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Abstract

Background and aim: Non-alcoholic fatty liver disease (NAFLD) is characterized by steatosis,
hepatic inflammation, and fibrosis which can develop into non-alcoholic steatohepatitis (NASH).
NAFLD/NASH patients have increased ductular reaction (DR) and biliary senescence. High fat/
high cholesterol diet (HFD) feeding increases biliary senescence, DR, and biliary insulin-like
growth factor-1 (IGF-1) expression in mice. p16/IGF-1 converges with fork-head box transcription
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factor O1 (FOXO1) via E2F1. We evaluated p16 inhibition on NAFLD phenotypes and biliary
E2F1/FOXO1/IGF-1 signaling. Approach: 4 wk wild-type (WT, C57BL/6J) male mice were fed
control diet (CD) or HFD and received either p16 or control Vivo Morpholino (VM) by tail
vein injection 2x during the 16th wk of feeding. We confirmed p16 knockdown and examined
(i) NAFLD phenotypes; (ii) DR and biliary senescence; (iii) serum metabolites; and (iv) biliary
E2F1/FOX01/IGF-1 signaling. Human normal, NAFLD, and NASH liver samples and isolated
cholangiocytes treated with control or p16 VM, were evaluated for p16/E2F1/FOXO01/IGF-1
signaling.

Results: p16 VM treatment reduced cholangiocyte and hepatocyte p16. In WT HFD mice with
control VM, there was increased (i) NAFLD phenotypes, (ii) DR and biliary senescence, (iii)
serum metabolites, and (iv) biliary E2F1/FOXO01/IGF-1 signaling; however, p16 VM treatment
reduced these parameters. Biliary E2F1/FOX-O1/IGF-1 signaling increased in human NAFLD/
NASH but was blocked by p16 VM. /n vitro, p16 VM reduced biliary £2f1 and Foxol
transcription by inhibiting RNA pol Il binding and E2F1 binding at the Foxo1 locus, respectively.
Inhibition of E2F1 reduced biliary FOXO1, /in vitro.

Conclusion: Attenuating hepatic p16 expression may be a therapeutic approach for improving

NAFLD/NASH phenotypes.

Keywords
NASH; ductular reaction; inflammation; senescence; metabolites

Non-alcoholic fatty liver disease (NAFLD) and its advanced form, non-alcoholic
steatohepatitis (NASH) have become a metabolic pandemic. Advancement of NAFLD

to NASH is a principal risk factor for hepatocellular carcinoma development in various
populations (1). In a recent study among NAFLD patients, 71.1% had NAFLD/NASH
which encompasses hepatocyte ballooning and lobular inflammation and 29.8% of the total
population assessed had NAFLD-associated cirrhosis (2).

Previous research substantiates the critical role of hepatocytes in NAFLD progression

(3). During NAFLD/NASH progression, fat accumulation increases and hepatocyte cyclin
dependent kinase inhibitor 2A (p16/NK4A) gene expression is upregulated (4). Following
injury, cholangiocytes and biliary epithelial cells elicit a dynamic response as demonstrated
by enhanced hyperplasia and portal inflammation resulting in ductular reaction (DR) (5).
Cholangiocytes acquire a senescence-associated secretory phenotype (SASP) contributing
to damage in primary sclerosing cholangitis (PSC) (6) and studies demonstrate that
increased DR and biliary senescence contributes to damaging NAFLD phenotypes.
Secretin/secretin receptor activation induces hepatocyte steatosis via cholangiocyte-derived
microRNA (miR)-125b (7). Expression of insulin-like growth factor 1 (IGF-1) increases in
cholangiocytes during NAFLD, recruiting mast cells (MCs) to the periportal region which
promotes microvesicular steatosis (8).

NAFLD and end-stage NASH patients have increased expression of cyclin dependent kinase
inhibitor 2A (CDKN2A or p16/NK4A) [i.e., p16]) (9). In PSC patients, p16 is positively
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correlated with biliary SASP expression and knockdown of p16 in multi-drug resistant gene
2 knockout mice (Mdr2") alleviated SASP factors and reduced fibrosis (8).

Fork-head box transcription factor O1 (FOXO1) regulates cholangiopathic phentoypes

(10). FOXO1 nuclear translocation is elevated in Mar2™'~ mice, which was reduced by
ghrelin (10). FOXO1 promotes autophagy and lipogenesis via SI00A11/HDAC6/FOX01
signaling in NAFLD (11) and elevates hepatic very low-density lipoprotein production

(12). Although FOXO1 has been studied within the context of hepatocyte function (3), the
role of cholangiocyte FOXO1 and cellular senescence during NAFLD/NASH is not well
understood. We explored the effects and signaling mechanisms of p16 inhibition in a murine
model of NAFLD.

Materials and Methods

Unless otherwise specified, all materials were purchased from Sigma Aldrich (St. Louis,
MO). Details for methods are provided in Supplemental Methods. Primer information is
listed in Supplemental Table 1, and antibody information in Supplemental Table 2.

In Vivo Model

Approval for animal procedures was obtained from Indiana University School of Medicine
(IUSM) Institutional Animal Care and Use Committee. Male wild-type (WT, C57BL/6J)
mice were purchased from Jackson Laboratory (Bar Harbor, ME) at age 4 weeks and
allowed to acclimate for 3 days prior to beginning feeding. Mice were pair-housed in
temperature-controlled cages with 12:12 light: dark cycles and fed ad /ibitum with free
access to drinking water and specific diets. Selected mice were fed a high fat diet (HFD) or
control diet (CD) purchased from ENVIGO Diet Inc. (Indianapolis, IN) and fed as published
(7, 13). Mice were fed with CD or HFD for 16 weeks and, during the last week of feeding,
p16 or control Vivo Morpholinos (VMs) purchased from GeneTools LLC. (Philomath, OR)
were administered via tail vein (12.5 mg/kg/BW dissolved in sterile water) on the first and
fourth days (8).

Human Samples

Human liver tissues were collected from patients diagnosed with NAFLD or NASH and
non-diseased controls by Dr. Burcin Ekser at IUSM or purchased from Sekisui XenoTech,
LLC (Kansas City, KS). Explant tissues were obtained at transplant, and the diagnosis of
NAFLD or NASH was determined by clinical, imaging, and pathological analyses. Written
informed consent was obtained from each patient, and the study protocol conformed to

the ethical guidelines of the 1975 Declaration of Helsinki as reflected in prior approval

by the IUSM Institutional Review Board (no donor organs were obtained from executed
prisoners or other institutionalized persons). De-identified patient information is provided in
Supplemental Table 3.

p16 Expression

p16 immunofluorescence was performed co-stained with either cytokeratin-19 (CK-19, to
evaluate bile duct expression) or hepatocyte nuclear factor 4 alpha (HNF4a., to identify
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hepatocytes). Western blot for p16 expression was performed with 30 g of isolated protein
from total liver tissue. Total liver p-actin was used as a housekeeping control for the
expression of p16. p16/CK-19/HNF4a immunofluorescence was performed to detect p16
expression in human normal, NAFLD and NASH liver sections.

Liver Damage and Hepatic Steatosis

Liver damage was assessed by hematoxylin and eosin (H&E) staining and serum chemistry.
Fat deposition was evaluated by Oil Red O staining in liver sections using a kit from Abcam
(Cambridge, UK) and was quantified using Image-Pro® software (Media Cybernetics,
Rockville, MD) (13). We also used 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene (BODIPY) lipid stain from Thermo Fisher Scientific (Waltham, MA).

Hepatic lipid uptake and oxidation were evaluated by gPCR in total RNA isolated

from hepatocytes in all mice for carnitine palmitoyl transferase 1a (Cptla), carnitine
palmitoyl transferase 1b (Cpt1b), and fatty acid binding protein 1 (Fabpl) (14, 15) and
immunoreactivity of FABP1 was evaluated in liver sections co-stained with CK-19 and
HNF4a. Hepatocyte gene expression of glycerol-3-phosphate acyltransferase (Gpat3) and
diacylglycerol acyl transferase 2 (Dgat2), related to de novo triglyceride biosynthesis was
analyzed by gPCR in all mice.

Intrahepatic Bile Duct Mass (IBDM), Cellular Proliferation, Apoptosis, Hepatic Inflammation
and MC Infiltration/Activation.

The effect of p16 VM on IBDM was assessed by immunohistochemistry for CK-19 and
quantified using 3—4 images per tissue sectioned from at least 4 different animals per
treatment group (16). Hepatic proliferation was assessed by immunohistochemistry for
Ki-67 (16). Apoptosis was measured by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining performed by using the in situ cell death detection kit,
POD (SKU 11684817910). Hepatocyte and cholangiocyte TUNEL positive staining was
quantified separately.

Liver inflammation was evaluated by staining for a cluster of differentiation 68 (CD-68)
along with semi-quantification. Since (i) MCs promote hepatic steatosis and DR in NAFLD
and (ii) WT mice fed HFD have increased MCs in the liver (13), we determined MC
presence by immunohistochemistry for tryptase beta 2 (TPSB2) in all mice (17). In total
liver, we measured FC epsilon receptor 1 gamma (FCeR1+y) expression by gPCR to detect
MC activation.

Hepatic Senescence, SASP, Fibrosis, and HSC Activation

Senescence was evaluated by immunofluorescence for cyclin dependent kinase inhibitor
2C (CdknZc, p18) co-stained with CK-19. By immunofluorescence, we triple stained liver
sections for phosphorylated histone 2A (yH2A.X) (18), HNF4a and CK-19 to evaluate
DNA damage in both hepatocytes and cholangiocytes, respectively. In pure cholangiocytes,
CdknZc gene expression was measured by gPCR in all groups.
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Hepatic fibrosis and collagen deposition was evaluated by Sirius Red staining and
immunofluorescence was performed with desmin (co-stained with CK-19) to detect HSC
activation (19).

Metabolomic Assessment

NAFLD/NASH generates a metabolic burden in humans and serves as a non-invasive
biomarker for diagnosis (20). To analyze changes in serum metabolites, we used a
tandem mass spectrometry-based approach and comprehensively analyzed over 200 lipid
species using Biocrates MxP® Quant 500 Kit (Product number 21094.12) from Biocrates
(Innsbruck, Austria). The relative levels of serum metabolites in n=4 mice/group were
analyzed, and a heat map was generated using GraphPad® Prism 9.

E2F1/FOXO0O1/IGF-1 Signaling

By Ingenuity Pathway Analysis (IPA, Qiagen, Waltham, MA), we found a link between
p16 and E2 promoter binding transcription factor 1 (E2F1)/FOXO1/IGF-1 and since

both FOXO1 and IGF-1 have been implicated in NAFLD/NASH (21-23), we measured
EZF1in total liver and isolated cholangiocytes and FOXOZ and /GF-1 in isolated
cholangiocytes by gPCR. We measured FOXO1 immunoreactivity (co-stained with CK-19)
in liver sections from all mice and in human normal, NAFLD and NASH liver samples.
Isolated cholangiocytes were collected from normal, NAFLD and NASH livers (n=1/group)
and immortalized (see Supplemental Methods) prior to being treated with either 6uM

of p16 (5’CCGGCTCCATGCTGTCCCC3’) or control (5’-CCTCTTACCTCAGTTACAA
TTTATA3’) VMs (dissolved in sterile water). Human control and p16 VVMs were tagged
with fluorescein isothiocyanate (FITC) to assess VM internalization and immunofluorescent
staining performed for p16/FITC (to assess knockdown viability), FOXO1 and IGF-1. In
isolated normal (control), NAFLD and NASH cholangiocytes treated with either human
control or p16 VM and E2FI and /GF-1 gene expression measured by gPCR.

To evaluate the effect of p16 VM on E2F1 mRNA stability /in vitro, we performed
RNA-half-life analysis following actinomycin D-mediated global transcriptional blocking.
Transcriptional activity of £2f1 locus under p16 VM treatment was evaluated by Chromatin-
immunoprecipitation (ChlP) of RNA pol Il (Rpb1 NTD) followed by PCR for £2f1.

To demonstrate that E2F1 directly regulates FOXO1 expression, an immortalized murine
cholangiocyte line (IMCL) was treated with an E2F1 antagonist (HLM006474, 30 uM and
35 uM for 24hrs) or 0.1% DMSO (vehicle) and FOXO1 immunoreactivity was assessed.
In vitro, to evaluate the binding of E2F1 transcription factor to FoxoI promoter region,
IMCLs were treated with FFAs and we performed ChIP for E2F1 followed by gPCR for
Foxol. We evaluated E2F1 degradation /n vitro by co-immunoprecipitation (co-1P) of total
and ubiquitinated E2F1in IMCLs under FFA treatment; in the presence and absence of p16
VM.

Statistical Analysis

Data are represented as mean * standard error of the mean (S.E.M). Statistical differences
between groups were analyzed by the Student’s unpaired t-test when two groups were
analyzed and by one-way ANOVA when more than two groups were analyzed, followed by
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the appropriate posthoc test. Heatmaps and box and whisker plots were made using Prism
(GraphPad® version 9.0). £<0.05 was considered significant. Further methodological details
are provided in Supplemental Methods.

p16 Expression Increases in WT Mice Fed HFD and Human NAFLD/NASH; VM Treatment
Reduces Hepatic p16 Expression in Mice

Cholangiocyte and hepatocyte p16 expression increased in WT HFD control VM mice
compared to WT CD control VM, which was reduced in WT HFD p16 VM mice (Figure
1A-B). By Western blot (n=1), p16 protein expression increased in total liver from WT
HFD compared to CD fed mice treated with control VM, and p16 VM injection reduced
the expression of p16 in the total liver of WT HFD mice (Supplemental Figure 1A). In
human NAFLD/NASH, p16 immunoreactivity was upregulated in both cholangiocytes and
hepatocytes compared to normal (Figure 1C).

p16 VM Decreases Liver Damage, Lipid Deposition, Triglyceride Biosynthesis and
Hepatocyte Lipid Uptake and Transport in WT HFD Mice

Liver weight (LW) significantly increased in WT HFD control VM mice compared to CD
control VM group, which decreased in WT HFD p16 VM mice; however, no statistical
differences were found in mean body weight (BW) between these groups. WT HFD control
VM mice had increased LW/BW ratio compared to CD control VM mice, which decreased
in WT HFD p16 VM mice (Table 1). ALT and AST levels (Table 2) and total serum
cholesterol (Table 2) increased in WT HFD control VM mice, which were significantly
reduced in WT HFD p16 VM mice.

WT HFD mice had moderate steatosis with ballooning hepatocytes and inflammation
compared to CD control VM mice. WT HFD p16 VM mice displayed reduced steatosis,
and the absence of ballooning hepatocytes (Figure 2A). WT HFD control VM mice had
significantly higher lipid droplet presence compared to WT CD control VM; however, WT
HFD p16 VM mice showed a significant reduction in lipid droplet presence compared to
control VM (Figure 2B). WT HFD control VM mice had enhanced neutral lipid staining
characterized by enlarged fat droplet accumulation compared to WT CD control VM mice
(Figure 2C) that was reduced in WT HFD p16 VM mice (Figure 2C). Hepatocyte gene
expression of Gpat3, and Dgat2 increased in WT HFD control VM compared to WT CD
control VM mice and p16 VM decreased these genes compared to WT HFD control VM
mice (Supplemental Figure 1B).

Hepatocyte Cptla, Cptlb, and Fabpl increased in WT HFD control VM mice, but WT HFD
p16 VM mice showed a significant decrease in these genes compared to WT HFD control
VM mice (Figure 3A). Hepatocyte and cholangiocyte immunoreactivity of FABP1 increased
in WT HFD control VM mice, which decreased in WT HFD p16 VM mice (Figure 3B).
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Blocking p16 Reduces IBDM, Cellular Proliferation, Senescence and Apoptosis in HFD

Mice

IBDM increased in WT HFD control VM treated mice; however, in WT HFD p16 VM

mice IBDM decreased (Supplemental Figure 2A). Similarly, WT HFD control VM mice
had increased hepatic proliferation compared to controls that decreased WT HFD p16 VM
mice (Supplemental Figure 2B). Apoptosis significantly increased in both cholangiocytes
and hepatocytes in WT HFD control VM mice compared to the WT CD control VM group.
In WT HFD p16 VM mice, apoptosis decreased in both cell types compared to the WT HFD
control VM mice (Supplemental Figure 2C).

Hepatocye and cholangiocyte yH2A.X immunoreactivity increased in WT HFD control VM
mice compared to WT CD control VM mice, which was reduced in WT HFD p16 VM mice
(Figure 4A). Moreover, p18/CK-19/HNF4a increased demonstrating elevated senescence in
cholangiocytes and hepatocytes in WT HFD control VM mice; however, this decreased in

WT HFD p16 VM compared to WT HFD control VM mice (Figure 4B). Cholangiocyte p18
(CdknZc) expression was unchanged in WT HFD control VM mice compared to WT CD

control or p16 VM mice, but significantly decreased in WT HFD p16 VM mice (Figure 4C).

p16 VM Treatment Decreases Hepatic Fibrosis, HSC Activation, Inflammation and MC
Infiltration in WT Mice Fed HFD

Knockdown

WT HFD control VM mice display increased collagen deposition (Figure 5A), desmin
immunoreactivity (Figure 5B) and CD-68" cells (24) (Figure 5C) compared to WT CD
control VM mice, all of which decreased in WT HFD p16 VM mice.

Fcerlg gene expression increased in WT HFD mice treated with control VM compared
to CD which significantly decreased when WT HFD mice were treated with p16 VM
(Supplemental Figure 1C). MC presence increased in the portal area of WT HFD mice
treated with control VM and in WT HFD p16 VM mice, MC presence decreased
(Supplemental Figure 1D).

of p16 Reduces Serum Metabolites in WT HFD-Fed Mice

Heatmaps generated from Biocrates Q500 assay demonstrated multiple changes

in circulating lipid species including ceramides (Cer) (Supplemental Figure 3A),
acylcarnitines, Kynurenine and OH-GluAcid (3-hydroxyglutaric acid) (Supplemental
Figure 3B). Cer(d18:1/18:1) but not Cer(d18:1/18:0) (Supplemental Figure 3C-D) were
significantly upregulated in serum from WT HFD control VM mice compared to CD
control VM mice and in WT HFD p16 VM mice, both parameters significantly decreased.
Acylcarnitine C14:1 or tetradecenoylcarnitine (Supplemental Figure 3E) did not change
between CD and WT HFD control VM mice; however, C18:1 or octadecenoylcarnitine
(Supplemental Figure 3F) was significantly upregulated in serum from WT HFD control
VM compared to CD control VM mice. In WT HFD p16 VM mice, C14:1 and C18:1
significantly decreased compared to controls. Kynurenine, a tryptophan metabolite increased
in the serum of WT HFD control VM mice and significantly decreased with p16 VM
treatment (Supplemental Figure 3G). There was no significant increase in OH-GluAcid
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serum content from WT HFD control VM mice compared to CD control VM mice; however,
in WT HFD p16 VM mice, OH-GluAcid significantly decreased (Supplemental Figure 3H).

p16 Regulates NAFLD/NASH via Biliary E2F1/FOXO1/IGF-1 Signaling

In isolated human NAFLD cholangiocytes, control VM (green, top panel) co-localized
(magenta) with p16 (red) within the cytoplasm and nuclei but did not reduce p16
expression. In NAFLD cholangiocytes treated with p16 VM, p16 immunoreactivity
decreased (Supplemental Figure 4A). /n vitro treatment with p16 VM decreased p16 IMCL
immunoreactivity (Supplemental Figure 4B). IMCLs treated with p16 VM or control VM
plus FFA treatment had decreased p16 immunoreactivity compared to controls. p16 VM
significantly reduced p16 expression in SA and PA (but not OA) treated IMCLSs compared to
IMCLSs treated with FFAs alone (Supplemental Figure 4C).

We used IPA to elucidate the relationship between p16 and IGF-1 (/gfZ) via the
E2F1/FOXO1 axis (Supplemental Figure 5A). IGF-1/IGF-1R is a canonical downstream
target of FOXO1 implicated in cholangiopathies (12). Biliary FOXO1 immunoreactivity
increased in WT HFD control VM mice and, in WT HFD p16 VM mice, FOXO1
immunoreactivity decreased (Figure 6A). In human NAFLD/NASH liver samples, biliary
FOXO1 immunoreactivity increased compared to normal (Figure 6B). By gPCR we

found reduced E£2f1 expression in both total liver (Supplemental Figure 5B) and isolated
cholangiocytes (Supplemental Figure 5C) from WT HFD p16 VM compared to WT HFD
control VM mice. In isolated cholangiocytes, the gene expression of Foxol (Supplemental
Figure 5D) and /gf1 (Supplemental Figure 5E) increased in WT HFD mice compared to
CD control VM and, in WT HFD p16 VM mice, Foxol and /gfI decreased (Supplemental
Figure 5D and 5E). Isolated human cholangiocytes from NAFLD and NASH patient livers
had increased p16 immunoreactivity (Figure 7A), FOXO1 (Figure 7B) and IGF-1 (Figure
7C) compared to normal that were reduced by p16 VM. Finally, isolated cholangiocytes
from NAFLD and NASH patients had increased £2F1 (Supplemental Figure 5F), and
IGF-1 (Supplemental Figure 5G) expression compared to control and, when NAFLD or
NASH cholangiocytes were treated with p16 VM, E2F1 expression decreased; however,
only NASH cholangiocytes treated with p16 VM had decreased /GF-1 expression compared
to healthy control.

To further assess p16—E2F1—FOXO1 signaling, we performed ChIP for RNA pol Il
(Rpb1 NTD) and E2F1 separately, followed by gPCR for £2f1 and Foxol. p16 VM
treatment reduced RNA pol Il binding the E2fI promoter region compared to OA treatment
alone (Supplemental Figure 6A). We found that p16 VM reduced E2F1 binding to Foxol
promoter region in IMCLs treated with OA compared to OA treatment alone (Supplemental
Figure 6B).

We found that E2F1 transcript half-life was not significantly reduced with p16 VM
treatment compared to FFA treatment (Supplemental Figure 6C); however, inhibition of
E2F1 significantly reduced IMCL FOXO1 immunoreactivity compared to vehicle (0.1%
DMSO) and basal (no treatment) controls (Supplemental Figure 6D). We performed co-I1P
and pulled down E2F1 from whole cell lysates and probed for total E2F1 (Supplemental
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Figure 6E) and ubiquitinated-E2F1 (Supplemental Figure 6F). /nn vitro, p16 VM did not alter
total or ubiquitinated E2F1 protein levels compared to the FFA treatment alone.

Finally, we analyzed whether p16 VM injection affected the gene expression of cyclin
dependent kinase 4 (Cdk4) and cyclin D1 (Ccnd1), a cell cycle-promoting complex
regulated by p16. Cak4 expression was unchanged in CD control and p16 VM treatment and
in WT HFD control VM treatment; however, in WT HFD p16 VM mice, Cak4 expression
significantly increased compared to control VM (Supplemental Figure 7A). Ccnd1 was
significantly decreased in CD p16 VM mice and HFD control VM mice compared to WT
CD control VM. In WT HFD p16 VM mice, Ccndl expression increased compared to HFD
control VM (Supplemental Figure 7B).

Discussion

pl6-regulated biliary and hepatocyte senescence plays a critical role in the progression

of NAFLD/NASH mediated by biliary E2F1/FOXO01/IGF-1 signaling in both a mouse
model of NAFLD and human NAFLD and NASH samples (Figure 8). NASH primarily
targets hepatocytes; however, studies show that cholangiocytes contribute to hepatic steatosis
and eventual scarring and fibrosis (7, 13). Cholangiocyte damage manifests as cellular
senescence characterized by increased SASP which induces inflammation (5, 8). Many
factors are involved in NAFLD/NASH progression, making it challenging to determine a
single pathway that contributes to the disease within the context of cellular senescence.

pl16 expression increases in rats fed HFD for 9 wks (4) and we also found enhanced
hepatocyte and cholangiocyte p16 in WT HFD mice and in human NAFLD/NASH patients.
Further, we identified increased p16 immunoreactivity in human cholangiocytes isolated
from fresh NAFLD and NASH samples. p21 may also play a role in NAFLD; however,
contrary to p16, hepatic p21 expression decreases in HFD-fed models (4). p16 expression
increases in human PSC and mouse models of cholestatic injury (6, 25), and studies
demonstrate that increased senescence may indicate worsening pathogenesis (26).

p16 VM inhibits PSC phenotypes in Mar2™'~ mice by miR-34a/sirtuin 1 signaling (8). We
found that p16 VM significantly reduced NAFLD phenotypes; however, contrary to our
findings, p267~ mice fed methionine-choline deficient (MCD) diet displayed exacerbated
steatosis and liver damage compared to controls (27). There are several factors to explain
these contradictory findings. In the study the authors used a whole-body 267/~ which may
have induced off-target effects in other cells, tissues, and organs (27). In contrast, we acutely
knocked-down p16 thereby manipulating cellular senescence without potentially driving
cells into cell cycle stress or mitochondrial dysfunction. Further, the authors (27) used MCD
diet, which is a notable toxic model, whereas we used a milder “Western Diet” model. These
studies highlight the careful balance that must be maintained when manipulating cellular
senescence as these genes play critical roles in maintaining proper cell cycle progression.

Cellular senescence may promote fat accumulation (28) suggesting a feedback mechanism
whereby exacerbated cellular p16 contributes to active lipid uptake. Our data support this
since inhibition of p16 during the final week of HFD feeding resulted in decreased FABP1
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and serum metabolites. Fat accumulation may occur in cells subjected to irreversible cell-
cycle arrest which are unable to mitigate the generation of reactive oxygen species thus
releasing a wide array of proinflammatory factors or SASPs (29). Studies demonstrate
that exposure to HFD increases biliary SASP components such as TGF-B1 (7) along with
IGF-1, fibroblast growth factor and 1L-6 (13). Increased biliary SASP may drive elevated
IBDM during NAFLD, which may begin as a compensatory mechanism to repair the liver
during HFD-induced damage but, if left unchecked, contributes to hepatic fibrosis and
inflammation (5). We observed increased DR in WT HFD mice whereas inhibition of p16
during the last week of feeding decreased IBDM. While cholangiocytes may not be the
main target of NAFLD, biliary senescence/SASP induces a paracrine interaction between
cholangiocytes and hepatocytes that drive NAFLD phenotypes.

Blocking biliary secretin signaling (7) or MC infiltration/activation (13) in mice subjected
to HFD, reduces biliary senescence, hepatic fibrosis, HSC activation and inflammation
which is in accordance with our study. However, CCly treated-BALB/c p16~ mice had
increased collagen deposition and HSC activation, directly opposing our findings (30).

One difference in our model versus the pZ6/~ model is that the latter induces continual
inhibition of p16, whereas in our study, p16 expression is induced by HFD and subsequently
inhibited by VM during peak senescence rather than chronic knockdown. Using p16 VM,
we reduced hepatic fibrosis and HSC activation presumably through cholangiocyte-HSC
crosstalk. Supporting this, both p16 and p21 are increased in bile duct cells during stage 3
and 4 fibrosis of NAFLD/NASH patients, that also expressed CC motif chemokine ligand
2, which can serve as a chemoattractant for activated HSCs within septal fibrosis promoting
portal inflammation (31). In pediatric NAFLD, DR significantly correlated to fibrosis and
NASH progression (32) and, in a cohort of patients with a specific genetic mutation in
patatin-like phospholipase domain containing 3, both hepatic stem- and hepatic progenitor
cell (HPC) activation increased along with extensive fibrosis that positively correlated to
DR (33). Our studies also demonstrate the potential crosstalk between DR/cholangiocytes
and inflammation/macrophages as we show that decreased DR coincides with decreased
inflammation. In support of this, it has been demonstrated that macrophage polarization
induced changes in HPC phenotype during NAFLD/NASH (34) and, in obese patients,
macrophage presence, steatosis and HSC activation correlated with proinflammatory
cytokines (35) suggesting a cascade of multi-cellular interactions promoting NAFLD/NASH.

Fatty liver and senescence are regulated by caloric intake and WT mice subjected to ad
libitum chow feeding versus a restricted diet for 9 months had increased cellular senescence
as indicated by enhanced yH2A.X staining and telomere shortening (28). Upon clearance
of senescence using either a transgenic mouse model or with senolytic therapy, NAFLD
phenotypes were ameliorated (28). Interestingly, there were no significant changes in BW
between WT HFD control or p16 VM mice, which may be due to the exacerbation of
excessive fat and “sugar” content compared to ad /ibitum feeding; however, p16 VM
markedly reduced cellular senescence in WT HFD mice.

Serum metabolites are a non-invasive tool of choice for diagnosing NAFLD and metabolites
from serum lipidome of various patient cohort studies have been identified as potential
NAFLD biomarkers (36). In accordance with previous studies (37-39), we identified several

Hepatology. Author manuscript; available in PMC 2023 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kundu et al.

Page 11

upregulated acylcarnitines in serum from WT HFD mice that were decreased with p16 VM
injection indicating an overall improvement of the metabolic profile (37). Kynurenine and
3-hydroxyglutaric acid are elevated in NAFLD patients and indicate mitochondrial stress,
apoptosis, and pro-oxidation (40), and kynurenine increases inflammation via arachidonic
acid in NASH patients (38). Interestingly, kynurenine is upregulated in patients with
mastocytosis (41) suggesting a link between kynurenine and MC activation. We found

an increase in MC infiltration and in support of this, in cirrhotic patients, histamine

and kynurenine levels positively correlate (39). Since this metabolite is also linked to
inflammation, which we found to be mediated by p16, we speculate that biliary senescence,
kynurenine and MCs may interact synergistically during NAFLD/NASH progression.

We identified FOXOL as a transcriptional activator in NAFLD-associated senescent damage.
FOXO1 expression increases in steatohepatitis and correlates with enhanced liver fibrosis
(42). Hepatocyte and cholangiocyte FOXO1 immunoreactivity increased in WT HFD mice
and human NAFLD/NASH; however, in isolated cholangiocytes, inhibition of p16 decreased
FOXO1 expression. FOXO1 regulates metabolic homeostasis, thus making FOXO1 an
important target of NAFLD (43). The link between p16 and FOXO1 via E2F1 was
confirmed in our study. E2F1 increased in human NAFLD/NASH that was inhibited by

pl6 VM. E2F1 has been identified as a mediator of glycolysis and lipogenesis (44). E2F1
increased in isolated cholangiocytes from human NAFLD/NASH compared to controls, but
decreased with p16 VM. In support of this, E2F1 expression increases in liver biopsies

from obese, glucose-intolerant humans compared with lean patient biopsies (44). Further,
hepatocytes from £2F1*/* mice displayed increased glycolytic and lipogenic genes (44);
however, no prior studies have demonstrated the contribution of biliary E2F1. Our previous
work demonstrated that MCs can be recruited to the liver during NAFLD via IGF-1
signaling and the inhibition of IGF-1, /n vitro, decreased MC migration (13). We examined
IGF-1 expression and found increased /GF-1 in isolated cholangiocytes that decreases

with p16 VM treatment in both WT HFD mice and human NAFLD/NASH. While our
current studies demonstrate that p16 regulates IGF-1, others found that IGF-1 may mediate
cellular senescence. For example, a specific IGF binding protein, IGFBP5, induced human
umbilical endothelial cell senescence (45) demonstrating a feedback mechanism between
IGF-1 and cellular senescence. While p16 VM did not alter the mRNA stability of £2f1 or
ubiquitination of E2F1, p16 significantly reduced the transcription initiation process of £2f1
and p16 VM reduced E2F1-facilitated transcription of Foxol.

Adipose tissue maintains overall energy homeostasis through fat storage (46), and during
NAFLD, enhanced food intake increases hepatic steatosis and visceral adiposity. SASP
factors from senescent preadipocytes cause inflammation and macrophage infiltration in
adipose tissue (47). Inhibition of senescence by removal of p16-positive adipocytes restored
adipogenesis by upregulation of peroxisome proliferator-activated receptor-y (PPARYy),
carbohydrate element receptor binding protein alpha (C/EBPa) levels and subcutaneous
adipose tissue expansion in obese mice, but interestingly decreased visceral adipocyte
size (48). Our data demonstrate that p16 VM reduced key enzymes responsible for de
novo synthesis and uptake of triglycerides and suggests inhibition of senescence alters the
adaptive response due to nutritional abundance in our HFD fed NAFLD model. Lastly, we
recognize that p16 is a tumor suppressor; however, the cell cycle is regulated by several
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other tumor suppressor proteins. Suppression of p16 expression by oligonucleotide-based
translational blocking would not affect the transcription and p16 protein levels would return
to normal following degradation of p16 VM. Further, the dosage used /7 vivo did not trigger
any counterintuitive effects such as tumorigenesis and the rescue of Cdk4and Ccndl gene
expression in WT HFD p16 VM mice did not surpass the CD-fed groups. Therefore, we
propose the concept that transient suppression of p16 has potential therapeutic benefits in
NAFLD/NASH without jeopardizing cell division.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALT Alanine aminotransferase

AST aspartate transaminase

CD control diet

CD-68 cluster of differentiation 68
CDK4 cyclin dependent kinase 4

Cer Ceramide

ChIP-PCR chromatin immunoprecipitation polymerase chain reaction
Co-IP co-immunoprecipitation

CK-19 cytokeratin 19

CPT1A carnitine palmitoyl transferase 1A
CPT1B carnitine palmitoyl transferase 1B
DR ductular reaction
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GPAT3
HFD
H&E
HNF4a
HPC
HSC
IBDM
IF
IGF-1
IGFBP5
IGFIR
IL-6
IMCL
KO
LW/BW
MC

MCD

diacyl glycerol acyl transferase 2

Dimethyl Sulfoxide

E2 promoter binding transcription factor 1
enzyme linked immunoassay

fatty acid binding protein 1

FC epsilon receptor 1 gamma

free fatty acid

fluorescein isothiocyanate

Fork-head box transcription factor 1
glyceraldehyde 3 phosphate dehydrogenase

phosphorylated histone 2A

glyceraldehyde 3 phosphate acyl transferase 3

high fat diet

hematoxylin and eosin

hepatocyte nuclear factor 4 alpha

hepatic progenitor cells

hepatic stellate cell

intrahepatic bile duct mass
immunofluorescence

insulin-like growth factor-1

insulin like growth factor binding protein 5
insulin like growth factor 1 receptor
interleukin-6

immortalized murine cholangiocyte cell line
knockout

liver weight/ body weight

mast cell

methionine-choline deficient
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Mdr2 /- multidrug resistance transporter 2/ ABC transporter B
family member 2 knock out

miR/MiRNA micro ribonucleic acid

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

OA oleic acid/oleate

PA palmitic acid/palmitate

pl6 cyclin-dependent kinase inhibitor 2A

pl18 cyclin-dependent kinase 4 inhibitor C

p21 cyclin-dependent kinase inhibitor 1A

PBS phosphate buffered saline

pPSC primary sclerosing cholangitis

gPCR quantitative polymerase chain reaction

RNA pol |1 RNA polymerase 11

Rpb1NTD RNA polymerase Il subunit 1 N-terminal domain

Rps18 mouse ribosomal protein s18

SA stearic acid/stearate

SASPs senescence associated secretory phenotypes

TGF-B1 transforming growth factor beta 1

SIRT1 sirtuinl

TPSB2 tryptase p2

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end
labeling

VM vivo morpholino

wB western blot

WT wild type
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Figure 1: p16 expression isreduced in HFD fed mice after treatment with p16 VM.

WT HFD fed mice injected with control VM showed a robust increase in p16
immunoreactivity (green) in cholangiocytes (red, A) and in hepatocytes (magenta, B). p16
VM injection in HFD mice reduced p16 immunostaining in both cholangiocytes (A) and
hepatocytes (B). There were visible differences between the CD control VM and p16 VM

injected groups. In human NAFLD and NASH, p16 immunoreactivity (p16, green) increased
in both cholangiocytes (red) and hepatocytes (magenta) compared to normal control (C).
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Representative images from n = 4 are shown at 40x and 20x, respectively for the mouse and
100x for human staining (n = 4).
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Figure2: p16 VM reduced steatosisin WT HFD fed mice.
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By H&E staining we found that WT HFD mice had moderate steatosis with stage 1-2 portal
fibrosis, ballooning hepatocytes, inflammation, and ductular proliferation compared to CD
fed mice treated with control VM. Treatment with p16 VM in WT HFD fed mice displayed
patchy ductular proliferation and steatosis, the absence of ballooning hepatocytes and
minimal stage 1-2 fibrosis as shown by H&E (10x); there were no noticeable differences
between the CD control VM and CD p16 VM mice (A). Oil Red O staining (10x) showed

a significant increase in % lipid droplet area (steatosis) in HFD control VM mice compared

Hepatology. Author manuscript; available in PMC 2023 August 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kundu et al.

Page 21

to CD control VM mice and WT HFD mice treated with p16 VM had a significant
reduction in lipid droplet presence (B). BODIPY staining (40x) demonstrated increased
neutral lipid droplet presence in WT HFD control VM mice compared to CD control VM
which decreased in HFD p16 VM mice (C). Data are expressed as mean + SEM. Each dot
represents an image; n = 12-20 images from n = 4-6 mice for Oil Red O were used for
semi-quantification. Representative images for stains were chosen from n = 12-20 images
per group for (B). **P<0.05.
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Figure 3: p16 VM reduces lipid transport and oxidation in hepatocytesin WT HFD fed mice.
Fatty acid uptake and oxidation gene expression of Cptla, Cptlb, and Fabpl was
significantly upregulated in hepatocytes isolated from WT HFD control VM compared to
CD control VM mice. Hepatocytes isolated from HFD p16 VM mice had significantly
reduced expression of these genes compared to HFD control group (A). Immunoreactivity
of FABP1 (green) in hepatocytes stained with HNF4a (cyan) increased in WT HFD
control VM mice compared to the CD control VM; however, WT HFD p16 VM mice
showed a marked reduction in FABP1 immunoreactivity compared to HFD control VM
mice. Cholangiocytes (red) did not show any marked immunostaining of FABP1 (B). Data
are expressed as mean fold change + SEM. Each dot of gPCR represents a technical
replicate from hepatocytes of n = 4-6 mice for g°PCR and normalized with Gapah as the
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housekeeping gene. FABP1 immunostaining (60x) and are representative of liver sections
from at least 4 different animals per group. ****P< 0.001, *P< 0.05.
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Figure 4: p16 VM reduced hepatocyte and cholangiocyte senescencein WT HFD fed mice.
YH2A X (green) staining was elevated in both hepatocytes (cyan) and cholangiocytes (red)

of HFD control VM mice and HFD p16 VM mice had reduced yH2A.X staining in both
cholangiocytes and hepatocytes (A). p18 immunostaining (co-stained with CK-19) increased
in HFD control VM mice compared to CD control VM and when p16 VM was administered
to HFD mice, p18 expression decreased (B). By gPCR, gene expression of p18 (CaknZc)
did not change between WT CD control or p16 VM or WT HFD control VM; however,
there was significant reduction of p18 expression in WT HFD mice treated with p16 VM
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(C). Data are expressed as mean + SEM. Each dot of gPCR represents a technical replicate
of 4 reactions from n = 4-6 mice and normalized with Rpsi8as the housekeeping gene.
Immunostaining of yH2A.X (80x) and p18 (40x) are representative of at least 4 different
sections of tissues per treatment group. **P< 0.001; ns = non-significant.

Hepatology. Author manuscript; available in PMC 2023 August 09.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kundu et al.

Page 26

Sirius Red 10x

CD + Control VM CD +p16 VM N
Sirius Red
Kk %k
20+
g L]
© .
- 15
£
]
7]
[— — 10
5
HFD + Control VM HFD + p16 VM E
N3
r\~,‘: y

CD + Control VM HFD + Control VM HFD + p16 VM
I et I =i P

1 1
1 1 1
1 1 1
(SRR | [Ty | [l

B CD-68

CD-68 10X
CD +Control VM~ CD + p16 VM HFD + Control VM. HFD + p16 VM
=,
— — S S
C

Figure5: p16 VM treatment reduced collagen deposition, HSC activation and inflammation in
WT HFD mice.
WT HFD control VM mice displayed a significant increase in Sirius Red staining/collagen

deposition compared to WT CD control VM mice, which was significantly reduced in WT
HFD p16 VM mice (A). Co-immunostaining of desmin (green) with CK-19 (red) indicated
increased immunoreactivity of desmin (20x) in the portal area in WT HFD control VM
mice compared to CD control VM mice, whereas p16 VM treatment decreased desmin
immunoreactivity in WT HFD fed mice (B). CD-68 positivity significantly increased in
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WT HFD control VM mice compared to CD control VM mice and CD-68 positive cells
significantly decreased in WT HFD p16 VM mice (C). Data are expressed as mean +

SEM. Each dot represents an image; n = 12-15 images from n = 4-6 mice were used for
Sirius Red (10x) and n = 10-20 images for CD-68 (10x) semi-quantification. Representative
images of desmin/CK-19 staining were obtained from at least n = 6 images per group.
**A**P< 0,001, ** P< 0.05.
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Figure 6: p16 regulation of biliary FOXO1 expression in WT mice fed with HFD and in human
NAFLD/NASH patients.
FOXO1 immunostaining (green) increased in cholangiocytes (red) in WT HFD mice

treated with control VM compared to CD control VM mice and FOXO1 immunoreactivity
decreased in WT HFD mice treated with p16 VM compared to the control (A). FOXO1
(green) immunoreactivity was enhanced in cholangiocytes (red) of NAFLD, and NASH
patients compared to the normal controls (B). Representative images for FOXO1/CK-19

Normal

NAFLD

NASH
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staining for (A) were obtained from at least n = 6 images per group at 80 x magnification
and 100x magnification for (B) representative of n = 4 for each group.
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Figure 7: p16 regulation of biliary FOXOL/IGF-1 signaling in human NAFLD/NASH.
In isolated human cholangiocytes from NAFLD and NASH patients, p16 immunoreactivity

increased compared to normal human cholangiocytes and when isolated NAFLD/NASH
cholangiocytes were treated with p16 VM, p16 immunoreactivity decreased compared

to the control VM treated cells (A). By immunofluorescence, we found that biliary
FOXO1(B) and IGF-1 (C) immunoreactivity increased in liver samples from NAFLD/NASH
compared to respective control groups. Each dot represents an image. Semi-quantification of
immunofluorescence staining is expressed as mean + SEM from at least 2 non-overlapping
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images taken at 10x magnification. Representative images of human liver sections are from
n = 4 patient per group at 100x magnification.
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Figure 8: Working Moddl:
p16 expression in cholangiocytes and hepatocytes increases following HFD. Increased

p16 in hepatocytes results in elevated uptake of long chain fatty acids via FABP1

and increased fat oxidation. Increased p16 in cholangiocytes results in elevated IGF-1
production via upregulation of the E2F1/FOXO1 axis. p16 VM injection reduces p16
expression in both hepatocytes and cholangiocytes leading to a marked reduction in NAFLD
phenotypes and downregulation of E2F1/FOXOL/IGF-1 in cholangiocytes. /mage produced
by BioRender.com.
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Table 1:

Liver weight/body weight ratio of mice across all groups

n | Mean Liver Weight (g) | Mean Body Weight (g) | Mean LW/BW
CD+ Control VM 15 1.48 +0.06 30.77 £ 1.07 4.84 +0.16
CD+pl6 VM 12 1.36 £ 0.05 31.79+0.83 4.28+0.14
HFD+ Control VM | 14 283+0.26™* 34.64 +1.09 8.03 +0.51**
HFD+pl6 VM | 14 216+0.13% 33.33+0.74 6.47 +0.31"

Page 33

Note: p16 VM treatment reduced LW, but did not significantly reduce BW; however, overall LW/BW ratio decreased significantly compared to

HFD control VM group. Data represented as mean + SEM.

*:

*
P<0.05 vs. HFD control VM

ok
P<0.05 vs. CD Control VM
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Table 2:

Serum chemistry showing key biomarkers of liver damage

AST (U/L) ALT (U/L) Total cholesterol (mg/dl)
CD + Control VM 72+3.13 93+ 0.57 151+ 0
CD +pl6 VM 88 +0.82 101.5+0.28 166.25+ 1.03
HFD + Control VM | 212 2542 28™* | 196.5+ 1.19™" 223+17
HFD +p16 VM 1985£095% | 162+1.15F 190.25+0.75 ™

Note: p16 VM treatment significantly reduced serum levels of AST and ALT along with a reduction in total cholesterol compared to HFD control

VM mice. Data represented as mean + SEM.

*:

ok
P<0.05 vs. CD Control VM

*
P<0.05 vs. HFD control VM
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