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Abstract

Background: Although hepatocellular regeneration is the cornerstone of liver homeostasis,
current techniques for assessing such regeneration are limited. A method for visualizing the
regeneration process would provide a means for advanced studies. Therefore, we examined the
possibility of using Fucci mice for direct visualization of hepatocellular regeneration.
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Materials and Methods: We performed a two-thirds partial hepatectomy in conventional and
Fucci (fluorescence ubiquination-based cell cycle indicator) mice. Fucci animals have orange Cdtl
expressed in the G phase; green Geminin, S/G,/M phases. Regenerating livers were procured
daily for 7 days. Immunohistochemical staining was performed for proliferative Ki67 and mitotic
pHH3 serine 10 (pHH3) markers on formalin-fixed, paraffin-embedded tissue sections from
conventional mice. The orange Cdtl and green Geminin fluorescence indicative of the G, and
SIG,/M phases, respectively, were assessed in liver tissues, in vivo and ex vivo, with two-photon
laser scanning microscopy.

Results: Immunostaining with Ki67 and pHH3 revealed a typical profile of hepatocellular
regeneration after hepatectomy in conventional mice, although immunostaining required more
than a week to process. In contrast, hepatocellular regeneration could be visualized with two-
photon microscopy within a few hours in regenerating livers of the Fucci mice. Only orange G;
hepatocytes were seen in the baseline liver specimens; however, multiple bright green and yellow
hepatocytes were seen 48 hours after hepatectomy, indicating active hepatocytes in the S/G,/M
phases of the cell cycle.

Conclusions: Hepatocellular regeneration is readily visualized in regenerating livers of Fucci
mice. The Fucci model is an exciting tool for advanced studies of hepatocellular and liver
regeneration.
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Introduction

Hepatocytes have a remarkable ability to regenerate.! Within a week after a two-thirds
partial hepatectomy (2/3-PH) in rodents, the liver is restored to nearly its original volume.2
After a partial hepatectomy (PH), hepatocytes at inactive G or resting G, states enter the
cell cycle and progress through S, G, and M phases, resulting in mitosis and regeneration.
34 A 2/3-PH provides strong mitogenic stimuli for hepatocellular regeneration and is an
optimal experimental model of liver regeneration.>6 However, recent evidence has shown
that not all hepatocytes in proliferative phases undergo cell division.” How to improve
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hepatocellular regeneration in acute liver failure and small-for-size liver remains an enigma
because the mechanisms of hepatocellular regeneration are inadequately understood.5:8:9

Characterizing hepatocellular regeneration after 2/3-PH typically is done with traditional
immunohistochemical techniques, including 5-bromo-2”-deoxyuridine (BrdU) and 5-
ethynyl-2”-deoxyuridine (EdU) for nucleotide synthesis, monoclonal antibodies for
proliferative proteins of proliferation-related K-67 antigen (Ki67) and proliferating cell
nuclear antigen (PCNA), and for cell cycle proteins including cyclin D1 of the G, phase,
cyclin Al of the S phase, cyclin B1 of the G, phase, and phosphohistone H3 serine 10
(pHH3) for the M phase.” However, these techniques require the tissue sample to be fixed
and are not applicable for live imaging. Recent advances with fluorescence ubiquitin-based
cell cycle indicator (Fucci) technology have allowed direct visualization of cell cycle phases
in tissue slices, in vitro cells, and mice.10.11 This technology takes advantage of red
fluorescence-tagged chromatin licensing and DNA replication factor 1 (Cdt1) that peaks in
expression during the G4 phase and is ubiquinated for degradation by SKP1 (S-phase kinase-
associated protein 2)-cullin F-box (SCFSkP2) at the onset of the S phase until mid M phase.
In contrast, green Geminin accumulates in nuclei during the proliferative S, G, and M
phases until it is degraded by anaphase-promoting complex/cyclosome E3 ubiquitin ligase
(APCI/C) at the onset of mitosis. The inactive G cells are colorless. The overlapped
expression of both Cdt1 and Geminin during the transition of G4 into the S phase results in
yellow/orange-appearing nuclei (Figure 1).11 Because current techniques for assessing
hepatocellular regeneration are limited, we aimed to determine whether a Fucci mouse
model could be used to visualize the proliferation and regeneration of hepatocytes after PH.

Materials and Methods

Animals

Young inbred C57BL/6 mice (male, 2-4 months) (Harlan Laboratories, Indianapolis,
Indiana, USA) were housed under specific pathogen-free conditions with 12-hour light/dark
cycles, food, and water. Fucci mice (B6;129-Gt[ROSA]26Sor<tm1.1[Fucci2aR]Jkn>
[RBRC09613]) were obtained from Riken BRC (Experimental Animal Division, Tsukuba,
Japan) and, after quarantine, were housed in the same manner as the C57BL/6 mice. All
experimental protocols were approved by the Institutional Animal Care and Use Committee
at Mayo Clinic (Protocol No. A68412), and procedures were performed according to
institutional guidelines.

Antibodies and Reagents

The primary antibodies used in this study were cyclin D1 (sc-753; Santa Cruz
Biotechnology, Inc, Santa Cruz, California, USA); cyclin A (sc-596; Santa Cruz
Biotechnology, Inc); cyclin B1 (sc-245; Santa Cruz Biotechnology, Inc); pHH3 (9701A, Cell
Signaling Technology, Inc, Danvers, Massachusetts, USA); Ki67 (ab15580; Abcam,
Cambridge, Massachusetts, USA); GAPDH (IMG-5019A-2; Imgenex, San Diego,
California, USA). Horseradish peroxidase-conjugated secondary antibodies of goat
antirabbit (4010-05) and goat antimouse (1012-05) were purchased from Southern Biotech
(Birmingham, Alabama, USA).
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Two-Thirds Partial Hepatectomy

The mice were anesthetized with 2% to 3% isoflurane and underwent a 2/3-PH, as
previously described.®:12 Briefly, following a midabdominal skin incision, surrounding
ligaments and membranes were divided. The left-lateral lobe was resected with ligation at its
base, and the median lobe was resected with ligation at the level between the gall bladder
and the suprahepatic inferior vena cava. After the abdomen was closed, the mice received
1.0 mL of normal saline subcutaneously and were placed on a warming pad until they
recovered from anesthesia. The antibiotic cefamandole nafate (30 mg/kg) was administered
subcutaneously before and 24 hours after operation. Buprenorphine (0.05 mg/kg) was
injected subcutaneously for pain before the procedure and every 12 hours thereafter for 2
days, according to the institutional guideline. After surgery, the mice were maintained with
free access to water and food in temperature-controlled conditions.

Immunohistochemistry

Paraffin sections of each liver sample were cut at 5 pm and stained for various cell cycle
proteins by using the specific antibodies. All proteins were visualized using the avidin-
biotin-peroxidase complex technique (Vectastain ABC Kit and DAB Peroxidase Substrate
Kit, Vector Laboratories, Burlingame, California, USA). The tissue was counterstained with
hematoxylin. The staining was visualized using an Axiovert 40 CFL inverted microscope
(Carl Zeiss Microlmaging, Thornwood, New York, USA) and scanned into a Leica-Aperio
system (Aperio Technologies, Vista, California, USA) for digital image analysis.

Digital Image Analysis of Immunohistochemical Stains

Two-Photon

Digital images were captured using the Aperio ScanScope XT Slide Scanner (Aperio
Technologies) under objective magnification (x20). All slides were evaluated visually on the
monitor to determine a semiquantitative estimate of the percentage of positive cells for
quality assurance of the Aperio digital image results. The digital Aperio analysis was
performed on the same images as those evaluated visually. Aperio Spectrum software was
trained to recognize hepatocytes, other cells, and background (glass) through modifications
of appropriate algorithms. The modified Aperio Nuclear v9, Aperio color deconvolution v9,
or Aperio colocalization algorithms, or a combination, were run as needed for each antibody
used. Hepatocytes were defined as positive for regeneration by medium or high intensity in
the cytoplasm or the threshold of weak (1+) or higher nuclear staining. Data from the digital
analyses were expressed as mean and standard error of the mean.

Laser Scanning Microscopic Imaging

The upright laser scanning microscope (BX61WI, Olympus, Center Valley, Pennsylvania,
USA) attached to a Ti:sapphire pulsed laser system (80 MHz repetition rate, <100 fs pulse
width) (Spectra Physics, Santa Clara, California, USA) using Prairie View versiib 5.4
software (Bruker, Billerica, Massachusetts, USA) was used for two-photon fluorescence
imaging. For fluorescence imaging in vivo, we selectively chose x20 (numerical aperture
[NA], 1.00; working distance [WD], 2 mm; Olympus), and x40 water-immersion objectives
(NA, 0.80; WD, 3.3 mm; Olympus). An 890-nm irradiation wavelength was used to excite
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Fucci protein, and the emission light was differentiated and detected with 525/50 and 615/50
filters, respectively. The average laser power for imaging was less than 50 mW.

Time-lapse imaging (20-30 image planes with 1.5-2.0 um axial spacing) was performed for
at least 60 minutes to track the mitosis process in the liver; the interval between stack
sequences was 5 minutes. Photomultiplier (PMT) settings (including gain and offset) and
laser excitation power were kept constant during time-lapse imaging. Three-dimensional
(3D) stack images (step size: 1um) were captured to track and visualize the 3D morphology
of liver tissue.

Data Analysis of Two-Photon Laser Scanning Microscopic Imaging

Results

Images were processed using open-source software (Fiji [National Institutes of Health]) and
commercial Matlab software (Version 8.5.0 R2015a, MathWorks Inc, Natick, Massachusetts,
USA). The intensity-based alignment of images at the different time points (registration) was
done by using the imregister function in Matlab and the StackReg plugin in Fiji. First, we
performed the maximum intensity project (MIP) from the stack, and the threshold was set to
segment and measure cell numbers at the different channels (red: 615/50 filters and green:
525/50 filters) from the MIP image.

Hepatocellular Regeneration in Mice After 2/3-PH

Following 2/3-PH, typically, more than a week was required to allow for visualization of
hepatocellular regeneration. We used both proliferative Ki67 and mitotic pHH3 markers to
evaluate the regeneration profile. As shown in Figure 2, the peak of hepatocellular
regeneration was between 36 and 48 hours. These results are consistent with those of
previous reports.”-13 Although the results are not shown, we performed immunostaining for
cyclin A1, which is the cell cycle protein for the S phase, and BrdU for nucleotides as an
indicator for DNA synthesis. Both showed a similar profile of hepatocellular proliferative
activities to that of Ki67.

Visualization of Hepatocellular Regeneration in Fucci Mice

By using Fucci mice, we were able to visualize regeneration in a shorter time. The overall
color alteration with cell cycle phases is shown in Figure 1. We consistently observed only
red hepatocytes in the pre-PH liver in vivo or ex vivo (Figure 3, Al and B1), indicating
hepatocytes in the resting G, phase of the cell cycle. At 48 hours after the 2/3-PH, we found
green and yellow hepatocytes in the background of red cells (Figure 3, A2 and B2). The
quantitation of the cell cycle phase distribution of the hepatocytes is summarized in Figure
3D. We did not observe mitosis in progress; however, we clearly visualized proliferative
hepatocytes. The hepatocytes transitioning from Gq to S phases had yellow/red nuclei; and
those in S, G, or M phases, or a combination appeared green.

Following 2/3-PH, hepatocytes readily regenerate. In contrast, when more extensive
resection of the liver occurs, ie, after 85%-PH, it is established that hepatocytes in the liver
remnant are arrested at the G4 phase, leading to failure of liver regeneration.? Consistent
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with this, we observed that the hepatocytes in the liver remnant after 85%-PH, a- model of
small-for-size liver, were predominantly red (Figure 3, C2), consistent with being in the G;
phase as in the baseline (before) hepatectomy liver (Figure 3, C1). These observations
vividly illustrate the primary failure of hepatocellular regeneration in small-for-size liver.
Thus, Fucci mice facilitated the visualization of hepatocellular regeneration.

Discussion

In this study, we showed that Fucci technology in mice can allow direct visualization of
hepatocellular regeneration in the regenerating liver remnant. The Fucci mouse model thus
provides an advanced method for molecular investigations of hepatocellular regeneration,
eliminating the need for immunohistochemical staining of formalin-fixed, paraffin-
embedded tissues.

The regenerative capacity of the liver is currently assessed by immunostaining for Ki67 or
PCNA for proliferative activity, by pHH3 for mitotic activity, and by taking physical
measurements, such as liver weight. These conventional techniques are time-consuming and
require cutting and fixing the samples. In contrast, transgenic Fucci mice express the red-
tagged CdtI gene that is present mainly in the G; phase and green-tagged Geminin that is
predominantly expressed during the S, G,, and early M phases.10 This technology allows for
clear, live imaging of inactive vs. proliferative cells. Recently, a cell-cycle reporter model
was developed with Fucci technology that allows simultaneous reporting of all 4 phases of
the cell cycle.1* These novel models are exciting new tools that will allow for more
innovative and challenging investigations of hepatocellular regeneration.

By using Fucci mice, the liver can be imaged using two-photon laser scanning microscopy.
This technique allows for live imaging of hepatocytes and surrounding nonhepatocellular
parenchymal cells in intact animals or in slices of ex situ liver tissue. In future studies, we
can use Qtracker 655 vascular labels (ThermoFisher Scientific) to visualize the sinusoids
and blood flow.1® In addition, we can use second harmonic generation microscopy to label-
free image the extracellular matrix of the sinusoids with infrared laser stimulation.16

After PH, continuous live imaging of the liver in anesthetized mice can be technically
demanding; we have done the imaging for up to 4 hours. Image acquisition is sensitive to the
slightest positional change, including that from breathing. When only a small liver remnant
remains after PH, inhaled isoflurane and fluid supplements must be carefully administered to
avoid the animals’ dying from being overanesthetized. Ritsma and colleagues’ have
suggested creating an abdominal imaging window for repeated live imaging, which is
potentially applicable for longterm assessment of organ function including that of the liver.
However, the small liver remnant after PH may be too fragile for such a technique.
Alternatively, liver tissues of the small liver remnant can be imaged ex vivo for several
hours, thus eliminating concerns of anesthesia, animal movement, and cardiopulmonary
support. In addition, the slices of liver tissue can be evaluated with confocal microscopy.
Although confocal microscopy is more limited for imaging cellular elements, it is an
alternative for ex vivo live imaging.18
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A 2/3-PH provides the strongest stimuli for liver regeneration.19 However, why hepatocytes
fail to regenerate when the liver remnant is less than 26% in humans is not well understood.
20.21 |n mice, after 85% or more of the liver was removed in experimental models of small-
for-size liver, the hepatocytes became stunted, arrested midway in the cell cycle, and did not
complete the cycle.%22-24 This loss or failure of hepatocellular regenerative ability would
lead to death of patients who undergo extended liver resection for cancer treatment and of
patients who receive a liver that is small relative to their body size and associated
physiologic needs.?! Using Fucci mice, we verified that hepatocytes in the liver remnant
after 85%-PH were arrested in the G4 phase.

We aimed to visualize regeneration in progress as a means to demonstrate hepatocellular
origin in liver regeneration. Unraveling the mechanisms responsible for regenerative failure
or the mechanisms needed to restore or augment hepatocellular regenerative capacity, or
both, is clinically important. Fucci mice provide a useful model for further studying how to
overcome failure of hepatocellular regeneration in small-for-size livers after massive PH. In
addition, combining primary hepatocytes from the Fucci mice with flow cytometry and
single-cell sequencing will likely bring about insightful perspectives and an understanding of
hepatocellular behavior at a molecular single-cell level 2

This study is limited by its lack of specificity for hepatocytes, because the Fucci markers
were present in all mouse cells. However, recent gene targeting of Fucci markers in the
mouse RosaZ6 locus allowed for specific hepatocellular expression by using adeno-
associated viral-thyroxine binding globulin promoter-Cre recombinase (AAV8-TBG-Cre),
which is selectively taken up by hepatocytes.28:27 Another limitation is the cost of the Fucci
animals. To decrease costs, we used regular mice for initial characterizations and Fucci
animals for confirmatory visual and advanced studies with live imaging.

By using Fucci technology, we could directly visualize hepatocellular regeneration in the
liver remnant in mice, which avoids the need for immunohistochemical staining. On the
basis of our study, we believe that Fucci mice can be used as a model for studying why
hepatocytes fail to regenerate in small-for-size livers and after more extensive PH. This
failure of hepatocytes to regenerate limits the use of small-for-size livers and split livers in
adults requiring liver transplants. Overcoming this limitation would be an important
contribution to the field of liver transplantation.
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Figure 1.

Variation in Fucci Fluorescence Colors by Cell-Cycle Phases. Nuclei of resting G
hepatocytes predominantly express the red CatZ gene and thus appear red. As G cells
transition into the S phase, their nuclei contain both red Cdt1 and green Geminin, giving the
nuclei a yellow/orange appearance. When hepatocytes fully enter the S, G,, and M phases,
their nuclei express only green Geminin. The cell cycle is repeated as the green hepatocytes
divide into 2 daughter red G, cells. Some G cells may enter in and out of the Gy phase of
the cell cycle.
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Time After Partial Hepatectomy, d

Immunohistochemical Profiles of Hepatocellular Regeneration in Regenerating Livers After
Partial Hepatectomy in 4-Month-Old Mice. A and B, At baseline (before hepatectomy, day
-1) and at day 0 (2 hours) through day 6 (after two-thirds partial hepatectomy), proliferative
and mitotic activities were determined by immunostaining for Ki67 and pHH3, respectively
(n=6 for each group) (magnification x400). C and D, The profiles of hepatocellular
immunoreactivity of Ki67 and pHH3 show hepatocellular proliferative and mitotic activities,
respectively. Ki67 indicates proliferation-related K-67 antigen; pHH3, phosphohistone H3

serine 10.
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Figure 3.
Visualization of Hepatocellular Progression Through the Cell Cycle After Partial

Hepatectomy. A, In vivo live imaging of the regenerating livers: Hepatocytes in the baseline
prehepatectomy liver (A1) were predominantly in the resting G, phase of the cell cycle; their
nuclei appeared red; following 2/3-PH (A2), hepatocytes transitioned into proliferative S,
Gy, and M phases of the cell cycle. B, Ex vivo live imaging of liver tissues: In the pre 70%-
PH liver, hepatocytes were in the G, phase, ie, red (B1); in the post-70% PH liver (B2),
hepatocytes were actively transitioning (yellow/orange) from G; into S phases and entered
S, Gy, and M phases (green). C, In both of the livers of pre (C1) and post (C2) 85%-PH,
hepatocytes were in mainly the G, phase, ie, red nuclei; only occasional hepatocytes had a
faint green nucleus in the liver remnant following 85%-PH (C2), consistent with a lack of
progression through the cell cycle. D, Histogram showing hepatocytes in G, transit (G4 to
S), and S/G,/M phases of the cell cycle. PH indicates partial hepatectomy.
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