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Abstract: Cervical intraepithelial neoplasia (CIN) represents a
spectrum of preinvasive squamous lesions within the cervical epi-
thelium, whose identification is a diagnostic challenge due to subtle
histomorphological differences among its categories. This study
explores ORF1p, a nucleic acid-binding protein derived from long
interspersed nuclear element-1 (LINE-1), as a potential biomarker
for enhancing CIN diagnosis. A comprehensive analysis of 143
cervical specimens, encompassing CIN I (n=20), CIN II (n=46),
CIN III (n=14), invasive cancer (n=32), and nondysplastic cases
(normal cervical epithelia (n=24) and atrophy (n=7) were con-
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ducted. ORF1p, Ki67, and pl6 expressions were evaluated using
immunohistochemistry. ORF1p immunopositivity was detected in
the vast majority [110/112 (98.29%)] of dysplastic and neoplastic
(CIN and invasive cancer) specimens, whereas 19/24 (79.2%) of
normal cervical specimens lacked ORF1p expression. The observed
pattern of ORF1p expression showed a progressively increasing
extent and intensity with advancing CIN grades. CIN I exhibited
mild ORF1p expression in the lower one or two-thirds of the cer-
vical epithelium [14/16 (87.5%)], whereas CIN II demonstrated
moderate to strong ORF1p expression spanning the lower two-
thirds [29/46 (63.0%)]. Pronounced transepithelial ORFlp im-
munopositivity characterized CIN III cases [13/14 (92.8%)] and
cervical cancer [30/32 (93.8%)]. These findings propose ORF1p as a
valuable indicator even for detecting CIN I, effectively discerning
them from normal cervical tissue (p < 0.0001). Our findings un-
derscore the potential of ORF1p as an early diagnostic marker for
cervical neoplasia.

Key Words: cervical intraepithelial neoplasia, diagnostic biomarker,
ORFlp, LINE-1, carcinogenesis

(Int J Gynecol Pathol 2025;44:22-30)

C ervical cancer is a significant global health burden and
a leading cause of cancer-related morbidity and
mortality among women.! It is the fourth most common
cancer in women worldwide,? primarily caused by persis-
tent infection with high-risk human papillomavirus
(HPV).>* Despite advances in prevention and early de-
tection, cervical cancer continues to pose a substantial
threat, particularly in low and middle-income countries
with limited access to screening programs and HPV
vaccination.” Understanding the importance of early de-
tection and timely intervention as key preventive measures
can significantly reduce the burden of this disease and
improve women’s health outcomes worldwide.5
Preinvasive squamous lesions of the cervix, collec-
tively known as cervical intraepithelial neoplasia (CIN),
encompass a range of cellular changes that occur within the
cervical epithelium. CIN is commonly classified into dif-
ferent grades based on the severity of the observed cellular
abnormalities. The CIN I is a low-grade squamous lesion
(LSIL) mostly caused by low-risk HPV types that regress
spontaneously in more than three-quarters of cases. By
contrast, high-grade squamous cell lesions (HSILs), such as

Int | Gynecol Pathol » Volume 44, Number 1, January 2025


mailto:sukosd.farkas@med.u-szeged.hu
mailto:mates.lajos@brc.hu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Int | Gynecol Pathol * Volume 44, Number 1, January 2025

LINE-1 ORF1p is a Promising Biomarker

CIN IT and CIN III, have a significantly higher risk of
progression to invasive cervical cancer. This difference
highlights the clinical significance of accurate diagnosis.®

The diagnosis of CIN primarily relies on histological
evaluation of cervical biopsy specimens. However,
interobserver variability and subjectivity in interpreting
histopathological features of CIN lesions can impact di-
agnostic accuracy and reproducibility.”'? Therefore, there
is a growing need for objective and reliable biomarkers
that can complement traditional diagnostic approaches
and improve the accuracy of CIN diagnosis. The most
commonly used immunohistochemical markers are Ki67
and pl6.!" Ki67 is a marker of cellular proliferation
dominantly present at sites of ribosomal RNA
transcription.'? In the context of cervical lesions, a high
Ki67 labeling index (with more than 30% of the cells ex-
hibiting nuclear immunopositivity) is associated with more
aggressive or advanced lesions, such as high-grade CIN or
cervical cancer.'® The p16, also known as pl6INK4a, is a
tumor suppressor protein that acts as a negative regulator
of the cell cycle, inhibiting the phosphorylation of reti-
noblastoma (Rb) protein and preventing cell proliferation.
In high-risk HPV-associated lesions, the viral oncopro-
teins E6 and E7 disrupt the normal function of p53 and
Rb, respectively, leading to increased pl6 expression as a
cellular response to this dysregulation.!* Consequently,
cytoplasmic pl6 overexpression has been recognized as a
surrogate marker for high-risk HPV infection and a reli-
able indicator of HPV-associated neoplasia.'>!® In the
cases of HSIL and carcinoma in situ, HPV genotypes 16,
31, 33, and 35 are primarily involved. Consequently, these
cases exhibit pl6 immunopositivity.* Conversely, CIN 1
lesions are associated with a more diverse range of over 20
different HPV genotypes and are not expected to express
pl6. However, in 25% to 30% of LSIL cases, high-risk
HPYV infection can be identified, rendering their positive
pl6 status an insufficient classifier of the degree of
CIN.!7-18 This incorrect application of pl6 IHC can
overdiagnose HSIL when performed on unequivocal low-
grade lesions or when it upgrades questionable lesions
based on non-block pl6 staining patterns.'® According to
the follow-up studies, pl6 immunopositivity does not
correlate with LSIL to HSIL progression either,!” so it is
only the negative pl6 staining result that has diagnostic
value, suggesting a case of LSIL.

Long Interspersed Nuclear Elements 1 (LINE-1) are
autonomous retrotransposons accounting for 17% of the
genome, where their copy number reaches 500,000.°
LINE-1 retrotransposons contribute to evolution and ge-
nomic diversity,”!~23 although they might have harmful
genotoxic effects as well. LINE-1 elements can insert
themselves into new genomic loci with a “copy-and-paste”
mechanism by which they potentially disrupt the function
of genes, contributing to the develoyment of a variety of
genetic disorders, including cancer.2* The seeming conflict
between their positive contribution to human evolution
and their disease-causing genotoxicity is clarified by the
fact that, under nonpathological conditions, their well-
controlled activity is restricted to germ cells?® and early

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

embryonic development.?® De novo retrotransposition
events in the germline contribute to heritable genetic
changes and the rate of new germline events was estimated
as ~1 insertion for every 200 births based on genome
comparisons.2” The vast majority of these events have no
discernible effect, but a very small proportion can cause
familial inherited diseases.2* By contrast, in differentiated
tissues under nonpathological conditions, only sporadic
and weak LINE-1 activity is observed in some epithelial
cells and neurons.”® However, when LINE-1 activity is
initiated in somatic tissues, it leads to the development
of cancers through the formation of cancer driver
mutations.?*?%:30 [n differentiated tissues, numerous de-
fense mechanisms tightly suppress LINE-1 retro-
transposition to maintain the integrity of the somatic
genome.?!32 However, under pathological conditions,
these protective systems may decline, allowing the acti-
vation of LINE-1 elements, which in turn contribute to
tumor development.

Active LINE-1 loci produce transcripts encoding 2
proteins, ORF1p and ORF2p. ORFlp acts as a high-
affinity RNA binding protein and nucleic acid chaperone,
playing a critical role in facilitating retrotransposition by
binding to LINE-1 RNA and forming stable ribonucleo-
protein particles.>> ORF2p is responsible for reverse
transcription and integration of LINE-1 elements.?*

The emerging potential of ORF1p as a biomarker
has been recognized in different types of cancer and their
precursor lesions.>> ORF1p expression serves as a char-
acteristic feature in numerous cancer types, such as breast,
ovarian, bladder, esophageal, and pancreatic cancer,
among many others.3* 4! However, its association with
CIN and cervical cancer has not been investigated.

This study aims to explore the expression of ORF1p
in preneoplastic and neoplastic cervical specimens and
evaluates its potential as a diagnostic biomarker for CIN.
By investigating the diagnostic value of ORF1p, we aim to
enhance the accuracy and objectivity of CIN diagnosis.
Identifying a reliable biomarker like ORF1p could aid in
risk stratification and reduce interobserver variability in
CIN diagnosis.

MATERIALS AND METHODS

Tissue Specimens

Archived pathological samples collected for diag-
nostic purposes were used for TMA assembly. The study
was performed on 112 selected formalin-fixed paraffin-
embedded (FFPE) specimens of CIN I (n=20), CIN II
(n=46), CIN III (n = 14), and cervical cancer (n=32). The
control group comprised 31 cases of nondysplastic cervical
tissue obtained from patients who underwent total
hysterectomy for uterine leiomyomas and uterine prolap-
sus. These specimens were further categorized into the
following groups: normal (n=24) and atrophic epithelium
(n=7). Cores were chosen from each case, and their
representativeness was reviewed after H&E staining.
For tumor specimens, the following parameters were
investigated: tumor grade, primary tumor size, lymph
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node, and metastasis status (pTNM). All the patient data
acquired in this study were anonymized and did not im-
pact diagnosis or treatment. The age range of the patient
cohort encompassed a spectrum of 22 to 83 years, with a
mean age of 52 years, selected from the period between
2018 and 2022 at the Clinical Centre of Albert Szent-
Gyorgyl Medical School at the University of Szeged,
Hungary. (Supplementary Table 1, Supplemental Digital
Content 1, http:/links.lww.com/IJGP/A176) The research
protocol was reviewed and approved by the Institutional
Committee of Science and Research Ethics of the Medical
Research Council, Budapest, Hungary (Reference num-
ber: BM/3049/2023).

Immunohistochemistry

Immunohistochemical staining was run on the Bond
Max Autostainer (Leica Biosystems, Wetzlar, Germany)
with Bond Polymer Detection System (Vision BioSystems,
Newcastle upon Tyne, UK). Monoclonal mouse anti-p16
antibody (clone MX007, MAD-000690QD-12, Master
Diagnostica S.L, Granada, Spain), monoclonal anti-Ki67
(clone SP6, #10080, Histopathology Ltd., Pécs, Hungary),
and monoclonal anti-LINE-1 ORFlp antibody (clone
4H1, MABCI1152, Millipore Darmstadt, Germany) were
used. Negative controls were performed on all sections
using an equivalent concentration of a subclass-matched
IgG k. The THC sections were scored by 2 experienced
pathologists (L.K. and F.S.) independently to ensure in-
terobserver agreement. The observers were blinded to any
clinical parameter. A consensus outcome was reached in
case of discordance.

To evaluate ORFlp immunostaining results, a
modified version of the immunoreactive scale (IRS) by
Remmele and Stegner was used.*> The samples underwent
scoring based on both staining intensity and the extent of
epithelial involvement. The cytoplasmic staining intensity
was assessed using a semi-quantitative scale: 0 (negative),
1 (weak), 2 (moderate), and 3 (strong). The extent of
positively stained epithelium was scored as follows: 0
(absent), 1 (involving the basal one-third), 2 (involving the
basal two-thirds), and 3 (involving the entire epithelial
thickness). To determine the ORFlp immunoreaction
score, the intensity and extent scores were multiplied
(Table 1). The ORF1p staining was graded negative in the
presence of less than 10% weakly reactive epithelial cells.*3

The degree of p16 expression was quantified based on
the percentage of pl6-positive cells. In a semi-quantitative
scale, a 0 designation was assigned when the proportion of
positive cells fell below 1%. Grades 1 and 2 were allocated
to cases with clustered positive cells and percentages of
positive cells ranging from 1% to 5% and 5% to 25%, re-
spectively. Grade 3 was designated in instances where
widespread positive cells constituted more than 25% of the
total, 1344

To assess the degree of Ki67 expression, the nuclei of
200 epithelial cells spanning the entire epithelial layer were
examined in each specimen. The Ki67 index was estab-
lished as the percentage of Ki67 positive cells. Grades 1, 2,
and 3 were applied to categorize the extent of expression.
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TABLE 1. Modified version of the immunoreactive scale (IRS)
scoring system#? for the evaluation of ORF1p
immunohistochemistry in cervical specimens. (A) The
measured parameters and their scaling (B) The final
immunoreaction scores and their classification

A

Positively stained
epithelial thickness

Intensity of

(PP) PP score staining (SI) SI score

No staining 0 No color reaction 0

Basal one-third 1 Mild reaction 1

Basal two-thirds 2 Moderate reaction 2

Transepithelial 3 Strong reaction 3

B

IRS Scores (PP x SI) IRS Classification

0 Negative

1-2 Positive, mild
immunoreaction

34 Positive, moderate
immunoreaction

6-9 Positive, strong
immunoreaction

Grade 1, 2, and 3 were given when the Ki67 index was
below 5%, 5% to 30%, and greater than 30%,
respectively. 343

Statistical Analysis

Staining score data handling and analysis were car-
ried out in the R statistical programming environment.*
Comparisons across entities were made using Pearson x>
and Fisher exact tests. The associations were considered
statistically significant for P < 0.05 in all analyzed cases.

RESULTS

We investigated the LINE-1 ORF1p immunopositivity
of 112 formalin-fixed paraffin-embedded (FFPE) specimens
of CIN I (n=20), CIN II (n=46), CIN III (n=14), and
cervical cancer (n=32), and a control group of 31 nondys-
plastic cervical tissue samples. The ORF1p exhibited in-
creasing expression with increasing grades of CIN towards
cancer, while it was barely or undetectable in normal cervical
epithelium (Fig. 1). We also performed immunostaining for
the protein markers Ki67 and p16 in our entire sample panel.
The Ki67 expression deviates from the normal pattern in the
CIN II stage only (Fig. 1). Similarly, abnormal expression of
the p16 marker is usually not observed before CIN II stage
(Fig. 1). In contrast, the expression of ORFl1p typically
shows an abnormal pattern already from CIN 1 stage
onwards, with a characteristic increase in immunopositivity
with increasing CIN grading (Fig. 1). Representative images
of CIN I stage at higher magnification clearly show patterns
of Ki67 and p16 immunostaining typical of normal cervical
epithelium, while ORF1p overexpression is easily discernible
from normal staining patterns (Fig. 2).

The ORFlp positivity often does not extend to the
full thickness of the cervical epithelia. In some cases, only
the lower one-third, in other cases, the lower two-thirds,

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Immunostaining for ORF1p, p16 and Ki67 across differently graded lesions of cervical epithelium progressing towards
cancer. Representative sections of FFPE specimens from normal cervical epithelium, cervical epithelial hyperplasia, cervical epithelial
neoplasia (CIN I, CIN II, and CIN ll) and cancer are presented. Scale bar = 200 pm.
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FIGURE 2. Immunostaining for ORF1p, p16, and Ki67 in FFPE
specimens of cervical intraepithelial neoplasia grade | (CIN I).
Hematoxylin & Eosin staining (A) with distinct upregulation of
ORF1p in the basal two-thirds of the epithelial layer (B), ac-
companied by a negative p16 staining (C), and basal Ki67
expression pattern (D). Scale bar = 100 um.

and in further cases, the whole cross-section of the epi-
thelium was positive. The extent of ORFIp positivity
correlated with CIN grade (Fig. 1). In light of these
observations, we have developed a scoring system, which
is a modified version of the Immunoreactivity Scale
(IRS) by Remmele and Stegner.*?> The final ORFIp
immunoreaction score was determined by multiplying
the numerical values of staining intensity and epithelial
involvement (Table 1 and Materials and Methods section
for details). Henceforth, this scoring scheme was used to
evaluate the ORF1p immunostaining results of our entire
sample panel.

Overall, ORFlp immunopositivity was detected in
98.2% of pre- and neoplastic cervical lesions (score 1-9), while
only 20.8% of normal cervical specimens showed weak
staining (score 1-2) (Supplemental Digital Content 1.xls,
Supplemental Digital Content 2, http:/links.lww.com/IJGP/
A177). Among normal cervical epithelium samples, only 5 out
of 24 displayed mild ORF1p immunoreaction at the basal one
or two-thirds of the epithelial thickness (score 1-2), while the
remaining 19 samples lacked ORF1p expression (score 0)
(Fig. 3). Comparably, only 1 of the 7 atrophic cases exhibited
mild ORFlp immunoreaction (score 2) (Fig. 3). In sharp
contrast, ORF1p immunopositivity emerged in all CIN I
cases, localized predominantly to the lower third of the
cervical epithelium with a median value of score 2 (Fig. 3 and
Table 2). Of the 20 cases of CIN I, 16 showed a mild
immunoreaction (score 1-2), 3 showed a moderate immuno-
reaction (score 3-4), and 1 showed a strong immunoreaction
(score 6) (Fig. 3). Likewise, ORF1p immunopositivity was
also present in all CIN II cases, predominantly spanning the
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FIGURE 3. Bubble plot to visualize ORF1p immunoreaction
scores across different cervical tissue specimens. Bubble sizes
and the embedded numbers reflect the number of individuals
with a particular immunoreaction score in each tissue sample
group. Brackets connect the subjects of contingency analysis
(Supplemental Digital Content 1.xls, Supplemental Digital
Content 2, http://links.lww.com/lJGP/A177). Three stars in-
dicate P < 0.001; n.s, nonsignificant.

lower two-thirds of the cervical epithelium with an increased
median score of 4 (Fig. 3 and Table 2). Of the 46 cases of CIN
11, 16 showed a mild immunoreaction (score 1-2), 17 showed a
moderate immunoreaction (score 3—4) and 13 showed a strong
immunoreaction (score 6-9) (Fig. 3). Similarly to the CIN I
and CIN II cases, ORF1p immunopositivity was present in all
CIN III samples, showing a robust transepithelial appearance
with a further increased median score of 9 (Fig. 3 and Table 2).
Of the 14 cases of CIN III, only 1 showed a moderate
immunoreaction (score 4) while the remaining 13 samples
exhibited a strong immunoreaction (score 6-9) (Fig. 3).
Samples of invasive cancer cases also exhibited strong ORF1p
immunopositivity with a median score of 9 (Fig. 3 and
Table 2). 30 of the 32 cancer cases showed strong
immunoreaction (score 6-9) (Fig. 3). In the 2 cancer
samples where ORF1p expression was absent (Fig. 3), it is
conceivable that these tumors shut down LINE-1 expression
concurrent with their accelerated growth.*” The ORFI
immunoreaction scores did not correlate with tumor grade
(P=0.4989), and pTNM stage (P=0.6039) (Supplemental
Digital Content 1.xIs, Supplemental Digital Content 2, http://
links.lww.com/IJGP/A177).

Statistical analysis showed stronger immunoreaction
for ORF1p in dysplastic lesions (CIN I-III and cancer) versus
normal tissue (P < 0.0001). A significantly stronger im-
munoreaction for ORF1p was observed in CIN I versus
normal cases (P < 0.0001) (Fig. 3. and Supplemental Digital
Content 1.xls, Supplemental Digital Content 2, http://links.

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. Overview of ORF1p immunoreaction scores in
Cervical Tissue Specimens

ORF1p immunoreaction scores

Invasive
Normal Atrophy CIN1 CIN2 CIN3 cancer
Sample 24 7 20 46 14 32
number
Median 0.000  0.000  2.000 4.000 9.000 9.000
Mean 0.375 0.286  2.300 3.870 8.000 7.781
SD 0.770 0.756 1.174 1809 1.710 2.393

CIN indicates cervical intraepithelial neoplasia.

lww.com/IJGP/A177). In addition, the immunoreaction
scores were significantly higher in HSIL than in the CIN I
group (P = 0.001) (Fig. 3 and Supplemental Digital Content
1.x1s, Supplemental Digital Content 2, http:/links.lww.com/
1JGP/A177). Furthermore, we found statistically significant
differences in ORF1p immunoreaction scores between CIN I
and CIN II (P = 0.0075) and between CIN II and CIN III
lesions alike (P < 0.0001) (Fig. 3 and Supplemental Digital
Content 1.xls, Supplemental Digital Content 2, http://links.
lww.com/IJGP/A177). Across our entire sample cohort, no
statistically significant correlation was found between age
groups (<35, 35-45, 45<) and ORF1p immunopositivity
(P = 0.095)) (Supplementary Table 1, Supplemental Digital
Content 1, http:/links.lww.com/IJGP/A176 and Supple-
mental Digital Content 1.xls, Supplemental Digital Content
2, http://links.lww.com/IJGP/A177). Although, for cases of
invasive cancer, we observed slightly elevated median im-
munoreaction scores in tumor samples from older patients
(Supplemental Digital Content 1.xls, Supplemental Digital
Content 2, http:/links.lww.com/IJGP/A177).

Subsequently, we evaluated the results of the p16 and
Ki67 immunostainings for the whole sample panel. To
quantify the degree of pl6 and Ki67 immunoreactions, we
used 3-grade scales, as recommended in references.!3#44
As demonstrated by the statistical analyses, both pl6 and
Ki67 immunoreactions were stronger in the group of all
neoplastic and dysplastic lesions (CIN I-IIT and cancer)
versus the control group (P < 0.001) (Supplementary Ta-
bles 2-3, Supplemental Digital Content 1, http://links.lww.
com/IJGP/A176 and Supplemental Digital Content 1.xls,
Supplemental Digital Content 2, http://links.lww.com/
1JGP/A177). Furthermore, the immunopositivity of these
2 markers graded higher in HSIL than in LSIL (P < 0.009)
(Supplementary Tables 2-3, Supplemental Digital Content
1, http:/links.lww.com/IJGP/A176 and Supplemental
Digital Content 1.xlIs, Supplemental Digital Content 2,
http://links.lww.com/IJGP/A177). However, the immuno-
reaction scores of pl6 and Ki67 did not show a significant
difference between normal cervical tissue and CIN [ (P =
0.429 and P=0,528) (Supplementary Tables 2-3, Supple-
mental Digital Content 1, http://links.Iww.com/IJGP/A176
and Supplemental Digital Content 1.xls, Supplemental
Digital Content 2, http://links.lww.com/lJGP/A177).

Next, we compared the results of ORFIlp im-
munostaining with the results of pl6 and Ki67 im-

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. The median immunoreaction scores of ORF1p,
p16, and Ki67 immunostainings in the entire palette of inves-
tigated cervical epithelial lesions. Data shown are derived from
the analysis of our whole sample panel (Supplemental Digital
Content 1.xls, Supplemental Digital Content 2, http://links.
Ilww.com/I)GP/A177).

munostainings across the whole sample panel. The median
immunoreaction scores of the three markers revealed
distinct patterns among the various sample groups
(Fig. 4). The p16 and Ki67 immunoreaction scores showed
a similar profile in the sense that they exhibited a
progressive increase from CIN II stage onwards, but
remained relatively low in normal, atrophic and CIN I
cases (Supplementary Tables 2-3, Supplemental Digital
Content 1, http:/links.lww.com/IJGP/A176 and Fig. 4).
Conversely, ORFlp scores demonstrated a gradual
escalation, which was already detected between normal
epithelium and CIN I stage samples, and this rising
tendency was also observed in the comparison of CIN I
and CIN II stages and CIN II and CIN III stages alike
(Table 2 and Fig. 4). The immunoreaction scores showed
no significant difference between invasive cancer and CIN
IIT sample groups (Table 2 and Fig. 4). Consequently,
ORFIp can be regarded as an early marker, serving as
useful surrogate for pl6 and Ki67, which are markers
indicative of later events in the progression of cervical
epithelial lesions.

DISCUSSION

Our study provides comprehensive insights into the
differential expression patterns of ORFlp, pl6, and Ki67
markers in cervical dysplasia and cancer. ORF1p emerges as
a promising early marker, capable of distinguishing between
various CIN grades by offering distinct staining patterns.

In CIN I, we observed subtle ORF1p expression lo-
calized predominantly to the lower third of the cervical epi-
thelium. CIN II displayed a moderate increase in ORFlp
expression, spanning the lower one and two-thirds of the
cervical epithelium. CIN grade 3 and invasive cancer dem-
onstrated robust transepithelial ORF1p immunopositivity,
while the normal cervical epithelium consistently lacked
ORFlp staining or showed weak positivity (Fig. 1).
Compared with the other markers, the greatest practical
clinical value of ORF1p immunostaining will probably lie in
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its ability to reliably distinguish normal cervical epithelium
from CIN I lesions (Figs. 1 and 2). This is evidenced by the
mean ORFIlp immunoreaction score of 0.37 for normal
epithelium and 2.30 for CIN I lesions (Table 2). For CIN I
detection, the calculated Positive Predictive Value (PPV) and
Negative Predictive Value (NPV) scores (https://www.
medcalc.org/calc/diagnostic_test.php) of ORFlp staining
were 77% and 100%, respectively, when compared to non-
dysplastic samples (Supplemental Digital Content 1.xls,
Supplemental Digital Content 2, http://links.Ilww.com/[JGP/
A177). The NPV is particularly favorable because all CIN I
cases showed a positive ORF1p immunoreaction. PPV and
NPV values were also calculated for other sample groups,
which similarly support the usefulness of ORFlp im-
munostaining (Supplemental Digital Content 1.xls, Supple-
mental Digital Content 2, http://links.lww.com/IIGP/A177).
The utilization of ORFl1p as a potential biomarker for
identifying CIN lesions bears similarity to the established
paradigm wherein ORF1p expression has been exploited as a
diagnostic indicator for HPV-independent differentiated
vulvar intraepithelial neoplasia (dVIN), the precursor lesion
of vulval squamous cell carcinoma.

Besides, ORF1p immunostaining provides a clearer
and more reliable distinction between higher CIN grades
than the conventionally used pl6 and Ki67 markers
(Figs. 3 and 4). While pl6 immunostaining has proven
valuable in identifying high-risk HPV-associated lesions,
its interpretation can sometimes be subjective and prone to
interobserver variability.*® This is also illustrated by the
fact that the authors of Clark et al'® found that 19% of the
examined HSIL samples had to be reclassified as LSIL
because positive pl6 immunostainings were overvalued at
the time of the original diagnosis. In combination with
ORFl1p immunostaining, the concomitant presence of a
mild ORF1p immunoreaction characteristic of LSIL may
help the investigator to avoid such an error due to the
presence of positive pl6 immunostaining. Our current
study suggests that in HSIL cases, the moderate or strong
ORF1p immunoreaction is much more typical.

Our present results strongly support that the retro-
transposition activity of endogenous LINE-1 elements may
be an important driver of cervical tumorigenesis from its
very beginning, as evidenced by the generalized ORFlp
immunopositivity already in CIN I stage (Figs. 1 and 3).
Over the last decade, it has become clear that the
appearance of LINE-1 proteins and the concomitant
LINE-1 retrotransposition activity in somatic cells is not
only a simple marker of tumorigenesis but is also a driver of
that process, that is, a pathogenic factor. It was shown that
LINE-1 activity is present in more than 50% of cancers?®-*>
and is now recognized as a major hallmark of cancer
accompanied by genomic instability and genetic
heterogeneity.*® In line with this, several cancer driver
mutations were identified in different tumor types that
were caused by novel somatic LINE-1 integration
events.2?-3041.50-53 Moreover, the targeted inhibition of
the activity of LINE-1 elements showed a clinical benefit in
a phase 2 clinical trial in the treatment of metastatic
colorectal carcinoma.>* Notably, in the cervical epithelium,
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there is a potential interplay between LINE-1
retrotransposition and HPV infection. HPV infection may
lead to alterations in the epigenetic landscape of infected
cells.” In turn, HPV-induced epigenetic modifications may
contribute to the activation of LINE-1 retrotransposition.>?
This is underlined by the fact that LINE-1 elements were
found to be differentially expressed among cervical cancer
samples infected with different HPV serotypes.’®

Invasive cervical cancer cases, similar to CIN III
lesions, exhibited a strong ORF1p immunoreaction (me-
dian score 9) but with some degree of intra-tumor heter-
ogeneity (Fig. 1, Fig. 3, and Table 2). Remarkably, the
authors of Ardeljan et al proposed that LINE-1
retrotransposition may conflict with DNA replication in
exceptionally fast-growing tumors or tumor subclones.*’
In other words, exceptionally fast-dividing cancer cells
may benefit from the shutdown of the LINE-1
retrotransposition activity that promoted earlier stages of
their transformation. This may explain both the intra-
tumor heterogeneity of ORF1p immunoreaction and the
presence of 2 cancer samples where ORF1p expression
was absent (Figs. 1 and 3).

Rarely, we also saw sporadic and weak ORFlp
immunopositivity in normal cervical epithelium (data not
shown). This is validated by the recent demonstration of
McKerrow et al that LINE-1 mRNA expression is
sometimes detectable in normal epithelial cells across
various tissue types.?® This suggests that LINE-1 ex-
pression is not completely sealed in epithelial cells and
leaky expression may occur. Epigenetic downregulation of
LINE-1 transcription is the first line of defense against
mutagenic somatic retrotransposition. At the organism
level, LINE-1 transcription is suppressed by epigenetic
mechanisms already in the germline and early embryo due
to the action of the piRNA system.’”® Heterochromatin
established on LINE-1 loci in early developmental stages
is then passed on to somatic tissues during individual de-
velopment by cell divisions to maintain the transcrip-
tionally repressed state of LINE-1 elements. However,
sporadically in epithelial cells, leaky transcription of some
LINE-1 copies can occur potentially in response to stimuli
that may interfere with these epigenetic mechanisms.
Presumably, this phenomenon is what we and McKerrow
and colleagues have observed in epithelial cells. For this
reason, we classified ORF1p immunostaining as negative
when only less than 10% weakly reactive epithelial cells
were present (see Materials and Methods). Future research is
needed to show whether such weak sporadic expression ob-
served in normal epithelium leads to new retrotransposition
events, as there are many posttranscriptional and post-
translational mechanisms for LINE-1 regulation3!3? that
may yet be able to prevent this. Although, it is clear that the
stronger LINE-1 expression observed in tumors leads to
retrotransposition events.?’

The potential utility of ORF1p as a solid tumor bi-
omarker is demonstrated by the fact that its detection for
diagnostic purposes is currently even being considered
from body fluids. Recently, Taylor et al have demon-
strated that ORF1p detection from plasma may serve as a

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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multi-cancer biomarker with potential utility for disease
detection and monitoring.>® Another recent study by Sato
et al have revealed the detectability of ORF1p in ascites
and plasma samples from patients with high-grade serous
ovarian cancer, also underscoring the potential of ORF1p
as a promising candidate serum biomarker.38

While our study provides promising insights into
ORFlp as a novel biomarker for CIN diagnosis, it is im-
portant to acknowledge certain limitations. The relatively
small sample size, especially in specific subgroups, might
impact the statistical power and robustness of the findings.
In addition, the utilization of Tissue Microarray techno-
logy, despite our efforts to ensure core representativeness,
introduces a limitation in capturing the full heterogeneity
within complex lesions. It is noteworthy that ORFlp
staining exhibits a more uniform distribution within cer-
vical lesions compared with the often segmental and patchy
patterns seen in pl6 staining. We established that 2 mm
tissue cores from the selected target lesions were most ap-
propriate for constructing our TMAs, which is in line with
previous studies.®* %3 Two-millimeter cores are large
enough to minimize problems of representativity but small
enough to allow all samples to be treated with identical
staining protocol during analysis. While our findings are
promising, further large-scale studies are essential to fully
validate the diagnostic and prognostic utility of ORFl1p
across diverse demographics and clinical settings.

Our findings support that the use of ORFI1p along-
side Ki67 and pl16 markers enhances the diagnostic ca-
pability and potential reproducibility in distinguishing
dysplasia from normal epithelium and differentiation
among the CIN grades. ORFl1p appears as a valuable
candidate biomarker that offers a more reliable diagnosis
for improved CIN patient management.
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Abstract

Background Understanding the contribution of gene function in distinct organ systems to the pathogenesis of
human diseases in biomedical research requires modifying gene expression through the generation of gain- and loss-
of-function phenotypes in model organisms, for instance, the mouse. However, methods to modify both germline
and somatic genomes have important limitations that prevent easy, strong, and stable expression of transgenes. For
instance, while the liver is remarkably easy to target, nucleic acids introduced to modify the genome of hepatocytes
are rapidly lost, or the transgene expression they mediate becomes inhibited due to the action of effector path-

ways for the elimination of exogenous DNA. Novel methods are required to overcome these challenges, and here

we develop a somatic gene delivery technology enabling long-lasting high-level transgene expression in the entire
hepatocyte population of mice.

Results We exploit the fumarylacetoacetate hydrolase (Fah) gene correction-induced regeneration in Fah-deficient
livers, to demonstrate that such approach stabilizes luciferase expression more than 5000-fold above the level
detected in WT animals, following plasmid DNA introduction complemented by transposon-mediated chromosomal
gene transfer. Building on this advancement, we created a versatile technology platform for performing gene function
analysis in vivo in the mouse liver. Our technology allows the tag-free expression of proteins of interest and silenc-

ing of any arbitrary gene in the mouse genome. This was achieved by applying the HADHA/B endogenous bidirec-
tional promoter capable of driving well-balanced bidirectional expression and by optimizing in vivo intronic artificial
microRNA-based gene silencing. We demonstrated the particular usefulness of the technology in cancer research by
creating a p53-silenced and hRas G12V-overexpressing tumor model.

Conclusions We developed a versatile technology platform for in vivo somatic genome editing in the mouse liver,
which meets multiple requirements for long-lasting high-level transgene expression. We believe that this technology
will contribute to the development of a more accurate new generation of tools for gene function analysis in mice.

Keywords Fah KO mouse, Sleeping Beauty, Somatic transgenesis, In vivo gene silencing, Tumor model
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biotechnology, and agriculture. In research, they
are used to study gene function through the genera-
tion of loss-of-function and gain-of-function phe-
notypes, to characterize gene expression patterns
through the introduction of reporter genes, and to
visualize intracellular trafficking of macromolecules
through mRNA and protein tagging. The laboratory
mouse is currently the predominant mammalian spe-
cies in biomedical research, most commonly used as an
experimental model system for investigating the patho-
genesis of human diseases and for developing new ther-
apies. However, genetic manipulations in the mouse
germline are generally laborious and time consuming
and frequently result in unstable transgene expression
or unreliable spatiotemporal expression pattern [1, 2].
Alternatively, if genetic modifications target the soma
of mice, the workflows are faster. However, these work-
flows are becoming dominated by viral gene delivery,
and in turn, they are hampered by viral cargo limita-
tions, and despite natural viral infectivity, they often
result in unstable gene expression due to host immune
response against viral proteins [3, 4]. To replace
viruses, lipid nanoparticles are used extensively as syn-
thetic non-viral delivery vehicles. They are less prone
to trigger host immune response than viral vectors
due to the absence of immunogenic viral proteins and
do not exhibit strict cargo limitations. However, lipid
nanoparticle-based somatic gene delivery is generally
not as effective as the viral one. Different organs can be
targeted with varying degrees of efficiency, but in the
case of the liver, the procedure is particularly effective
[5]. The liver can also be efficiently targeted with naked
plasmid DNA using a simple in vivo transfection proce-
dure called hydrodynamic injection [6].

However, transgene expression rapidly declines in
the liver following plasmid DNA delivery [7]. To date,
a number of receptors have been reported to recog-
nize cytosolic exogenous DNA, such as Toll-like recep-
tor 9 (TLRY), cyclic GMP-AMP synthase (cGAS), and
absent in melanoma 2 (AIM2) inflammasomes [8, 9].
These receptors trigger effector pathways that contrib-
ute to the elimination and transcriptional repression
of plasmid DNA. To improve the outcome of plasmid
DNA delivery, the system can be supplemented with
non-viral transposon-based chromosomal gene trans-
fer. Indeed, together with Sleeping Beauty (SB) transpo-
son-mediated chromosomal transfer of the transgene,
the long-term parameters of gene expression slightly
improve, but a few weeks after injection, the decrease
in transgene expression remains enormous [10]. This
suggests that the effect of cytosolic DNA sensors can
only be partially avoided, even if the technology is com-
plemented by chromosomal gene transfer. Problems
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persist and transgene expression is not stably main-
tained, at least not to a sufficient extent.

Our aim was to change this situation by improving
the current biotechnology toolkit and harnessing the SB
transposon together with an efficient somatic transgen-
esis system, taking the efficiency, versatility, and stability
of liver-specific gene delivery in mice to the next level.
We planned to create a technology that would simultane-
ously allow the expression of native or mutant isoforms
of proteins and efficient silencing of any arbitrary target
gene in the mouse genome, in a stable manner and a high
number of cells. We took the advantage of hydrodynamic
injection for efficient in vivo transfection of hepatocytes
and hyperactive SB [11] transposon-mediated chromo-
somal gene transfer for stable transgene delivery. For
achieving high affected cell number and high stability of
transgene expression, we harnessed the known selection
pressure exerted in fumarylacetoacetate hydrolase (Fah)
KO livers for Fah-expressing hepatocytes [12]. Finally, for
more versatile gene expression modifications, we applied
a new bidirectional promoter that had not previously
been part of the biotechnology toolkit and optimized
intron-derived microRNA (miR)-based gene silencing
in vivo in the mouse liver.

The technology platform reported here is well suited
to study gene function in hepatocytes via the generation
of gain-of-function and loss-of-function phenotypes as
it allows the exchange of virtually the entire hepatocyte
population for transgenic cells. Here we demonstrate its
particular usefulness in cancer research. A current high
priority in cancer research is to functionally validate
candidate genetic alterations that are relevant for cancer
progression as it is no longer possible to clearly identify
them using bioinformatics methods based on mutation
frequency analysis alone, due to potential candidates
being mutated at lower frequencies in cancer samples.
Thus, there is a growing demand for in vivo experimental
systems where the cancer driver role of mutations could
be confirmed.

Results

Simple and highly efficient gene delivery system

for directed gene expression modifications in the mouse
liver

Keeping in mind the general simplicity of the procedure,
we based our system on the hydrodynamic injection of
plasmid DNA constructs. Hydrodynamic plasmid deliv-
ery primarily targets hepatocytes by the enhancement
of their membrane permeability [6, 13]. However, fol-
lowing in vivo transfection, chromosomal integration is
also required for long-term stable transgene expression.
For very efficient SB transposon-based chromosomal
transgene delivery, we used a hyperactive transposase
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helper SB100 [11] and a more active transposon, the
so-called T2 Inverted Terminal Repeat (ITR) structure
variant [14]. In those hepatocytes where hydrodynamic
transfection is successful, the hyperactive transposase
helper enzyme is likely to catalyze the “cut and paste”
transposition reaction presumably leading to an integra-
tion into the host chromosomes [15]. However, literature
data suggest that the negative effect of exogenous DNA
sensors on transgene expression cannot be efficiently
avoided, even if the technology is complemented by chro-
mosomal gene transfer [10]. We hypothesized that a high
level of sustained transgene expression could be achieved
by exploiting the well-known high regenerative potential
of adult mouse hepatocytes. Following an extended hepa-
tectomy, which involves removing nearly 90% of liver tis-
sue, the mouse liver can regenerate within a short time
regaining its normal size [16]. Such a high regenerative
potential can be harnessed to replace virtually all Fah~'~
hepatocytes for Fah*'* ones in a Fah-deficient liver by
multi-nodular repopulation due to the selective growth
advantage of wild-type (WT) cells [12]. Therefore, we
supplemented our transposon construct with a Fak cod-
ing sequence (CDS) and used a Fah mutant mouse strain
(C57BL/6N-Fah!mI(NCOMMfee/Biaty for the hydrodynamic
injections (Fig. 1a).

For directed gene expression modifications, we con-
structed an SB transposon-based cloning platform
(Fig. 1a) built on the co-expression of two linked tran-
scripts allowing transgene expression to be bound to
the expression of the Fah selection marker. Transcript A
codes for the selection and visualization marker proteins
connected by a “self-cleaving” T2A peptide for bicistronic
expression [17], whereas transcript B encodes the protein
to be tested without the need for tagging. To this end, we
complemented the current biotechnology toolbox with
the human HADHA/B promoter capable of driving well-
balanced bidirectional expression. The compact (390 bp)
HADHA/B bidirectional promoter drives the expression
of the human hydroxyacyl-CoA dehydrogenase trifunc-
tional multienzyme complex alpha (HADHA) and beta
(HADHB) subunits [18].

To test the functionality of the design, an EGFP-
encoding transcript B driven by the HADHB side of
the bidirectional promoter was created (Fig. 1la). First,
this EGFP-expressing transposon and the SB100 trans-
posase helper plasmid were co-delivered hydrodynami-
cally into the liver of Fak~'~ mice, then the curative drug
nitisinone (NTBC) [12] that had been given continuously
up to that point was withdrawn. Immunohistochemi-
cal (IHC) investigations (Fig. 1b) demonstrated that due
to intensive multi-nodular repopulation after 3 months,
virtually all hepatocytes were Fah- and EGFP-positive
in the treated livers. Next, using a quantitative reverse
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transcription PCR (RT-qPCR) method, we identified the
amount of transcripts A and B produced by the HADHA
and HADHB sides of the promoter, respectively. The
amounts of mCherry-T2A-Fah and EGFP mRNAs were
normalized to that of the ribosomal protein L27 (Rpl27).
Our RT-qPCR data demonstrate that the transgene had
an order of magnitude stronger expression than the ribo-
somal protein Rpl27 in the liver (Fig. 1c), which is fully
consistent with a strong but physiological gene expres-
sion level. It should be noted that the expression levels of
transcripts A and B were virtually identical (1/1.18).

To better explore the impact of multi-nodular repopu-
lation on long-term transgene expression in Fah-defi-
cient livers, the same construct, in which transcript B
was coding for the firefly luciferase (Luc) marker pro-
tein (Fig. 1a), was injected into both wild-type (WT) and
Fah KO mice in the presence of the SB100 transposase
helper. Transgene expression was monitored over time
by detecting the bioluminescence in living animals using
the IVIS Lumina III imaging system (PerkinElmer). After
a slightly higher Luc expression detected in WT animals
during the first week after hydrodynamic injection, this
transgene expression trend was reversed from day 28
onwards. In 3 months, by day 84, the average biolumi-
nescence intensity in WT animals decreased to 387-fold
of the initial level, while in Fah KO animals it reached
61-fold of the initial level (Fig. 1d, e).

Design and in vivo application of amiR elements

Our SB transposon-based cloning platform also provides
an opportunity for simultaneous silencing of endogenous
genes by the expression of artificial microRNA (amiR)
elements. In order to avoid interference with the transla-
tion of marker proteins, amiR structures were expressed
from an intron inserted into transcript A. To accom-
modate intronic amiR structures, the modified 943-bp-
long first intron of the human eukaryotic translation
elongation factor 1 alpha 1 (EEFIA1I) gene was incorpo-
rated in the mCherry CDS (Fig. 1a). To verify the in vivo
applicability of intronic amiR elements in our platform,
we first incorporated an amiR element silencing EGFP
(amiR-EGFP) into the intron of the mCherry CDS. In
this arrangement, amiR-EGFP, which is processed from
transcript A, silences EGFP encoded by transcript B.
The guide sequence of amiR-EGFP targeting the EGFP
CDS was designed by Beisel et al. [19]. For the creation
of the amiR-EGFP, “miR-E;” an optimized human miR-
30a-based miR backbone, was applied [20], and the
EGEFP guide sequence was inserted into the miR-E back-
bone structure (Additional file 1: Fig. S1). This amiR-
EGFP- and EGFP-expressing transposon and the SB100
transposase helper plasmid were co-delivered into the
liver of Fah™'~ mice, then NTBC was withdrawn. After
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Fig. 1 In vivo transposon-based gene delivery into the liver of Fah™~ and WT mice. a Schematic representation of the Sleeping Beauty (SB)
transposon-based cloning platform and animal treatments. Black arrows, SB transposon inverted terminal repeats; red arrows, promoters. b Fah
and EGFP immunostainings of liver sections from Fah™~ mice 3 months after NTBC withdrawal. ¢ Monitoring the amount of transcripts A and

B following in vivo gene delivery. Liver RNA samples were collected from Fah™~ mice at 3 months post-treatment. Samples were tested using
Fah- and EGFP-specific RT-gPCR assays. Results were normalized to measurements of the ribosomal protein L27 (Rpl27) transcript as input control
and data were presented as the mean = standard deviation (SD) (n = 3) (see Additional file 2 for individual data values and statistics). d Live
bioluminescence imaging of Fah™~ and WT mice following in vivo gene delivery. Bioluminescence signals were obtained using an IVIS Lumina Il
imaging system at 3, 7, 14, 28, 56, and 84 days post-treatment. e Kinetics of bioluminescence changes during the first 3 months after gene delivery.
For each experimental animal, the average radiance (photons/second/cmz/steradian (sr) [p/s/cmz/sr}) of circular regions of the same size covering
the liver area was used for plotting. The numerical values were presented as box diagram from lowest to highest values with line at mean (n=3)
(see Additional file 2 for individual data values and statistics)

5 months, following complete multi-nodular repopula- compared to control animals without amiR structures
tion, the animals were sacrificed. Macrovisualization of  (Fig. 2a). The results of our EGFP Western blot assays
mCherry and EGFP autofluorescence in the liver showed  also confirmed effective knockdown at the protein level
that silencing of EGFP expression was very effective  (Additional file 1: Fig. S2). Next, RT-qPCR measurements
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were used to determine the amount of A and B tran-
scripts. According to these measurements, transcript B
encoding EGFP was silenced to 4% residual gene expres-
sion in livers expressing amiR-EGFP elements (Fig. 2b).
After successful in vivo silencing of EGFP, we selected
an endogenous target gene, 7p53, for amiR-medi-
ated silencing. For amiR-mP53 structures — similarly
to amiR-EGFP — guide sequences targeting endog-
enous p53 mRNA were inserted into the “miR-E” back-
bone (Additional file 1: Fig. S1). The amiR-mP53 guide
sequences were designed following the guide design rules
of Dow et al. [21] summarized in Additional file 1: Fig. S1.
To test the efficacy of amiR-mP53 elements designed
to silence mouse Tp53, we performed studies in a mam-
malian tissue culture system. To this end, we inserted
the first intron of the EEF1A1 gene, modified to accom-
modate amiR elements, into the sequence encoding the
Neomycin selection marker protein and then incorpo-
rated the three amiR-mP53 elements one by one into
this intron. The resulting Neomycin expression units
were then inserted between the SB transposon ITRs
(Additional file 1: Fig. S3). Next, the transposon series
carrying the different amiR-mP53 elements and an
amiR-free control transposon were co-transfected with
the SB100 transposase helper plasmid into NIH3T3
cells. After G418 selection, RT-qPCR measurements
were performed to determine the level of endogenous
p53 mRNA in the transfected cells. Our measurements
showed that all three amiR-mP53 elements were suf-
ficiently effective. However, amiR-mP53/1 and amiR-
mP53/2 elements performed better, producing 20.34 and
7.17% remaining gene expression, respectively, and were
used for further in vivo studies (Fig. 2c). Subsequently,
amiR-mP53/1 alone or amiR-mP53/1 and amiR-mP53/2
elements together were incorporated into the intron of
the mCherry CDS in our cloning platform designed for
in vivo studies (Fig. la). These amiR-mP53-expressing
transposons and the SB100 transposase helper plas-
mid were co-delivered hydrodynamically into the liver

(See figure on next page.)
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of Fah™'~ mice, then NTBC was withdrawn. After 5
months, following complete multi-nodular repopula-
tion, the animals were sacrificed. Macrovisualization
of the mCherry and EGFP autofluorescence showed
that in these organs the expression of the mCherry and
EGFP marker proteins was balanced and comparable
to the control (Fig. 2a). Our RT-qPCR measurements
confirmed that transcript A and B levels were not sig-
nificantly altered compared to the control (Fig. 2b).
However, we found 53% remaining Tp53 expression
in organs expressing amiR-mP53/1, while organs co-
expressing amiR-mP53/1 and amiR-mP53/2 showed 32%
remaining 7p53 expression (Fig. 2b). This is in line with
expectations, as hepatocytes make up about half of liver
tissue [22], the other cell types are not affected by Tp53
silencing. In contrast, EGFP is expressed exclusively in
hepatocytes and therefore all EGFP-expressing cells are
affected by gene silencing.

With successful gene silencing, the liver regeneration of
animals expressing amiR was similar to that of controls with-
out amiR, and no signs of non-specific toxicity associated
with amiR expression were observed. The slight decrease in
transgene copy number observed in livers expressing one or
two amiR-mP53 elements (Fig. 2d) may explain the slight,
non-significant decrease in transcript A and B levels in these
organs as compared to controls (Fig. 2b).

Hepatocellular carcinoma modeling using predefined
combinations of drivers

To demonstrate the utility of our technology in can-
cer research and the ability to co-express mutant or
native proteins with amiR elements, in our cloning plat-
form, we created an SB transposon armed to silence
the endogenous 7p53 and overexpress an oncogenic
hRas variant. To achieve this, amiR-mP53/1 was intro-
duced into the intron of the mCherry CDS in transcript
A and hRas®?Y — a constitutively active form of hRas
[23] — was built into transcript B (Fig. 1a). Next, the
amiR-mP53/1- and hRas%1?V-expressing driver and the

Fig. 2 In vivo amiR-based gene silencing in the mouse liver. a Brightfield and fluorescence stereomicroscopic images of the liver of Fah™~ mice 5
months after the intrahepatic delivery of an amiR-free control and different amiR-expressing transposon vectors. b Monitoring the amount of the
endogenous p53 mRNA and artificial transcripts A and B in the liver of Fah™~ mice 5 months after intrahepatic delivery of an amiR-free control
and different amiR-expressing transposon vectors. Liver RNA samples were collected from Fah™~ mice at 5 months post-treatment. Samples
were tested using Fah-, EGFP-, and p53 mRNA-specific RT-gPCR assays. Results were normalized to measurements of the ribosomal protein L27

(Rpl27) transcript as input control and data were presented as the mean = SD (n = 3) (see Additional file 2 for individual data values and statistics).
¢ Monitoring of endogenous p53 mRNA levels in NIH3T3 cells after stable transposon-based delivery of different amiR elements designed to
silence Tp53 expression. RNA samples were collected from cultured cells after G418 selection and tested using a p53 mRNA-specific RT-gPCR assay.
Results were normalized to measurements of the ribosomal protein L27 (Rp/27) transcript as input control. Data were presented as the mean =+ SD
as relative values compared to the value generated using an amiR-free control vector (n=3) (see Additional file 2 for individual data values and
statistics). d Copy numbers of the transgenes in the liver of Fah™~ mice following intrahepatic delivery of different transposon vectors. Liver DNA
samples were collected from Fah™~ mice at 5 months post-treatment. Samples were tested using a Fah transgene-specific gPCR assay. Results
were normalized to measurements of the olfactory receptor 16 (Olfr16) gene as an input control, and values were presented relative to one diploid
genome (n=3) (see Additional file 2 for individual data values and statistics)
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amiR-free EGFP-expressing control transposon con-
structs together with the SB100 transposase helper plas-
mid were co-delivered hydrodynamically into the liver of
Fah™'~ mice, then NTBC was withdrawn. After 5 weeks,
during multi-nodular repopulation, the animals were sac-
rificed. Immunohistochemical investigations showed that
the size of Fah-positive hepatocyte colonies repopulating
the liver was larger in livers treated with the driver con-
struct as compared to controls (Fig. 3a). This is consistent
with the significantly higher proportion of Fah-positive
hepatocytes (94.8% vs. 68.76%) in the driver construct-
treated animals as determined by machine learning tech-
nology (Fig. 3b). This clearly shows that the division rate
of the transformed hepatocytes is markedly higher than
that of the regenerating cells in control mice during nor-
mal multi-nodular repopulation.

The examination time point at 5 weeks after hydro-
dynamic injection and NTBC withdrawal represents
incomplete multi-nodular repopulation. At this time
point, we again monitored the extent of Tp53 silencing
and the levels of transcripts A and B in both driver and
control construct-treated animals. Our RT-qPCR meas-
urements revealed 42% remaining Tp53 expression in
organs treated with the driver construct (Fig. 3c). The lev-
els of transcripts A and B in the livers of animals treated
with the control construct were very similar to each other
(Fig. 3d), comparable to the findings in the later stages
following complete multi-nodular repopulation (Figs. 1 ¢
and 2b), whereas a significant decrease in the expression
of transcript B (hRas“12") was observed in organs bearing
the driver construct (Fig. 3d).

Experimental animals treated with the driver con-
struct cannot be housed for substantially longer than 5
weeks due to the presence of a large number of trans-
formed hepatocyte clones in their livers. Yet, to dem-
onstrate the appearance of pathological signatures
characteristic of tumors of malignant pathological
grade using this high-penetrance driver combination,
we mixed the transforming construct (1%) with a high

(See figure on next page.)
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amount of a transposon construct expressing the Fah
selection marker protein alone (99%). Then, this con-
struct mixture together with the SB100 transposase
helper plasmid was co-delivered hydrodynamically
into the liver of Fah~/~ mice. Treated mice sacrificed
at 5 months after NTBC withdrawal exhibited a high
tumor burden (Additional file 1: Fig. S4). On histo-
logical images of their livers, tumor tissue showed
high intrinsic fat accumulation typical for hepatocel-
lular carcinoma (HCC) [24, 25] and frequent neoplas-
tic tissue invasion and atypical mitoses were observed
(Additional file 1: Fig. S4).

To better characterize the induced tumorigenic pro-
cesses, immunohistochemical investigations were
performed on liver samples from control and driver
construct-treated animals. An early time point, 5 weeks
post-treatment, and a late time point, 5 months post-
treatment, were chosen (Fig. 3a). Samples from animals
treated with the 1% transforming construct mixture
were used to investigate the long-term effect of the
driver construct at 5 months post-treatment. All liver
samples from control and driver construct-treated ani-
mals were analyzed by immunohistochemical stain-
ing for alpha-fetoprotein (Afp), the most commonly
used marker of HCC [26], and glypican-3 (Gpc3),
one of its early markers [27, 28] (Fig. 3a). Liver sam-
ples from mice treated with the control construct did
not show positivity for the Gpc3 marker at any of the
stages tested (Fig. 3a). In contrast, weak positivity for
the Afp marker was observed mainly in early-stage con-
trol samples at 5 weeks post-treatment (Fig. 3a). This
weak Afp signal is presumably produced in remaining
tyrosinemic cells [29, 30]. Interestingly, in the driver
construct-treated samples, the majority of transformed
hepatocyte colonies already showed Gpc3 positivity at
the earlier time point of 5 weeks post-treatment, while
Afp positivity was not observed at this stage. Mature
tumors, 5 months after treatment, typically showed the
presence of both markers tested (Fig. 3a).

Fig. 3 Induction of HCC using a predefined combination of drivers. a Immunohistochemical analysis of the Fah selection marker, Gpc3, and Afp

HCC markers in liver sections from Fah™'~ mice treated with either control (no amiR, EGFP) or driver (amiR-mP53/1, hRasGQV) transposon constructs
at 5 weeks and 5 months post-treatment. For the analysis of tumors emerging 5 months after treatment with the driver construct, a vector mixture
containing 1% driver transposon vector and 99% transposon vector expressing only the Fah selection marker protein was used. Scale bars, 100

pm. b Determination of the percentage of Fah-positive hepatocytes 5 weeks after treatment by machine learning-based measurement. Data were
presented as the mean = SD (n=3) (see Additional file 2 for individual data values and statistics). € Monitoring of endogenous p53 mRNA levels

in the liver of Fah™~ mice treated with driver and control transposon constructs. Liver RNA samples were collected from Fah™~ mice at 5 weeks
post-treatment and tested using a p53 mRNA-specific RT-qPCR assay. Results were normalized to measurements of the ribosomal protein L27
(Rpl27) transcript as input control and data were presented as the mean =+ SD (n = 3) (see Additional file 2 for individual data values and statistics). d
Monitoring the amount of transcripts A and B in the liver of Fah™~ mice treated with driver and control transposon constructs. Liver RNA samples
were collected from Fah™~ mice at 5 weeks post-treatment and tested using Fah-, EGFP-, and hRas®'?'-specific RT-qPCR assays. Results were
normalized to measurements of the ribosomal protein L27 (Rp/27) transcript as input control and data were presented as the mean £ SD (n=3)
(see Additional file 2 for individual data values and statistics)
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Discussion as those that make it difficult to manipulate the human

The manipulation of the somatic genome in mice is ham-  somatic genome for gene therapy. Transcriptional repres-
pered by a number of factors that are essentially the same  sion observed with plasmid DNA vectors in the liver is
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caused by the formation of repressive heterochromatin
on the plasmid DNA, a process initiated with the activa-
tion of cytoplasmic exogenous DNA sensors [8, 9]. Some
studies suggest that heterochromatin formation occurs
via CpG methylation [31, 32], whereas others propose
a CpG-independent pathway [33]. As a consequence,
transgene expression upon plasmid introduction, even
if complemented by SB transposon-based chromosomal
gene transfer rapidly declines in the liver [7, 10, 34]. Bell
and co-workers demonstrated that even when using SB
transposition, several weeks after injection, the transgene
expression stabilizes at ~1% of the level at 24 h [10].
According to the results of our own comparative experi-
ment presented here, Luc expression stabilizes at 0.26%
of the level measured at day 3 in WT animals (Fig. 1e).

In comparison to the standard hydrodynamic injection
method into WT animals, we can state that by exploiting
the multi-nodular repopulation in Fah-deficient livers, a
truly long-lasting and physiological level of gene expres-
sion can be achieved, virtually in the entire hepatocyte
population of the experimental mice (Fig. 1b, d, e). In
Fah-deficient animals, Luc expression showed increas-
ing intensity over the 3-month monitoring period, up to
61-fold above the initial level (Fig. 1d, e). This net increase
arises from several contributing factors, some acting in
opposite directions. The initial activation of DNA sensors
presumably cannot be avoided even with the technology
described here. Therefore, the main negatively contribut-
ing factor is probably transgene heterochromatinization,
which almost completely abolishes transgene expression
in WT animals. We speculate that using our technology,
the transposed transgenes are unlikely to undergo the
degree of heterochromatinization required for silenc-
ing, probably due to positive selection pressure on Fah
marker expression and to cell divisions during liver
regeneration. The transient decrease in transgene expres-
sion in Fah KO animals at day 56 is presumably due to
the fact that these downregulation processes are also at
work in them, peaking at around day 56 but eventually
ceasing (Fig. 1d, e). Another negative contributor is the
disappearance of plasmid-derived transgene expression,
which is due, among other things, to the loss of plas-
mids during cell divisions. Presumably, this phenomenon
accounts for the lower initial (d3, d7) bioluminescence
values measured in Fah KO animals (Fig. 1d, e). The main
factor positively affecting cumulative transgene expres-
sion is the division of transgene-bearing cells. The 61-fold
increase in transgene expression could be directly attrib-
uted to a similar increase in the number of hepatocytes,
which corresponds to roughly 5 cell divisions, if nega-
tively acting factors are excluded. However, as these are
also present, more than 5 cell divisions are likely to occur
during complete multi-nodular repopulation [12].
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The SB transposon system has been used before for Fah
correction [35]. Some laboratories have also taken sig-
nificant steps forward to create a versatile gene expres-
sion modification system such as the one we present
here [36—40]. The first study, and the one most similar to
ours, was published by Wangensteen et al. [36]. The other
similar studies typically use this vector system or its vari-
ants. The technological approach developed by Wangen-
steen et al. differs in some fundamental points from the
one we describe here. The authors of the study used an
early variant of amiR design [41] for endogenous gene
silencing, which was later improved by others towards
the mirE type structure [20]. Notably, this transcriptional
unit expressing the early amiR variant was present on a
separate transposon vector from the transposon vector
expressing the Fah selection marker and the NRas%?Y
oncogene. Given that the toxicity of amiR elements may
be significant [42, 43], target gene silencing was likely to
affect only a subset of Fah-corrected NRas®!?V express-
ing cells in regenerating liver tissue. Although this poten-
tially low double feature positive cell count works with
penetrant tumor models, it limits experimental applica-
tions and precludes settings in which all cells in a tissue
need to be manipulated uniformly to draw valid con-
clusions. An artificial bidirectional promoter was also
applied by Wangensteen et al. to connect the expression
of the Fah selection marker and the NRas%'?" oncogene,
but the authors did not provide a detailed characteriza-
tion of the amount of bidirectional transcripts relative to
each other and to an endogenous control. A less effective
liver repopulation as compared to our method can also
be assumed potentially due to the application of less effi-
cient SB transposase helper variants.

Here we used the hyperactive SB100 transposase helper
for more effective chromosomal transgene delivery [11].
When designing our technology platform, we consid-
ered it important to allow tag-free expression of proteins
of interest in such a way that their expression remains
bound to the selection marker. The use of 2A-type pep-
tides is not appropriate for this purpose, as they leave
tags on both sides on the two transcriptionally linked
proteins [17]. To overcome this challenge, we applied the
HADHA/B endogenous bidirectional promoter capa-
ble of driving well-balanced bidirectional expression
in the physiological range (Figs. 1 c and 2b). The use of
HADHA/B gives the possibility for the marker-linked
expression of an untagged native protein or a mutant
protein isoform at the position of EGFP in transcript B
(Fig. 1 a). Bidirectional promoters are more common
than thought; a survey of the human genome indicated
their widespread occurrence [44, 45]. The HADHA/B
promoter is designed by nature to produce two subu-
nits of a protein complex in stoichiometric proportions
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[18]. According to our own measurements, the ratio of
the two driven transcripts is indeed closer to 1/1 than for
any other bidirectional promoter reported so far (Figs. 1
c and 2b). In studies of either natural or synthetic bidirec-
tional promoters, if such measurements have been per-
formed at all, bidirectional transcript ratios worse than
what we found for HADHA/B have been reported [46—
50]. In a single case, we observed a significant shift from
the typical 1/1 transcript A to B ratio to a ratio around
8/1 (Fig. 3d). Here the hRas®'?Y CDS was likely to exert
negative selection pressure on the B side of the promoter,
while positive pressure was still present on its A side
(Fah), and in turn, the connection between the two sides
of the promoter was weakened. The 1/1 transcript ratio
produced by the HADHA/B bidirectional promoter can
be particularly important for protein production when
attempting to produce protein complexes.

In addition, we aimed to optimize amiR-based gene
silencing in vivo in mouse liver. Importantly, we wanted
this feature to be included in the same construct from
which the other gene of interest (GOI) is expressed and
on which the Fah selection marker is present. Thus, all
genetic features are jointly represented in all Fah-cor-
rected liver cells. We have also aimed to position the
amiR element in such a way that its maturation does
not interfere with the expression of either the selection
marker or GOL In light of this, we decided to place our
amiR elements in an intron modified for this purpose.
It is well known that in vivo stable gene silencing is not
a straightforward technology. The in vivo toxicity of
shRNA expression was long ago reported [42]. Similarly,
amiR-expressing germline transgenic mice frequently
show toxicity and viability issues. Miura and co-workers
reported that it was not possible to generate either trans-
genic mice with higher amiR-expressing constructs or to
generate homozygous mice with lower amiR-expressing
constructs [43]. The potential reason was the satura-
tion of endogenous miR-processing pathways or other
non-specific toxic side effects of the applied amiRs. All
these toxic side effects were enhanced with expression
level. Here we did not observe severe, non-specific tox-
icity of gene silencing. In livers expressing the amiR-
EGEFP element, transcript A levels were virtually identical
to those measured in controls not carrying amiR ele-
ments. While RT-qPCR measurements revealed only a
slight non-significant decrease in levels of transcripts A
and B in groups of animals carrying one or two amiR-
mP53 elements as compared to controls (Fig. 2b), this
slight decrease could be explained by negative selection
against strong Tp53 silencing, which is supported by the
decrease in transgene copy number detected in these
organs (Fig. 2d). Consequently, the physiological level of
transgene expression provided by the human HADHA/B
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promoter in vivo in the mouse liver is compatible with
the application of amiR elements.

No sign of tumorigenesis was detected in mice treated
with EGFP-expressing transposon constructs either with
or without intronic amiR structures. Even in strongly
Tp53 silenced mice carrying double amiR-mP53 ele-
ments, no tumor induction was observed. It is worth
comparing these data with the published phenotype of
Tp53 KO mice [51]. Heterozygous Tp53 KO animals
rarely developed only lymphoid and testis tumors by 9
months of age, whereas approximately 75% of homozy-
gous KO mice developed various tumors by 6 months of
age. The most frequently observed tumors were malig-
nant lymphomas, but no liver tumors were observed at
all. Our results are in line with this, as we do not expect
the development of hepatocellular carcinoma (HCC) in
our experimental system within the given monitoring
period even after aggressive Tp53 silencing. This also
implies that SB transposon-mediated random transgene
delivery has no or very low oncogenic side effects, mean-
ing that it is not sufficiently tumorigenic by itself to ruin
our test system even in the presence of Tp53 silencing.

Previously, it was shown that upon NTBC withdrawal
a small subpopulation of Fah-deficient hepatocytes may
be able to avoid elimination during the selection process
by activating the survival Akt pathway [52]. Presumably,
this phenomenon is responsible for the emergence of
tumors from non-corrected Fah-deficient cells reported
during retroviral gene therapy treatment of Fas KO mice
[53]. In our system, such tumors of tyrosinemic cell ori-
gin are well distinguishable from marker-positive tumors
induced by our transgenes, as they are negative for the
mCherry marker. Their development requires the long-
term presence of a large number of residual, uncorrected
Fah-deficient cells in the liver. The emergence of this can
be attributed to two potential causes: the poor efficiency
of gene delivery and the use of contraselective transgenes.
With the use of highly contraselective transgenes, dur-
ing multi-nodular repopulation, the growth of nodules
expressing these transgenes more strongly is retarded,
slowing down the overall repopulation of the liver. Using
the hyperactive SB100 transposase helper and non-
contraselective transgenes, we do not see these tumors.
However, the use of contraselective transgenes may also
induce their appearance in our system in the long term.
Such mCherry marker-negative tumors emerging from
non-corrected Fah-deficient cells were only detected
in double amiR-mP53 carrying mice at late time points,
around 7-10 months post-injection. Consistent with
the fact that tyrosinemic cells are prone to cancerous
transformation, our measurements revealed that they
might exhibit increased levels of Tp53 expression as
well. Tp53 expression was measured in control (no amiR,
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EGEFP) animals at two time points, during multi-nodular
repopulation, at 5 weeks after injection (Fig. 3c), and well
after the completion of multi-nodular repopulation, at 5
months after injection (Fig. 2b). These RT-qPCR meas-
urements revealed significantly higher Tp53 expression
levels in the first case (0.55-fold of Rpl27) at a consider-
able tyrosinemic (Fak KO) cell content than in the sec-
ond case (0.34-fold of Rpl27), where tyrosinemic cells are
already virtually absent.

Hepatocellular carcinoma (HCC) is one of the most
lethal cancers worldwide; however, the genetic mecha-
nisms underlying its pathogenesis are incompletely
understood. We aimed to demonstrate the potential
of our technology for cancer research by transforming
mouse hepatocytes with the well-known 7p53 tumor
suppressor and #Ras oncogene driver combination.
Oncogenic hRas expression is able to trigger senescence
in primary cells [54]. Therefore, their transformation by
hRas requires either a cooperating oncogene or the inac-
tivation of a tumor suppressor [54, 55]. In accordance,
ectopic expression of hRas®'?V alone is insufficient to
induce tumorigenesis. Thus, tumor development in our
system alone demonstrates the combined manifestation
of both cancer-driving genetic manipulations.

HCC characteristic of the induced tumors is well
demonstrated by their Gpc3 and Afp immunoreactiv-
ity (Fig. 3a). It should also be noted that the presence of
the Gpc3 marker, which can be used to distinguish early-
stage HCC from dysplastic nodules [28], can already be
detected in the majority of transformed hepatocyte colo-
nies at the earlier examination time point, 5 weeks post-
treatment (Fig. 3a).

The experimental potential created by our technol-
ogy platform is not fully demonstrated by the 7p53-
silenced and hRas%?V-overexpressing tumor model. For
the application of this highly penetrant driver combina-
tion, wild-type mice are also suitable, as it is sufficient
to produce a small number of cells here that survive p53
silencing and overexpress hRas%'?V to induce tumors.
The high penetrance of oncogenic Ras mutations is
a phenomenon parallel to the high incidence of RAS
mutations in human cancer. Approximately 19% of
patients with cancer harbor RAS mutations, equiva-
lent to approximately 3.4 million new cases per year
worldwide [56]. However, the current priority in can-
cer research is the functional validation of candidate
driver genes with lower mutation frequencies in cancer
genome databases. Such driver genes, when mutated,
are likely to induce tumors at lower penetrance and
may appear as germline or somatically mutated driver
genes in hereditary as well as sporadic cancers [57].
The nearly 100 million testable hepatocytes available in
our platform in a single experimental animal allow to
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functionally test even such driver genes with low-pene-
trance driver mutations.

Conclusions

In this study, we developed a somatic gene delivery tech-
nology enabling long-lasting and high-level transgene
expression in the entire hepatocyte population of mice.
We also presented comparative studies to demonstrate
that our approach is superior to conventional methods.
Our technology allows the tag-free expression of pro-
teins of interest and silencing of any arbitrary gene in the
mouse genome using amiR elements. Achieving these
has been aided by the use of the endogenous HADHA/B
promoter capable of driving well-balanced bidirectional
expression and by optimizing in vivo intronic amiR-
based gene silencing. The HADHA/B promoter has not
been part of the biotechnology toolkit until now. Here
we provide a detailed characterization of its functionality
in an in vivo setting. Eventually, we developed a versatile
technology platform for in vivo somatic genome editing
in the mouse liver that simultaneously meets multiple
requirements. We expect it will contribute to gene func-
tion analysis in mice by generating new, more accurate
genetic models.

Methods

Animal care and maintain

Mice were bred and maintained in the Central Animal
House at the Biological Research Centre (Szeged, Hun-
gary). The specific pathogen-free status was confirmed
quarterly according to FELASA (Federation for Labora-
tory Animal Science Associations) recommendations
[58]. Mice were housed under 12-h light-dark cycle at
22 °C with free access to water and regular rodent chow.
All animal experiments were conducted according to
the protocols approved by the Institutional Animal Care
and Use Committee at the Biological Research Centre.
The used Fah mutant line, C57BL/6N-Fah!(NCOMMfee/
Biat is archived in the European Mouse Mutant Archive
(EMMA) under EM:10787. Fah™'~ mice were treated
with 8 mg/l Orfadin®(Nitisinone, NTBC) (Swedish
Orphan Biovitrum) in drinking water. After hydrody-
namic injection, NTBC was withdrawn. C57BL/6NTac
wild-type mice were obtained from Taconic Biosciences.

Plasmid construction

Empty pbiLiv-miR vector was synthesized and cloned in
a pUC57 plasmid backbone by GeneScript. This encom-
passes the bidirectional promoter of the human hydroxy-
acyl-CoA dehydrogenase trifunctional multienzyme
complex alpha (HADHA) and beta (HADHB) subunits.
The HADHA side of the bidirectional promoter drives
expression of the mCherry fluorescent marker gene,



Kopasz et al. BMC Biology (2022) 20:74

which is disrupted by the first intron of the human eukar-
yotic translation elongation factor 1 alpha 1 (EEFIAI) to
ensure intronic expression of the designed amiR struc-
tures. Restriction endonuclease recognition sites were
introduced into the EEF1Al intron to clone amiR ele-
ments as follows: Agel, Xbal, Sacl, and Sall. The mCherry
coding sequence (CDS) is linked to the mouse fuma-
ryl-aceto-acetate dehydrogenase (Fah) CDS by a T2A
peptide to provide bicistronic expression. The transcrip-
tion unit ends with a bGH polyadenylation signal. The
HADHSB side of the bidirectional promoter is flanked by
an MCS followed by a bGH polyadenylation signal. The
whole arrangement is flanked by the T2 type SB transpo-
son inverted terminal repeats [14].

To generate pbiLiv-miR-EGFP, the PCR amplified
EGFP coding sequence was inserted into the BamHI/
Pacl sites of the MCS in pbiLiv-miR. pbiLiv-miR-EGFP-
EGFP and pbiLiv-miR-mP53/1-EGFP were constructed
by inserting the complete amiR-EGFP or amiR-mp53/1
element into the Agel/Xbal site of pbiLiv-miR-EGFP.
pbiLiv-miR-mP53/1,2-EGFP was constructed by insert-
ing the complete amiR-mP53/2 element into the Sacl/
Sall sites of pbiLiv-miR-mP53/1-EGFP. Complete amiR-
EGFP, amiR-mp53/1, amiR-mp53/2, and amiR-mp53/3
elements (Additional file 1: Fig. S1) flanked by Agel, Sacl,
Xbal, and Sall sites were synthesized and cloned in a
pUCS57 plasmid backbone by GeneScript.

To generate pbiLiv-miR-Luc, the Luciferase encoding
gene was amplified by PCR from plasmid pGL3-Basic
(Promega) and inserted into the Nhel/Pacl sites of the
MCS in pbiLiv-miR.

For constructing pbiLiv—miR—mPSB/l—hRasGuV, hRas
coding sequence was PCR amplified from mouse total
liver RNA and cloned into the pBluescript SK plasmid.
G12V mutation was introduced by the QuickChange Site
Directed Mutagenesis Kit (Agilent Technologies). The
mutated hRas coding sequence was then inserted into the
BamHI/Pacl sites of the MCS in pbiLiv-miR. Next, the
amiR-mP53/1 element was inserted into the Agel/Xbal
sites of the hRas“1?Y-containing pbiLiv-miR.

pNeo-miR was constructed by inserting the first intron
of the EEF1A1 with the Agel, Xbal, Sacl, and Sall restric-
tion endonuclease recognition sites into pT2-SVNeo
(Addgene #26553). The pNeo-miR-mP53 plasmid series
was constructed by inserting the amiR-mP53/1, amiR-
mP53/2, and amiR-mP53/3 amiR structures into the
Agel/Xbal sites of pNeo-miR. pcGlobin2-SB100 was con-
structed as described [11].

Hydrodynamic tail vein injection

Plasmids for hydrodynamic tail vein injection were pre-
pared using the NucleoBond Xtra Maxi Plus EF Kit
(Macherey-Nagel) according to the manufacturer’s
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instructions. Before injection, we diluted plasmid DNA
in Ringer’s solution (0.9% NaCl, 0.03% KCl, 0.016%
CaCl,) and a volume equivalent to 10% of mouse body
weight was administered via the lateral tail vein in 5-8 s
into 6—-8-week-old mice [10, 59]. The amount of plasmid
DNA was 50 pg for each of the constructs mixed with 4
ug of the transposase helper plasmid.

RNA extraction and gene expression analysis

Total RNA from 50 mg liver tissue was isolated using TRI
Reagent (MRC) following the manufacturer’s protocol.
RNA was Dnase I treated with PerfeCTa DNase I (Quant-
abio) and reverse transcribed into cDNA using Rever-
tAid First Strand ¢cDNA Synthesis Kit (ThermoFisher
Scientific). RT-qPCR was performed on a Rotor-Gene Q
instrument (Qiagen) with PerfeCTa SYBR Green Super-
Mix (Quantabio) as follows: 95°C for 7min followed by
35 cycles of 20s at 95°C, 20 s at 60°C, and 20 s at 72°C.
All reactions were carried out in triplicates in a final vol-
ume of 20 pl. The following primers were used:

mP53-F: ACTTACCAGGGCAACTATGGCT;
mP53-R: GCTGGCAGAATAGCTTATTGAGG;
EGFP-F: GAGCAAAGACCCCAACGAGA; EGFP-
R: CACCTCGAGCTACAGCTTCT;

mFah-F: CTGGGTCAAGCTGCATGGAA; mFah-
R: AGGAAGGTGCATTGTCGCAG;

Rpl27-F: AAGCCGTCATCGTGAAGAACA; Rpl27-
R: CTTGATCTTGGATCGCTTGGC [60].

PCR efficiencies were analyzed with Rotor-Gene Q
software (Qiagen). Gene expression was analyzed by the
normalization of expression to that of ribosomal protein
L27 (Rpi27) using the ACT method [61].

Genomic DNA isolation and transgene copy number
assessment
Whole livers of treated animals were lysed in 150 ml lysis
buffer (100 mM TRIS-HCI pH8, 5 mM EDTA pHS, 200
mM NaCl, 0.2% SDS) and incubated overnight at 50 °C
in the presence of 300 pg/ml ProteinaseK (VWR Chemi-
cals). DNA from 1 ml lysate was isolated by conventional
phenol/chloroform extraction and ethanol precipitation.
The assessment of transgene copy number was done
by qPCR. Primers for Fah were the same as for the analy-
sis of mRNA amount. PerfeCTa SYBR Green SuperMix
(Quantabio) was used to carry out qPCR reactions on a
Rotor-Gene Q instrument (Qiagen). All reactions were
carried out in triplicates using 30 ng gDNA. Cycling con-
ditions were as follows: 95°C for 7min followed by 35
cycles of 20s at 95°C, 20 s at 64°C, and 20 s at 72°C. PCR
efficiencies were analyzed with Rotor-Gene Q software
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(Qiagen). Relative changes in DNA levels were calculated
using the ACT method. Results were normalized to meas-
urements of the OIfr16 gene. The following primers were
used for this: Olfr16-F: GAGTTCGTCTTCCTGGGA
TTC; Olfr16-R: TAATGATGTTGCCAGCCAGA [62].

Stereomicroscope imaging

Pictures of whole mouse livers were taken with an
Olympus SZX12 fluorescence stereozoom microscope
equipped with a 100-W mercury lamp and filter sets for
selective excitation and emission of GFP and mCherry.

In vivo bioluminescence imaging

In vivo bioluminescence imaging was performed using an
IVIS Lumina III instrument (PerkinElmer). Following the
intraperitoneal administration of 150 mg/kg luciferase
substrate (XenoLight D-Luciferin-K+ salt, PerkinElmer),
mice were anesthetized using isoflurane (Isoflurin, Vet-
pharma) and imaged at 10 min post-injection. Emitted
photons were quantified with an exposure time of 1 to 10
s. Quantification of average radiance (photons per second
per cm? per steradian (sr) [p/s/cm?/sr]) within a circular
region of interest was performed using the Living Image
software (PerkinElmer).

Immunohistochemistry

Mice were sacrificed at 5 weeks, 3 months, or 5 months
post-injection. Livers were removed and fixed overnight
in 4% formalin, then embedded in paraffin, and cut into
5-pum sections. Immunohistochemistry was performed
using the EnVision FLEX Mini Kit (DAKO). Antigen
retrieval was done in a PT Link machine (DAKO). The
primary antibodies used for immunohistochemistry are
rabbit polyclonal anti-FAH (ThermoFisher Scientific,
PA5-42049, 1:100), incubated for 120 min, and rabbit pol-
yclonal anti-alpha 1 fetoprotein (Abcam, ab46799, 1:500)
and rabbit polyclonal anti-glypican 3 (Abcam, ab186872,
1:800), incubated overnight. Secondary antibody poly-
clonal goat anti-rabbit-HRP (DAKO, P0448) was incu-
bated for 30 min. Visualization was done with EnVision
FLEX DAB+ Chromogen System (DAKO, GV825).
After hematoxylin counterstaining for 5 min, slides were
mounted and scanned with a Pannoramic Digital Slide
Scanner (3D Histech).

Image analysis pipeline

3D Histech generated images were processed using BIAS
software. A pipeline was created for the analysis consisting
of four major steps: (1) pre-processing of the images, (2)
segmentation and (3) feature extraction, and (4) cell clas-
sification using machine learning. In the pre-processing,
non-uniform illumination was corrected using the CIDRE
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method [63]. The deep learning segmentation method was
applied to detect and segment individual nuclei in images.
With segmentation post-processing, two additional
regions were defined for each nucleus: (1) a region rep-
resenting the entire cell was defined by extending nuclei
regions with a maximum 5 pm radius so that adjacent cells
did not overlap and (2) cytoplasmic regions were defined
by subtracting nuclei segmentation from the cell segmen-
tation. Finally, morphological properties of these three dif-
ferent regions as well as intensity and texture features from
all channels were extracted (in total 228 features) for cell
classification. We employed supervised machine learn-
ing to predict four different cell types: FAH-positive cells,
FAH-negative cells, immune cells, and other cells or seg-
mentation artifacts that can be considered trash. These
classes were manually selected based on their morpho-
logical characteristics. Cells with evenly distributed brown
chromogen signal (anti-FAH staining) across the whole
cells were labeled as FAH positive, while cells without
chromogen staining were labeled as FAH negative. Cells
with small and dark blue nuclei were considered as lym-
phocyte-like immune cells. Small segmented regions out-
side the tissue section were also classified as trash. For the
training set, we annotated around 200 cells for each class
from different tissue sections. Support Vector Machine
(SVM) was trained with a radial basis function kernel
commonly used for the multi-class cell phenotype classifi-
cation. After training the SVM model, a 10-fold cross-vali-
dation was used to determine the expected accuracy of the
model. We used this trained model to predict a class for all
other cells in each liver section.

Protein extraction and Western blotting

Fifty milligrams of liver tissue was dounce homog-
enized in 2 ml radioimmunoprecipitation assay (RIPA)
buffer (10 mmol/l Tris-HCI, pH 8.0, 1 mmol/l EDTA,
0.5 mmol/l EGTA, 1% Triton X-100, 0.1% sodium de-
oxycholate, 0.1% SDS, 140 mmol/l NaCl), supplemented
with PMSF (Merck). Cleared samples were sonicated for
3x10 s. Protein concentrations were calculated using the
Pierce™ BCA Protein Assay kit (ThermoFisher Scien-
tific). A total of 80 pg of protein was separated on 10%
SDS-PAGE gel, transferred to a 0.2-pm nitrocellulose
membrane (Amersham), and blocked with 5% non-fat
dry milk in Tris-buffered saline-Tween 20 (TBS-T) for 1
h at room temperature. Blocked membranes were incu-
bated with anti-GFP (Abcam, ab6556, 1:4000) and perox-
idase-conjugated anti-GAPDH (ThermoFisher Scientific,
MA5-15738-HRP,1:10000) antibodies. Anti-rabbit IgG
conjugated to horseradish peroxidase (HRP) (Sigma
Aldrich, A0545, 1:20000) was used as the secondary anti-
body where necessary. Immune complexes detected with
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enhanced chemiluminescence (ECL) Prime Western
blotting Detection Reagent (Amersham).

Cell culture and transfection

NIH/3T3 cells were purchased from ATCC and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Bios-
era) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin-streptomycin (P-S; HyClone) in
the presence of 5% CO, at 37 °C.

Cells were transfected with 500 ng of either pNeo-miR
or pNeo-miR-mP53/1 or pNeo-miR-mP53/2 or pNeo-
miR-mP53 in combination with 50 ng of the transposase
helper plasmid, using FuGENE® HD transfection rea-
gent (Promega) according to manufacturer’s instructions.
Selection of stable transfected cells was performed using
neomycin (G418; Biosera).

Data visualization and statistics

GraphPad Prism software (version 8.4.3 for Windows,
GraphPad Software) was used for data visualization. Sta-
tistics were calculated using Fisher’s exact and Pearson’s
chi-squared test.

To identify levels of statistical significance (P value),
one-way ANOVA tests were performed for the com-
parison of RT-qPCR measurements of different sample
groups and for the comparison of two sample groups the
Welch’s ¢-test was applied. The threshold for significance
was P<0.05.

Abbreviations

Afp Alpha-fetoprotein
AIM2 Absent in melanoma 2
amiR Artificial microRNA
CcDs Coding sequence

cGAS Cyclic GMP-AMP synthase

EEF1A1 Eukaryotic translation elongation factor 1 alpha 1

EGFP Enhanced green fluorescent protein

Fah Fumarylacetoacetate hydrolase

GOl Gene of interest

Gpc3 Glypican-3
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HCC Hepatocellular carcinoma
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TR Inverted terminal repeat
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miR MicroRNA
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Rpl27 Ribosomal protein 27

RT-gPCR  Quantitative reverse transcription PCR
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TLR9 Toll-like receptor 9
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