diabetic liver, insulin and all pancreatic transcription factors
were found to be inhibited (Figure 5A).

Int. J. Transl. Med. 2023, 3, FOR PEER REVIEW  8 
 

 

 
Figure 4. Gene expression of cholesterol biosynthesis markers obtained from RNA-Seq data and 
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) validation of CYP51A1 and 
PCSK9 in the three treatment groups (DL, diabetic liver; AAV, AAV-transduced liver; AAVPB, pig-
gyBac-transduced liver) compared to normal liver. RT-qPCR results are expressed as means ± SD (n 
= 3). 

3.4. Pancreatic Markers Are Upregulated in AAV8/piggyBac-INS-FUR Transduced Liver and 
Downregulated in Diabetic Liver 

To understand whether transduction with the AAV8 or piggyBac vectors had caused 
any β-cell developmental changes in the liver, a targeted analysis of significant and subtle 
changes in key pancreatic markers was undertaken in treated livers compared to normal. 
An existing transcriptomic dataset of normal β-cells in IPA was used to determine whether 
any treatment groups shared similarities to the β-cell gene expression profile. The insulin 
secretion pathway was chosen for further analysis as this indicates the liver-to-pancreas 
functional transition (Figure 5, Table 2). In the overlay of the piggyBac-transduced liver 
gene expression profile on the insulin secretion pathway, insulin and crucial pancreatic 
transcription factors such as Pdx1, NeuroD1, and MafA were observed to be activated 
(Figure 5B). Conversely, in the diabetic liver, insulin and all pancreatic transcription fac-
tors were found to be inhibited (Figure 5A). 

 
Figure 5. Insulin secretion pathway shows the activation and inhibition status of the different com-
ponents of the pathway in the diabetic liver (A) and piggyBac transduced liver (B) overlays. Elements 
of the pathway in orange or red have an activation Z-score of ≥2 (i.e., activated). Elements of the 
pathway in blue have an activation Z-score of ≤2 (i.e., inhibited). 

  

Figure 5. Insulin secretion pathway shows the activation and inhibition status of the different
components of the pathway in the diabetic liver (A) and piggyBac transduced liver (B) overlays.
Elements of the pathway in orange or red have an activation Z-score of ≥2 (i.e., activated). Elements
of the pathway in blue have an activation Z-score of ≤2 (i.e., inhibited).

Table 2. Activation Z-scores for insulin secretion pathway for all treatments compared to normal
liver and beta cells.

Pathway Analysis Activation Z-Score p-Value of Overlap

Insulin Secretion
Pathway

AAVPB v Normal 0.90 <0.05
AAV v Normal 1.57 <0.05
DL v Normal 1.00 >0.05

Beta cell v others 1.54 <0.05

There is a clear difference in the diabetic and piggyBac-transduced liver expression
profile overlays of the insulin secretion pathway. However, the differences did not reach
statistical significance (Table 2). To investigate these more subtle directional relationships
in the insulin secretion pathway, four additional important regulators within the pathway,
Pdx1, Ins1, Gck and HNF4-α, were selected for validation by RT-qPCR (Figure 6). The RT-
qPCR results confirmed significant upregulation of Pdx1 and Gck in piggyBac-transduced
liver compared to normal. These genes were either not present or not significantly up-
regulated in diabetic and AAV-transduced liver. With the exception of Ins1, RT-qPCR
results were consistent with the directional activation given by IPA (Figure 6). IPA analysis
predicted significant upregulation of Ins1 in the piggyBac-transduced liver. However, it
was not corroborated by RT-qPCR. La et al. also reported the absence of Ins1 in the pig-
gyBac treated samples. However, INS-FUR expression was significantly upregulated [13].
Considering the RT-qPCR and activation Z-scores from IPA, it would appear that the pig-
gyBac-transduced liver is the only sample in which the insulin secretion pathway may be
upregulated, however not to a point where endogenous insulin can be produced.
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Figure 6. Gene expression of pancreatic markers Pdx1, Gck, HNF4-α, and Ins1 obtained from RNA-
Seq data and validation by reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)
in the three treatment groups (DL, diabetic liver; AAV, AAV-transduced liver; AAVPB, piggyBac-
transduced liver) compared to normal liver. RT-qPCR results are expressed as means ± SD (n = 3).

3.5. Liver Function Is Maintained in AAV8/piggyBac-INS-FUR Treatment

To assess the applicability of this treatment clinically, a targeted analysis of markers of
liver function was also investigated. The PPAR family modulates lipid homeostasis and can
be used to indicate liver function [20]. The overlay of the gene expression profile of each
treatment on the PPAR pathway showed slight differences, with the AAV-transduced liver
overlay showing activation of molecules throughout the pathway, particularly PPAR-α
(Figure 7). The Z-score of the PPAR pathway overlays across the different treatment groups
was highest in the AAV-transduced liver (Table 3).
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components of the pathway in the diabetic liver (A), AAV transduced liver (B) and piggyBac trans-
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≥2 (i.e., activated). Elements of the pathway highlighted in blue and green have activation scores of
≤2 (i.e., inhibited).

Table 3. Activation Z-scores for the PPAR Signaling Pathway across all treatments compared to
normal liver and beta cells.

Pathway Analysis Activation Z-Score p-Value of Overlap

PPAR
Signaling

AAVPB v Normal 0 <0.05
AAV v Normal 1.51 >0.05
DL v Normal 0.28 <0.05

Beta cell v others −0.63 >0.05

Key indicators of the PPAR Signaling pathway and liver function, PPAR-α and PPAR-δ,
were chosen for gene expression validation by RT-qPCR (Figure 8). Activation of PPAR-α
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across the treatments was investigated by RT-qPCR, showing significant upregulation in
AAV-transduced liver, where there was no significant upregulation in either diabetic or
piggyBac-transduced samples. For PPAR-δ, there was little difference between the normal
liver and all treatment groups. Thus, the piggyBac-transduced liver showed expression of
the hepatic markers as similar to normal. However, significant differences were observed
with the AAV-transduced liver, suggesting liver function may have been impacted by the
AAV treatment.
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4. Discussion

The difficulty in managing the currently available treatments and the subsequent
side effects makes it crucial that an effective and cost-efficient treatment is developed for
individuals living with T1D. In the study by La et al., the delivery of INS-FUR by a piggyBac
vector achieved normoglycaemia, whereas the delivery of INS-FUR by AAV8 could not [13].
Although normoglycaemia was achieved, no biological evidence of pancreatic transdiffer-
entiation was observed, and it is therefore likely that the higher hepatic insulin levels seen
in the animals transduced with the piggyBac vector were a result of stable integration of the
gene not seen when the episomal AAV8 system was employed. The present study analysed
gene expression data (via RNA-Seq) from liver tissues of diabetic animals and animals
transduced with AAV8 and piggyBac, compared to liver samples from normal (untreated)
animals. These analyses were conducted to investigate differences between the treatments
and detect any evidence of pancreatic transdifferentiation. Additionally, the analyses
were used to determine how the transcriptomic profile of the treatment that achieved
normoglycaemia compared to that of a diabetic liver, a normal liver, and a normal β-cell.

Compared to the normal liver, the diabetic liver sample had the largest number of
DEGs, and the piggyBac-transduced liver had the smallest number (Figure 2). The selected
threshold log fold change of ≥1 and ≤−1 and FDR p-value of ≤0.05 was below the
significance level. This allows the pathway analysis to be based on a larger data pool and
not miss potentially biologically relevant directional inferences on downstream functions.
The differential gene expression observed between the treatment groups compared to the
normal liver mapped mostly to metabolic, immune response and cellular growth pathways.
Of particular interest, the cholesterol biosynthesis pathways (1, 2 and 3) were found to be
differentially modulated in the diabetic and piggyBac treated liver samples when compared
to the normal liver, being significantly activated in AAVPB, and significantly inhibited in
DL, which could be a result of the ability to break down glucose in the AAVPB transduced
liver, alleviating the effects of diabetes on cholesterol synthesis. The synthesis of cholesterol
is an energetically expensive pathway, and because of this, the breakdown of glucose by
insulin is a very important regulator of its synthesis [21]. Acetyl-CoA, produced from
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glucose metabolism, results in an increase of regulatory genes, PCSK9 and CYP51A1,
leading to the expression of important regulatory enzymes in the pathway, including
HMGCR and DHCR7 [22,23]. PCSK9 is a key regulator of cholesterol metabolism, and
deficiency in PCSK9 has been shown to result in a build-up of cholesterol, which particularly
impairs insulin secretion [24,25]. HMGCR and DHCR7 are both pivotal in the cholesterol
biosynthesis process, with HMGCR acting early and DHCR7 being in the late stage [26,27].
All these markers for cholesterol biosynthesis are significantly downregulated in DL due
to the diabetic disease process. However, these markers are upregulated in AAVPB. As
the breakdown of glucose is a key regulator of the cholesterol biosynthetic pathway, the
upregulation of these key molecules further indicates that the piggyBac treatment has
allowed for normoglycemic conditions rather than diabetic. This notion is further confirmed
by the significant inhibition of the gluconeogenesis pathway in AAVPB and significant
activation in diabetic and AAV samples where insulin is not available for glucose uptake
and breakdown of energy. A similar finding was observed in a study that reported the
occurrence of gluconeogenesis in T1D subjects in both resting and exercise states [28].

Further data analyses were undertaken to investigate the presence of pancreatic
markers across the treatments compared to levels of these markers in a normal β-cell.
Pancreatic markers were chosen based on their importance in β-cell development and
glucose-stimulated insulin release. The selected markers were validated for presence and
expression level by RT-qPCR analysis. With the exception of Gck, pancreatic markers were
all predicted to be activated in the AAVPB transduced liver. All markers were predicted to
be inhibited or not present in the diabetic sample. In the case of Gck, the predicted activation
Z-score was −0.583 for AAVPB. However, validation by RT-qPCR gave a significant fold
change of 2.78 relative to normal, which was higher than predicted for a normal β-cell.
This result suggests that when there are limited numbers of DEGs present in the dataset to
make inferences on the expression of molecules in the pathway, IPA can be ineffective in
predicting downstream effects.

RT-qPCR validation confirmed the presence of Pdx1, Gck, and HNF4α in AAVPB
and little to no detection of these markers in the diabetic liver. Ins1 was not detected
in any samples despite having an expression log ratio score of 14.001 in AAVPB. These
results confirm the absence of pancreatic transdifferentiation and the lack of production
of endogenous insulin. However, the upregulation of Pdx1, a key pancreatic transcription
factor that does not naturally occur in the liver, indicates that a level of reprogramming
of the liver cells may have occurred [29]. It should be noted that although a 4.87-fold
upregulation of Pdx1 was obtained by RT-qPCR analysis, the Ct value was very low (36).
Evidence of reprogramming was further observed in the upregulation of Gck, a very
important enzyme in regulating blood glucose, and HNf4α, which, among other roles, has
proven to play a crucial role in pancreatic function [30]. The presence of these pancreatic
markers suggests that not only was normoglycemia achieved in the piggyBac-treated NOD
mice, but there is evidence of some reprogramming of liver cells occurring. However, not
to a point where a β-like phenotype has been produced.

Hepatic markers were investigated to determine if the treatments affected liver func-
tion. The PPAR family of ligand-activated transcription factors (including PPAR-α, PPAR-δ,
PPAR-β and PPAR-γ) are known regulators of many cellular functions in the liver, in
particular, the regulation of expression of genes related to metabolic homeostasis [31,32].
The dysregulated expression of members of the PPAR family has been researched exten-
sively in the context of diagnostic and therapeutic potential. Significant upregulation of
PPAR-α, observed in AAV-treated liver samples, is often seen in the fasting state, favoring
the expression of genes involved in fatty acid oxidation and gluconeogenesis [33]. Both
IPA and RT-qPCR analyses of the hepatic markers showed insignificant upregulation or no
difference between the normal and piggyBac treated liver samples. Limited unpublished
data from the La et al. study on AST and ALT levels of normal and piggyBac-INS_FUR
liver samples, which had normalized blood glucose, indicated no significant difference
between the levels of these liver enzymes. For example, at the end of the experiment, the
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levels for normal animals were: (ALT: 258.9 U/L ± 20.4 and AST: 371.7 U/L ± 29.9) and for
piggyBac-INS-FUR livers were (ALT: 279.2 U/L ± 15.4 and AST: 351.2 U/L ±25.4). These
results indicate that the piggyBac-treated liver is functioning as a normal or untreated liver
would. However, further thorough investigations must be done to confirm that this is
the case.

RNA-Seq data and pathway analysis are valuable for determining the biological effects
and differences in results obtained for a novel treatment like the piggyBac vector system.
Considering all evidence gathered from pathway analysis and RT-qPCR, there is a distinct
difference between the diabetic and the AAV8, and piggyBac transduced livers compared
to the normal liver. Unlike the AAV8 treatment, which did not incorporate a transposon
system, the piggyBac treatment achieved normoglycaemia. Consequently, it alleviated
the effects of T1D on cholesterol biosynthesis and glucose metabolism and induced the
upregulation of key pancreatic markers. Although these results indicate that this is an
effective treatment, for this to be a clinically applicable and long-term solution, it is likely
pancreatic transdifferentiation is required. The transcriptomic profile of the piggyBac treated
livers does not indicate this has occurred.

This study has successfully outlined differences in cellular effects between each treat-
ment, specifically in relation to metabolism, pancreatic markers, and liver function markers.
This is a valuable contribution to understanding the underlying genetic mechanisms of
these treatments and what is required to develop a treatment in which permanent rever-
sal of T1D is achieved. Future research should utilize this piggyBac system or another
integrating viral vector to deliver β-cell transcription factors. Current research indicates
that the delivery of transcription factors can cause the reprogramming of somatic cells
and the transdifferentiation of one cell lineage to another. This has been observed previ-
ously using a combination of Pdx1, NeuroD1, Ngn3 and MafA and allowed for permanent
glucose-stimulated insulin secretion [34–38].
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Abbreviation

AAV Adeno-Associated Viral Vector-INS-FUR transduced liver
AAV8 Adeno-Associated Viral Vector Serotype 8 treatment
AAVPB Adeno-Associated Viral Vector/piggyBac-INS-FUR transduced liver
CYP51A1 Cytochrome P450 Family 51 Subfamily A Member 1
DEG Differentially Expressed Gene
DHCR7 7-Dehydrocholesterol Reductase
DL Diabetic liver
FFO Full flow occlusion
Gck glucokinase
GE Gene Expression
HMGCR 3-Hydroxy-3-Methylglutaryl-CoA Reductase
HNF4-α Hepatocyte nuclear factor 4 alpha
Ins1 Endogenous mouse insulin
INS-FUR Furin cleavable insulin gene
IPA Ingenuity Pathway Analysis
NOD Non-obese diabetic
PCSK9 Proprotein convertase subtilisin/kexin type 9
Pdx1 Pancreatic and duodenal homeobox 1
piggyBac Adeno-Associated Viral Vector/piggyBac-INS-FUR treatment
PPAR-α Peroxisome proliferator-activated receptor-alpha
PPAR-δ Peroxisome proliferator-activated receptor-delta
RNA-Seq RNA Sequencing Data
T1D Type 1 Diabetes
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