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Significant progress has been made in developing recombinant
adeno-associated virus (rAAV) for clinical gene therapy. While
rAAV is a versatile gene delivery platform, its packaging limit
of 4.7 kb limits the diseases it can target. Here, we report two
unusually small promoters that enable the expression of larger
transgenes than standard promoters. These micro-promoters
are only 84 (MP-84) and 135 bp (MP-135) in size but have ac-
tivity in most cells and tissues comparable to the CAG pro-
moter, the strongest ubiquitous promoter to date. MP-84-
and MP-135-based rAAV constructs displayed robust activity
in cultured cells from the three different germ-layer lineages.
In addition, reporter gene expression was documented in hu-
man primary hepatocytes and pancreatic islets and in multiple
mouse tissues in vivo, including brain and skeletal muscle. MP-
84 and MP-135 will enable the therapeutic expression of trans-
genes currently too large for rAAV vectors.

INTRODUCTION
Adeno-associated virus (AAV) is currently the safest and most effec-
tive gene delivery vector owing to its low immunogenicity, ability to
transduce a broad range of host cell types, and capability of long-
term expression of transgenes.1 AAVs are a small single-stranded
DNA virus and various AAV capsid serotypes have a broad spectrum
of tissue and cell tropism. The AAV genome of �4,700 nt contains
two 145 nt inverted terminal repeat (ITR) sequences and two open
reading frames, rep and cap, that encode several isoforms of replica-
tion proteins, capsid proteins, and the assembly activating protein
(AAP) for capsid assembly.2 Despite these gene products, AAVs are
unable to complete their life cycle by themselves but require helper
viruses such as adenoviruses or herpes viruses for their genome repli-
cation. Precisely these properties, the inability to self-replicate and the
simplicity of their genomic structure, have been valuable properties of
AAVs for their development as a successful therapy vector. In recom-
binant AAVs (rAAVs) the rep and cap genes are replaced by a gene
expression cassette containing a promoter, a transgene, and the
poly(A) transcription termination signal. The packaging of rAAV ge-
nomes is achieved by a pseudo-typing strategy in which the cargo
DNA between two ITRs of AAV2 origin is packaged with a capsid
from either another natural serotype or a recombinant capsid. The
pseudo-typed rAAV approach has been highly efficient to enhance
transduction efficiency in target cells.3 Both capsid and the gene
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expression units are two crucial components for efficient gene therapy
vectors.

Thus far, capsid engineering has been extensively explored to target
specific types of cells and tissues employing selected mutagenesis or
a directed evolution screening method.3 By comparison, efforts to
find promoters that are suitable for AAV have been less extensive,
partly because well-established universal promoters were able to drive
strong gene expression in various mammalian host cells. In fact, a
recent survey showed that over 50% of rAAVs in 106 clinical settings
used three universal promoters, the cytomegalovirus (CMV) pro-
moter, which is the abbreviated term herein for the CMV enhancer
and promoter, the chicken beta-actin (CBA) promoter, and the
CAG promoter, which is a synthetic fusion of the CMV enhancer
and the CBA promoter.4,5 Moreover, the majority of clinical trials
for tissue- and organ-specific disorders used one of these established
universal promoters to achieve high transgene expression.4,5 While
these promoters have strong ubiquitous activity in various cell types,
their size ranges from �500 (CMV) to 1,000 bp (CAG) and larger,
and such large sizes can be disadvantageous for rAAV gene therapy
due to the limited payload that can be packaged by the virion. Studies
have reported the maximum packaging capacity of rAAVs in the
range of 5.2–5.6 kb, which is slightly larger than the natural AAV
genome size of 4.9 kb.6,7 Nonetheless, the packaging capacity of
AAVs is much smaller than other viral vectors such as lentivirus or
adenovirus, which are often used in clinical trials. Using the CAG pro-
moter, which is the most preferred promoter in clinical trials, the
available space for a transgene in an rAAV genome is less than 3.5
kb. Many genetic diseases and cancers involve genes with large tran-
scripts exceeding 4 kb, which is too large to deliver in a single AAV
and requires two or three AAVs in so-called split gene AAV vec-
tors.6,8–11 Whether single or split AAVs, promoters much smaller
than the currently available universal promoters increase the chance
to deliver large cargo DNAs as well as improve the packaging effi-
ciency and vector titers, which strongly decrease with cargo DNAs
larger than the wild-type AAV genome.12
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Figure 1. Schematic representation of the locations ofMP-84 andMP-135 in

the human genome and rAAV constructs used in this study

(A) The DNA sequences of the micro-promoters (blue) originated from the human

genomic insulin and glucagon promoter regions (green), respectively. Both micro-

promoters contain the core promoter with a TATA box, and MP-135 contained an

additional 25 bp downstream of the transcription start (+1). (B) AAV ITR sequences

(gray) are from serotype 2. Promoters were inserted upstream of the reporter gene

mRFP, and the WPRE was used as stuffer DNA. A mini-intron (i) was present be-

tween the promoters and the reporter gene.
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Here, we report two unusually small promoters thatwe have namedmi-
cro-promoters, MP-84 and MP-135, which are only 84 and 135 bp,
respectively. The activity of these micro-promoters is robust, and their
activity is as strong as or only slightly weaker than themuch largerCAG
promoter in numerous cell types and tissues both in vitro and in vivo.
The DNA sequences of themicro-promoters originate from the human
insulin and glucagon promoter regions, respectively. Unexpectedly, the
activity of the micro-promoters is superior to their much larger full-
length promoters, and their robust activity is specific to AAV, requiring
close proximity to an AAV2 ITR in both plasmid and virus configura-
tions. Using the fluorescent reporter genemRFP, we detected strong ac-
tivity of the micro-promoters in human islet endocrine cells, hepato-
cytes, brain, and muscle tissues, among others. Micro-promoters may
enable the packaging of larger genes than is possible with using conven-
tional large universal promoters in AAVs.

RESULTS
Micro-promoters derived from human endocrine promoters

exhibit strong activity in AAV vectors

The DNA sequences of MP-84 andMP-135 are derived from the pro-
moters of the human insulin and glucagon genes located in chromo-
somes 11 and 2, respectively (Figure 1A). Both the insulin and
glucagon genes are among the most highly regulated genes in the hu-
man body and are the most abundantly expressed genes in beta and
alpha cells in pancreatic islets, respectively. MP-84 consists of 84 bp
and contains a canonical TATA box, the transcription start site
(+1), and a potential CAAT box. The short sequence immediately up-
stream of the TATA box contains predicted binding sites for the tran-
scription factors PDX1 and PUR-1.13,14 The human glucagon pro-
moter is less well studied than the human insulin promoter and has
been characterized mostly by sequence comparison studies with its
rodent orthologs.15,16 MP-135 is 135 bp long and contains a promoter
(110 bp) and a sequence (25 bp) downstream of the transcription start
site. The 110 bp sequence contains a TATA box and an upstream
sequence with a binding site for the transcription factor FOX.15,16

We recently reported the robust activity of MP-84, which was much
stronger than the full-length insulin promoter (363 bp) in islet endo-
crine cells upon AAV expression.17 Such unexpectedly strong pro-
moter activity was also observed with AAV-expressed MP-135 in islet
endocrine cells. Like MP-84, MP-135 is much stronger than the full-
length glucagon promoter (650 bp) in AAV (Figure S1). Another com-
mon property of thesemicro-promoters is universal activity that is not
specific to any of the islet endocrine cell types. The strong activity of the
micro-promoters in all types of endocrine cells prompted us to ques-
tion whether their activity is cell type specific or comparable to the es-
tablished universal promoters such as CMV and CAG. The CAG pro-
moter used in this study is a shorter version (�1 kb) of the full-length
CAG promoter (1.7 kb) and includes the CMV enhancer (249 bp) and
the CBA promoter (687 bp) but not the rabbit globin intron. The pro-
moters were cloned individually into AAV vectors with an identical
genetic background, which was comprised of two ITRs, a chimeric
intron, the fluorescence reporter gene mRFP, a WPRE (woodchuck
hepatitis virus posttranscriptional regulatory element), and a poly(A)
Molecul
signal (Figure 1B). The CMV and CAG promoters are renowned for
strong universal activity in many cell types and, for that reason, are
frequently used in clinical trials with AAV gene therapy vectors.5 All
AAVs in this study were packaged with the recombinant capsid
KP1, which transduces human pancreatic islets with high efficiency.18

AAVs containing different promoters were first tested in both cul-
tures of mouse alpha cells aTC1 and mouse insulinoma MIN6 cells.
After the transduction, aTC1 cells were harvested at day 2, due to
the fragility of the cells under longer culture conditions, and MIN6
cells at day 3. The promoter activity was assessed by the expression
levels ofmRFP,whichwasmeasured as themedian fluorescence inten-
sity (MFI), as the midpoint of fluorescence intensity of the population
determined by flow cytometry analysis. A high MFI value indicates
high mRFP expression from a promoter. Overall, all three promoters,
MP-84,MP-135, andCAG, showed strong activities in bothmouse cell
lines. Surprisingly, the micro-promoters outperformed the CAG pro-
moter in aTC1 cells withMFI values�2- to 3-fold higher than for the
CAG reference (Figures 2A and 2B). In comparison, the activity of the
micro-promoters was similar to the CAG promoter inMIN6 cells.We
further quantified the mRFP expression per intracellular AAV vector
genome (vg) inMIN6 cells by quantitative PCR (qPCR)methods (Fig-
ure S2). Statistical analysis showed no significant differences in the ac-
tivity between the micro- and the CAG promoter in both AAVs with
capsid KP1 and DJ (Figure S2).

To test if the strong mRFP expression from the micro-promoters,
and the CAG promoter, results from the transcription capability
of the AAV2-ITR, we quantified mRFP expression from an AAV
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Figure 2. The micro-promoters show strong activity

in mouse endocrine cell lines and human islet cells

rAAVs containing either micro-promoters or the reference

promoters CMV and CAG were compared. (A and B)

aTC1 mouse alpha (A) and MIN6 mouse insulinoma cells

(B) were transduced with rAAVs and cultured for 2 (aTC1)

or 3 (MIN6) days. Flow cytometry was performed to

measure expression levels of mRFP, shown as themedian

fluorescence intensity (MFI). MFI values represent the

mean value of the triplicates in each sample. (C) Intact

human islets were transduced with AAVs and cultured for

4 days prior to the flow cytometry (shown in the box with

MFI measurements). MP-84, MP-135, and the CAG pro-

moter showed strong activity in all islet cells, while the

CMV promoter had much weaker activity.

Molecular Therapy: Methods & Clinical Development
without any promoter. The AAV without a promoter showed a
moderate level of mRFP expression in MIN6 cells, yet it was signif-
icantly lower compared with the AAVs containing MP-84
(Figure S3).

We next tested the micro-promoters in intact human islets. The
islets were transduced with AAVs and cultured for 4 days. Previ-
ously, we have shown that the MP-84 and CAG promoters are
active in all human islet cell types.17 Likewise, MP-135 was active
in all islet cells (Figure S4). Therefore, the MFI was measured from
the mixed population of all islet cells that were dissociated for the
flow cytometry. In human islet cells, the micro-promoters ex-
pressed high levels of mRFP, similar to the CAG promoter. Sur-
prisingly the CMV promoter was much weaker than the other
three promoters in human islets, as shown by fluorescence micro-
scopy, and therefore was not subjected to the MFI measurement
(Figure 2C).
506 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2023
Themicro-promoters have strong activity in

human primary hepatocytes but weaker

activity in cells of other germ line origins

The unexpected, strong activity of the micro-
promoters in endocrine cells led to the question
of whether these promoters are also active in
other endodermal lineage cells such as hepato-
cytes. Human primary hepatocytes were plated
24 h prior to transduction with AAVs (KP1
capsid) with the micro- and the CAG pro-
moters. MFI was measured after 4 days in cul-
ture. Unlike in endocrine cells, the activity of
the micro-promoters was not quite as strong
as the CAG promoter, which was �2 to 3-fold
higher than the other two micro-promoters
(Figure 3A). The time course of mRFP expres-
sion showed that the transcriptional activity
from the CAG promoter was surprisingly rapid
in these cells, as mRFP expression was visible
within 24 h after transduction. In contrast, the
micro-promoters showed mRFP expression
2 days after the AAV transduction (Figure S5). Despite the slower
start, mRFP expression from the micro-promoters gradually
increased, and high expression levels of mRFP were observed at day
4 posttransduction (Figure 3A).

Overall, the micro-promoters showed a robust transcription activity
in cells of endodermal origin, islet endocrine cells, and hepatocytes.
We asked whether the micro-promoters are also active in cells that
originate from different germ layers since different genetic and
cellular compositions display distinct regulatory machineries for
gene expression. A primary culture of PD220 human fibroblasts
was tested as an example of mesoderm-derived cells and both human
neuroblastoma SH-SY5Y cells and rat glioma C6 cells as examples of
the ectodermal origin. Overall, both micro-promoters showed clearly
detectable mRFP expression that was weaker than the CAG promoter
in these cell lines (Figure 3B). As in hepatocytes, mRFP expression
from the CAG promoter was visible within 24 h after the AAV



Figure 3. Activity of the micro-promoters in human primary hepatocytes and in cell lines

(A) Micro-promoters expressed high levels of mRFP in human hepatocytes but were not as strong as the CAG promoter. The rAAV transduced hepatocytes were cultured for

4 days prior to the flow cytometry. (B) The micro-promoters had weaker activity in cells of mesodermal (PD220 fibroblasts) or ectodermal origin (SY5Y-SH and C6).

Microscopic images were taken 1 week following rAAV transduction.
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transduction and remained strong in these cells, while the weak
mRFP expression from the micro-promoters was slow and remained
weak throughout the culture period. Although both micro-promoters
showed reduced activity in these cells compared with the endocrine
cells, MP-135 appeared to express a slightly higher level of mRFP
than MP-84 (Figure 3B).

Activity of the micro-promoters is independent of theWPRE and

intron but dependent on the AAV ITR

The AAV constructs used in this study include an intron and WPRE
(Figures 1B and 4A). While WPRE functions to enhance the trans-
gene expression, the primary role in our AAV vectors was stuffer
DNA to increase the size of the DNA cargo for packaging. This stuffer
DNA was needed particularly for the unusually small micro-pro-
moters. Since the micro-promoters showed strong activity in endo-
crine cells, we questioned if the promoter activity was due to the
enhanced transcriptional and posttranscriptional activity of the
intron and WPRE in rAAV vectors. To investigate the promoter ac-
tivity in the absence of these two regulators, rAAVs were constructed
in which the intron was deleted or theWPRE was replaced with a new
stuffer DNA, a DNA segment from intron 4 of the human ubiquitin
gene (Figure 4B). The activity of the micro-promoters from these
AAVs was assessed along with their parental AAVs in MIN6 cells.
rAAVs withMP-84 showed no change inMFI ofmRFP in the absence
of the intron (Figure 4A). In contrast, the rAAV containing MP-135
without an intron showed a mild but significant decrease in MFI to
78% of the parental AAV (Figure 4A). Despite the decrease in
mRFP expression in the absence of an intron, the promoter activity
fromMP-135 was still high (Figure 4A). Unlike in MIN6 cells, the ac-
tivity of the micro-promoters did not change in the absence of an
intron and remained high in aTC1 cells (Figure S6). Together, pres-
Molecul
ence of the intron did not alter the expression levels from either mi-
cro-promoter. The positive regulation of WPRE in gene expression
was evident when we measured MFI with the AAVs with or without
WPRE. Deletion of WPRE showed a decrease in mRFP levels to 61%
(MP-84) and 60% (MP-135) of their parental AAV with WPRE (Fig-
ure 4B). Despite this decrease in fluorescence intensity, the overall ac-
tivity of the micro-promoters was still strong, and they expressed high
levels of mRFP.

The micro-promoters require ITR sequences from AAV for their

activity

We further examined whether the micro-promoters were active from
a plasmid or a lentiviral vector. To test the efficacy in a plasmid, the
micro-promoters were inserted into the plasmid pCDNA3.1, by re-
placing the existing CMV promoter, and mRFP was inserted as a re-
porter gene. Upon transfection of HEK293 cells with the pCDNA3.1
plasmid containing the CMV promoter, cells showed a robust expres-
sion of mRFP within 24 h. However, mRFP expression was not visible
with the micro-promoters even 3 days after transfection, suggesting
that the micro-promoters do not promote expression from the
plasmid (Figure 4C). To assess the activity from lentivirus, the mi-
cro-promoters were inserted with an mRFP reporter into the
FUGW lentiviral vector in place of the human ubiquitin-C (UBC)
promoter. The mRFP reporter expression was monitored by lentiviral
transduction of HEK293 cells. Five days after transduction, only a
negligible level of mRFP was detected from the lentiviral vectors
with the micro-promoters. In contrast, the lentivirus with the UBC
promoter showed strong mRFP expression (Figure 4D). Together,
these experiments showed that the micro-promoters are not func-
tional in plasmids or lentivirus. Surprisingly, however, the AAV
plasmid vectors with the micro-promoters expressed high levels of
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 507
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Figure 4. Effect of an intron, the WPRE, and AAV ITR on micro-promoter activity

(A) The activity of MP-84 was high regardless of the presence of an intron, while MP-135 showed a mild decrease. (B) The presence of WPRE in AAV enhanced mRFP

expression from AAVs containing the micro-promoters in MIN6 cells. Replacement of WPRE in the AAV vector with an intron segment from the ubiquitin gene (Ubi intron)

showed a decrease in gene expression, but activity was still high as shown in MFI measured by flow cytometry. Analyses were performed with triplicate samples, and the

mean MFI values are shown in the box. Statistical analyses by t test (*p < 0.05, **p < 0.001, n.s. not significant p > 0.05). (C) The micro-promoters were not active in a plasmid

lacking AAV2 ITRs. Microscopic images show HEK293 cells transfected with plasmids expressing mRFP from the indicated promoters. (D) The micro-promoters had

negligible to low activity in a lentiviral vector. HEK293 cells were transduced with lentiviruses expressing mRFP under the indicated promoters. Microscopic images were

taken 1 week following transduction. Both the promoters CMV (C) and UBC (D) were used to as the control promoter.

Molecular Therapy: Methods & Clinical Development
mRFP upon transfection of HEK293 and MIN6 cells. (Figure S7).
These results were intriguing since they suggest that AAV sequences
are required for the transcriptional activity of the micro-promoters.
The only DNA structures that remained in our AAV constructs
were two ITRs of AAV2 origin. Thus, it is plausible that a DNA
sequence or a structural component of the ITR is responsible for gen-
eration of transcriptional activity from these micro-promoters.
508 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
Transgene expression driven by the micro-promoters is strong

and stable for long term in tissues in vivo

Promoter properties such as strong, universal, and long-term activity
are crucial assets for gene delivery vectors to successfully express trans-
genes in clinical applications. In cultured cells, themicro-promoters dis-
played amodest to strong promoter activity that was similar to the CAG
promoter activity in some cell types. To find out if themicro-promoters
023
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were also active in in vivo settings,we testedAAVs containing these pro-
moters in mice. In these experiments, the AAV containing the CAG
promoter was also tested to compare the promoter activity.

To determine the activity from the micro-promoters in human hepa-
tocytes, we employed liver-humanized mice. Mice were retro-orbi-
tally injected with 1011 vg AAV, which was packaged with the capsid
KP1, and the liver tissues were analyzed 2 weeks after injection by
confocal microscopy of the liver tissues. An antibody recognizing hu-
man fumarylacetoacetate hydrolase (FAH) was used to distinguish
the transplanted human hepatocytes from the mouse cells. Overall,
all AAVs showed similarly high expression levels of mRFP in both hu-
man and mouse hepatocytes (Figure 5A). These data are consistent
with the results obtained with cultured hepatocytes and indicate
that robust and durable expression can be achieved in this important
cell type. As the AAVs with capsid KP1 showed that transduction
occurred predominantly in mouse hepatocytes in these experiments,
we also tested AAVs generated with the human tropic capsid LK03 in
liver-humanized mice to examine mRFP expression in human hepa-
tocytes only (Figure S8). MP-84 packaged with LK03, as the CAG
control promoter, also exhibited high mRFP expression in human he-
patocytes (Figure S8). We next tested the micro-promoters in tissues
and cells that are differentiated from other germ layers. The skeletal
muscle tissues are developed from the mesoderm. In in vitro experi-
ments with fibroblasts, cells of the mesodermal lineage, the micro-
promoters showed transcription activities that were noticeably
weaker than the CAG promoter (Figure 3B). To investigate the pro-
moter activities in vivo, AAVs, at a dose of 1010 vg per mouse, were
administered by intramuscular injection into the hind limbs of
3-month-old mice, and mRFP expression was examined 4 weeks after
the injection. Confocal microscopy of the muscle tissues showed
robust expression of mRFP from all three promoters (Figure 5B).
These data suggest that the micro-promoters are able to drive very
strong gene expression in the skeletal muscle tissues in mice.

To determine the ability of the micro-promoters in ectoderm-derived
tissues, we injected 109 vg directly into the lateral ventricle of neonatal
mouse brain. The mouse brain is not fully developed at postnatal day
1, and the space in the lateral ventricles allows injection of AAVs.19,20

AAVs are then taken up by adjacent tissue layers that develop to
form the different parts of the brain. Here, we examined mRFP expres-
sion in the cortex and hippocampus 8weeks after the injection. Both the
MP-84 and the CAG promoters showed overall high levels of mRFP
expression in neurons throughout the cortex and hippocampus regions
Figure 5. In vivo activity of the micro-promoters

(A) Promoter activities in liver-humanized mice. Overall transduction efficiency of AAV

expressed bright mRFP inmice injected with either themicro- or the CAG promoters. The

(green). The liver tissues were stained with Hoechst33342 for nuclei (blue). Nuclei staine

mRFP from all AAVs in mouse skeletal muscle 4 weeks after injection. Although not quite

tissues. (C) The micro-promoters were also active in neurons of different regions in mou

cortex and hippocampus. Intraventricular injection of AAVswas performed at postnatal d

The MP-135-injected brain did not showmRFP expression with neonatal brain injection.

strong mRFP expression in neurons in the hippocampus and thalamus at 3 weeks follo
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(Figure 5C). InMP-135-injected mice, however, we repeatedly failed to
detect anyneurons expressingmRFP. Instead,we detected cells express-
ing high levels of mRFP that were restricted to venous-like structures in
these mice (Figure S9). We then questioned if MP-135 activity is sup-
pressed in the brains of young mice because we injected AAVs at post-
natal day 1 and the mRFP expression was examined at 2 months of age.
To explore the possibility of MP-135 activity in neural tissue of older
mice, we injected AAV with MP-135 into the cortex of a 10-week-old
mouse brain. Confocal microscopy 3 weeks after the injection showed
mRFP expressionmainly in neurons in the hippocampus and thalamus
and a small number of neurons in the cortex along the injection sites
(Figure 5C). Together, these experiments showed that both MP-84
and MP-135 are capable of transgene expression in mouse and human
cells in vivo. Although the properties of these two micro-promoters
differ from each other, such as the timing of activity in neurons, these
promoters showed strong activity in many cells and tissues, not unlike
the CAG promoter.

DISCUSSION
Here, we show that two micro-promoters, MP-84 and MP-135, are
highly expressed in many cells and tissues in the context of AAV2 ge-
nomes. One of the striking characteristics of the micro-promoters is
their size. These promoters are unconventionally small, yet capable
of driving high expression of transgenes from AAV. To our knowl-
edge, there are no other promoters this small that are ubiquitously
active and strong in many, but not all, cell types. Among the estab-
lished promoters, the mouse phosphoglycerate kinase (mPGK) pro-
moter (551 bp), the human synapsin (hSYN) promoter (499 bp),
and the mouse methyl-CpG-binding protein-2 (MeCP2) promoter
(229 bp) are considered small promoters.21,22 The hSYN and the
MeCP2 promoters do not have universal activity but preferentially
express in neurons. The micro-promoters MP-84 (84 bp) and MP-
135 (135 bp) described here represent a significant advance in the
toolbox of AAV-delivered gene therapy since their small sizes allow
packaging of larger transgenes than can be currently expressed
from other ubiquitous promoters. While the micro-promoters had
very strong activity in many cell types, our current study sampled
only a limited number of tissues. We did not test their activity in
the retina, pulmonary epithelium, motor neurons, myocardium, or
endothelial cells, which are all important targets for gene therapy.
Nonetheless, the data provided here suggest that these promoters
should be considered for large transgenes. They certainly seem prom-
ising for gene expression in the endocrine pancreas, brain, liver, and
skeletal muscle.
s generated with KP1 capsid was �10%, but some human hepatocytes (arrows)

human hepatocytes were immune-labeled with the antibody specific to human FAH

d but FAH� cells are mouse liver cells. (B) Mouse skeletal muscle show high levels of

as strong as the CAG promoter, the micro-promoters showed high activity in muscle

se brain. Similar to the CAG promoter, MP-84 showed high mRFP expression in the

ay 1, and the confocal imageswere taken from 2-month-old mouse brain (top panel).

However, the administration of rAAVs in brain of mature (10-week-old) mice showed

wing the injection (bottom panel).
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An additional novel finding of this study is the AAV dependency of
the micro-promoters because this property implicates a new function
of the AAV ITR. ITRs across all AAV serotypes have a conserved
T-shaped structure, and their main functions are to provide a cis-
acting element for the replication origin and to serve as the packaging
signal. ITRs are also known for their intrinsic promoter activity.
Accordingly, AAV2 ITRs are able to drive expression of large
DNAs (�4.5 kb) such as the CFTR gene and CRISPR-Cas9 gene edit-
ing machinery from promoter-less AAV vectors, which were tested
because of their limited capacity of�4.7 kb DNA cargo.2,12,23 In addi-
tion to the promoter activity, multiple transcription start sites (TSSs)
have been mapped throughout the ITR sequences, although a canon-
ical TATA box has not been found.2 In our study, the AAV vectors
contained AAV2 ITRs, and bothmicro-promoters contain a core pro-
moter with a canonical TATA box. The DNA sequences upstream of
the TATA box are 54 (MP-84) and 84 bp (MP-135) long, which are
considerably smaller than conventional enhancers with multiple tran-
scription factor binding sites. Initially, we did not expect any pro-
moter activity from the micro-promoters since they contain little of
their respective enhancer regions. In fact, the micro-promoters do
not have any enhancer activity, which is consistent with their lack
of activity in plasmid or lentivirus vectors. Therefore, it is plausible
that the AAV-dependent activity of the micro-promoters is caused
by the ITR functioning as an enhancer for these promoters. Support-
ing the role of the ITR as an enhancer, we observed a starkly reduced
activity of the micro-promoters when inserted into an AAV vector
that contains a modified left ITR containing a deletion of 12 bp
near the RBE (Rep b binding element) sequence (Figure S10).2

The fact that AAV is able to drive robust expression from our micro-
sized promoters suggests a potential methodology to develop other
similarly strong micro-promoters. This study showed that the mi-
cro-promoters have the strongest activity in endocrine cells, in their
endogenous genetic backgrounds. Their activity was somewhat
reduced yet was still strong in hepatocytes, cells that share an endo-
dermal origin with the endocrine cells. In cells from other than endo-
dermal origins, the micro-promoters had more variable activity. In
general, tissue-specific enhancers regulate promoter activity for the
highest tissue-specific expression. At present, we do not know
whether the micro-promoters have any residual DNA elements that
contribute to robust activity in the endocrine cells. However, it would
be interesting if the core promoter region of other strong tissue-spe-
cific promoters—albumin, for example—exerts strong activity in their
endogenous tissue, similar to our micro-promoters in endocrine cells.

MATERIALS AND METHODS
Human islet and cell cultures

Human pancreatic islets were obtained from the Integrated Islet Distri-
butionProgram(IIDP) funded by theNational Institute ofDiabetes and
Digestive and Kidney Disease (NIDDK). Islets were cultured in low-
glucose-containingCMRL1066mediumwith supplements as described
in suspension culture dish.17 HEK293 (ATCC), C6 rat glioma cells
(ATCC), and PD220 primary human fibroblast cells (OHSU Fanconi
Anemia ResearchMaterials) were cultured inDMEMwith high glucose
Molecul
supplemented with 10% fetal bovine serum (FBS). MIN6mouse insuli-
noma (ATCC) cells were grown in DMEM with high glucose and 15%
FBS and aTC1 mouse clone 6 alpha cells (ATCC) in DMEM with low
glucose (1 g/L), 15%HEPES, and nonessential amino acid. Primary hu-
manhepatocyteswere plated in hepatocyte platingmedium(Lonza) at a
density of 80,000 cells/cm2, and media were changed to culture media
consisting of HBM basal medium and HCM supplement (Lonza)
18 h after the plating. SH-SY5Y human neuroblastoma (ATCC) cells
were grown in culture media recommended by ATCC.

Construction, production, transduction, and injection of rAAVs

All rAAV vectors used in this study were single-stranded AAVs with
ITRs from the AAV serotype 2. The micro-promoters MP-84 and
MP-135 were cloned using synthetic DNA oligonucleotides containing
sequences of top andbottom strands of the promoters andhybridized to
form a duplex DNA. The CAG promoter used in this study is a shorter
version (�1 kb) of the full-length CAG promoter (1.7 kb) and includes
theCMVenhancer (249bp) and theCBApromoter (687bp) butnot the
rabbit globin intron.ProductionandpackagingofAAVwereperformed
using HEK293 cells using pAD5 adeno helper plasmid, pAAV-KP1
Rep-Cap plasmid,18 andAAV transfer plasmid as described.17 Cultured
cells and islets were transducedwith rAAVs at amultiplicity of infection
(MOI) of 105 vg per cell. Islet transduction was performed following the
method as described.17 For systemic delivery of AAVs, two liver-hu-
manized mice were injected with each AAV sample (1011 vg viral par-
ticles) via the retro-orbital venous sinus. The promoter activities ofMP-
84, MP-135, and the CAG promoter in skeletal muscle were each tested
in two of threemonth-oldmice. Intramuscular injectionwas performed
with 1010 vg rAAVs into the hind limbs of themice. Intraventricular in-
jection into neonatal mouse brain was performed in two (MP-84 and
theCAGpromoter) and three (MP-135) litters. The size of the litter var-
ied between 5 and 9 pups. Each litter was injected with the same AAV
with 109 vg in 1 mL volume, following the published method.20 mRFP
expression was monitored by harvesting one or two mouse brains at 1
and 2 weeks of age and two of an 8-week-old brain for each AAV sam-
ple. The confocal images were taken from an 8-week-old mouse brain.
Injection of a targeted region in the cortex of adultmouse (two 10-week-
old mice) brains was also done with 109 vg. Transduction of HEK293
cells with lentivirus was performed in the presence of a polycation poly-
brene at afinal concentrationof 8mg/mL.24Procedures involving invivo
test in mice were approved and performed following the guidelines and
regulations by OHSU IACUC.

Flow cytometry, preparation of tissues, and microscopy

For flow cytometry, cells were grown in 12-well plates for 2 to 4 days,
dissociated with trypsin, and fixed with 4% paraformaldehyde (PFA).
For each rAAV vector, the MFI of mRFP was measured from cells
grown in three separate wells of a culture plate (technical triplicates).
Intact islets were transduced with rAAVs first by incubation at 4�C
for 1–2 h prior to incubation at 37�C for 4 days as described.17

Data were analyzed with FlowJo software, and statistical analysis (t
test) was done with GraphPad Prism software. Expression of mRFP
in live cells was visualized using an EVOS cell imaging system (Life
Technology). A whole-body perfusion fixation method was used on
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 511
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anesthetized mice before harvesting tissues. Tissues were further fixed
overnight at 4�C in 4% PFA and transferred to 30% sucrose before
OCT cryoembedding tissues (Sakura). Frozen tissues were sectioned
for nuclear staining (Hoechst33342) for all tissues and immunostain-
ing of human FAH in hepatocytes. Confocal microscopy (Zeiss
LSM700) was performed to visualize mRFP expression.
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