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SUMMARY

The aging liver is affected by several disorders, including steatosis, that can lead to a decline of
liver functions. Here, we present evidence that the cdk4-C/EBPa-p300 axis is a critical regulator
of age-associated disorders, including steatosis. We found that patients with non-alcoholic fatty
liver disease (NAFLD) have increased levels of cdk4 and that cdk4-resistant C/EBPa.-S193A mice
do not develop hepatic steatosis with advancing age. Underlying mechanisms include a block in C/
EBPa activation and subsequent failure in activation of enzymes involved in the development of
NAFLD. Inhibition of cdk4 in aged wild-type (WT) mice by a specific cdk4 inhibitor,
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PD-0332991, reduces C/EBPa-p300 complexes and eliminates hepatic steatosis. Moreover, the
inhibition of cdk4 in aged mice reverses many age-related disorders. Mechanisms of correction
include elimination of cellular senescence and alterations in the chromatin structure of
hepatocytes. Thus, the inhibition of cdk4 might be considered as a therapeutic approach to correct

age-associated liver disorders.

In Brief

Nguyen et al. show that nuclear elevation of cdk4 leads to age-associated disorders, such as
hepatic steatosis, and to age-dependent decline of liver functions and morphology. Elevation of
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cdk4 changes multiple molecular aspects of liver biology. Inhibition of cdk4 in old mice eliminates
hepatic steatosis and corrects age-associated liver disorders.

Graphical Abstract
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INTRODUCTION

Aging is the most common cause for the progression of non-alcoholic fatty liver disease

(NAFLD). The earliest stage of NAFLD, hepatic steatosis, is characterized by an

accumulation of triglycerides (TGs) in the cytoplasm of hepatocytes and is seen in mice

from 12 months of age. In patients with NAFLD, hepatic steatosis progresses to non-
alcoholic steatohepatitis (NASH), which results in an increased risk for development of
cirrhosis and hepatocellular carcinoma (Cohen et al., 2011; Hebbard and George, 2011;
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Schmucker, 2005; Timchenko, 2011; Engin, 2017). Several recent reports have described the
essential role of the hedgehog pathway and gut microbiome in the development of NAFLD
(Machado and Diehl, 2016; Verdelho Machado and Diehl, 2016; Boursier and Diehl, 2016;
Boursier et al., 2016). Recent papers have reported that the microsomal triglyceride transfer
protein is involved in development of NAFLD (Newberry et al., 2015, 2017). Although
mechanisms of developing NAFLD under high-fat diet conditions are well investigated, little
is known regarding the key events that determine the development of age-associated
NAFLD. A number of papers uncovered that hepatocytes telomeres were shorter in NAFLD
patients than in controls and that a marker of senescence, p21, was upregulated in old
patients with NAFLD (Aravinthan et al., 2013, 2014; Valenti and Dongiovanni, 2014). The
contribution of telomere dysfunction to the age-associated steatosis was further confirmed
(Laish et al., 2016). A recent paper showed that cellular senescence drives age-associated
hepatic steatosis (Ogrodnik et al., 2017).

C/EBPa is a strong inhibitor of liver proliferation and a tumor suppressor protein that is
commonly eliminated in animal models of liver cancer and in patients with hepatocellular
carcinoma (HCC) and hepatoblastoma (HBL) (Timchenko, 2009; Wang et al., 2006, 2010;
Jiang et al., 2013; Valanejad et al., 2017). Ser193 is a key amino acid that regulates
biological functions of C/EBPa (Jin et al., 2010, 2015; Wang et al., 2010). Ser193 is
phosphorylated by cdk4, which is activated by type D cyclins (Wang et al., 2006, 2010).
Phosphorylation of C/EBPa at Ser193 blocks the interactions of C/EBPa with chromatin
remodeling proteins HDAC1 and p300. C/EBPa.-p300 and C/EBPa-HDAC1 complexes are
able to activate (complexes with p300) or repress (complexes with HDAC1) different C/
EBPa-dependent genes (Jin et al., 2010,2015; Wang et al., 2010). Cdk4-dependent
phosphorylation of C/EBPa at Ser193 is involved in the development of NAFLD under
high-fat diet protocol (Jin et al., 2013, 2016). Phosphorylation of S193 also regulates
stability of C/EBPa. Under conditions of liver cancer, the oncogene gankyrin (Gank)
triggers degradation of S193-ph C/EBPa.; however, Gank cannot degrade C/EBPa if it is
dephosphorylated at Ser193 (Wang et al., 2010). This regulation might also exist in fatty
livers because Gank is elevated in advanced stages of NAFLD (Jin et al., 2016). Cyclin-
dependent kinase 4 (cdk4) was initially discovered as a strong driver of cell proliferation that
phosphorylates retinoblastoma protein, Rb, at Ser780 (Baker and Reddy, 2012). However,
further investigations revealed that cyclin D3 is elevated in several differentiation settings
and activates cdk4 during aging (Timchenko, 2009). Because cdk4 is involved in the
promotion of HCC, inhibition of cdk4 by small-molecule drugs is under investigation and
development. It has been shown that a specific drug, PD-0332991, functions as a potent
inhibitor of cdk4 (Flaherty et al., 2012; Endicott et al., 1999). The inhibition of cdk4 by
PD-0332991 has been shown to block the development of hepatic steatosis under conditions
of high fat diet (HFD) (Jin et al., 2016).

In this paper, we examined cdk4-dependent pathways of NAFLD in patients of different ages
with fatty liver disease and in biologically relevant animal models of aging. We found that
the elevation of cdk4 in patients is age dependent and is observed mainly in nuclei of older
patients, which correlates with the severity of NAFLD. Moreover, we found that cdk4-
resistant C/EBPa-S193A mice do not develop hepatic steatosis with age and that inhibition
of cdk4 in old wild-type (WT) mice disrupts C/EBPa.-p300 pathway and eliminates hepatic
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steatosis. We surprisingly found that, in addition to elimination of steatosis, the inhibition of
cdk4 in aged mice also corrects pathways that cause many age-related disorders in the liver.

RESULTS

Elevation of cdk4 in Patients with NAFLD Correlates with the Severity of the Disease

Our previous studies found that cdk4 is activated by cyclin D3 in the liver under conditions
of high-fat-diet-mediated NAFLD in mouse models (Jin et al., 2016). To further examine
whether the elevation of cdk4 is associated with the severity of NAFLD and with age, we
have obtained paraffin-embedded liver biopsy samples from control patients (healthy, 4
samples: two below and two above 60), from NAFLD patients with hepatic steatosis (12
patients of different age), and from NASH patients (17 patients of varying age). The biopsies
were grouped into samples from patients under 60 years old and above 60 years old. These
biopsies were immunostained for cdk4 expression (Figures 1A and 1B; images of cdk4
immunostaining for additional patients are shown in Figure S1), and the percent of cdk4-
positive hepatocytes was correlated with age. In control, non-steatosis samples, we detected
elevation of cdk4-positive hepatocytes in patients above 60 (Figure 1C). We also found that
hepatic cdk4 levels are increased in patients under 60 with steatosis and with NASH (Figure
1D). Elevation of hepatic cdk4 in patients above 60 with steatosis and NASH is much higher
than in patients under 60 (Figures 1B and 1D). We found that steatosis and NASH in patients
above 60 are characterized by much stronger intensity of cdk4 staining in nucleus (Figure
1B, red arrows). The nuclear accumulation of cdk4 in patients with severe NAFLD is in
agreement with previously found nuclear accumulation of cdk4 in animal models with
severe NAFLD (Jin et al., 2016). In summary, we found that the elevation of cdk4 in patients
with NAFLD correlates with age and with the severity of the disease and that NAFLD
patients above 60 have much stronger nuclear accumulation of cdk4. Based on these results,
we hypothesized that the elevation of nuclear cdk4 results in the development of age-
associated NAFLD and that localization of elevated cdk4 and age of patients determine the
severity of NAFLD (Figure 1E). To test this hypothesis, we performed experiments in cdk4-
resistant C/EBPa.-S193A mice.

CDK4-Resistant C/EBPa.-S193A Mice Do Not Develop Hepatic Steatosis with Age

The main target of cdk4 in the development of fatty liver diseases is the C/EBPa-p300
complex, which activates expression of genes of fat metabolism and glucose metabolism (Jin
etal., 2013, 2016). This complex is elevated in livers of old mice due to increased
phosphorylation of C/EBPa. at Ser193, which is mediated by cdk4 (Jin et al., 2009; Guillory
et al., 2018). To examine the consequences of an elevation of cdk4 in older models, we
examined C/EBPa-S193A knockin mice (S193A), which are resistant to cdk4 activation (Jin
et al., 2015). WT and S193A mice were aged to 22 months, and the development of hepatic
steatosis was investigated. Oil red O staining revealed that all examined 22-month-old WT
mice (6 mice) develop severe liver steatosis; and all examined young and old S193A mice (6
mice) do not develop hepatic steatosis (Figure 2A). Examination of levels of enzymes of
fatty liver DGAT1, DGAT2, ACC, SCD1, and SREBPL1 revealed that these proteins are
elevated in old WT mice; however, they are not increased in livers of 22-month-old S193A
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(Figures 2B and 2C). Thus, these studies showed that the age-associated development of
hepatic steatosis is inhibited in cdk4-resistant C/EBPa.-S193A mice.

A Failure of C/EBPa-p300 Complex Activation by cdk4 Results in the Inhibition of Age-
Dependent Hepatic Steatosis in C/EBPa-S193A Mice

Because the cdk4 controls C/EBPa-p300 complexes under HFD conditions (Jin et al.,
2016), we next examined whether this pathway might be involved in the age-associated
development of hepatic steatosis in WT mice and whether this pathway might be blocked in
cdk4-resistant C/EBPa.-S193A mice. Prior to examining the C/EBPa.-p300 pathway, we
asked whether cdk4 is activated with age to the same degree in WT and S193A mice.
Because cdk4 is activated in livers of old mice by elevation of cyclin D3 (Wang et al., 2006;
Jin et al., 2016), we examined expression of these proteins in livers of WT and S193A mice.
Figure 2D shows that cyclin D3 is identically increased in both groups and that cdk4 is also
elevated but to a lower degree. Phosphorylation of a known substrate of cdk4, Rb, is also
increased to the same degree in old WT and S193A mice (Figure 2D). Thus, these studies
revealed that cdk4 and cyclin D3 are identically elevated with age in WT and in S193A
mice, suggesting that the subsequent inhibition of hepatic steatosis in S193A mice is
mediated by pathways that are downstream and dependent on C/EBPa.

To test this suggestion, we examined the phosphorylation status of C/EBPa. Western
blotting with antibodies that specifically recognize ph-S193 isoform of C/EBPa revealed
that phosphorylation of C/EBPa is increased in WT mice with age; however, C/EBPa is not
phosphorylated in S193A mice, regardless of age (Figure 3A). We next examined C/EBPa-
p300 complexes by co-immunoprecipitation (colP) and found that these complexes are
elevated in WT 22-month-old mice compared to young 2-month-old mice. In S193A mice,
these complexes are much weaker or are not detected at any age (Figures 3A and 3B). These
data indicate that cdk4-resistant S193A mice failed to form C/EBPa.-p300 complexes with
age; and WT mice have increased C/EBPa.-p300 complexes in 22-month-old mice compared
to 2-month-old mice. It is interesting to note that total levels of p300 and C/EBPa. are also
elevated with age in WT mice, but not in S193A mice. We suggest that the lack of activation
of C/EBPa with age in S193A mice is due to the fact that the C/EBPa promoter contains a
C/EBP binding site and it is the subject of auto-regulation by C/EBPa-p300 (Jin et al.,
2015). These complexes are reduced in S193A mice (Figure 2A), and this reduction is likely
to cause low levels of C/EBPa. in the liver of S193A mice. Because a recent report described
that cellular senescence is involved in the development of age-associated steatosis (Ogrodnik
et al., 2017), we next asked whether cellular senescence might also be inhibited in S193A
mice. To test this, we examined levels of the marker of senescence, p21. Western blotting
showed an elevation of p21 in WT aged mice. S193A mice also exhibited elevation of p21
but to a lesser degree (Figures 3A and 3B). To confirm this observation, we performed
immunostaining and gRT-PCR experiments. Figure 3C illustrates that protein levels of p21
detected by immunostaining are elevated in both young and old WT and S193A mice,
although the degree of elevation is slightly lower in old S193A mice. Surprisingly, we
detected much higher levels of p21 mRNA in young S193Amice; however, old S193A and
WT mice have almost similar levels of p21 mRNA. In the course of these studies, we noted
that levels of p21 mRNA do not always correlate with levels of p21 protein, suggesting
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additional mechanisms of regulation of the p21 protein. Taken together, we conclude that the
elevation of p21 protein is lower in S193A mice, suggesting a partial inhibition of cellular
senescence.

We next examined the consequences of an age-associated accumulation of C/EBPa-p300
complexes in WT mice and the failure of S193A mice to increase these complexes. As
shown in Figure 2, DGAT1, DGAT2, ACC, SCD1, and SREBP1 are increased in WT mice
with age, but they are not elevated in old S193A mice. We have previously shown that the
promoters of DGAT1 and DGAT?2 are activated by C/EBPa.-p300 under conditions of high-
fat diet (Jin et al., 2013, 2016). Therefore, we searched the promoters of ACC, SCD1, and
SREBP1 and found strong consensuses for C/EBPa in close proximity to the transcription
start site (Figure S2). For SREBP1, we have found two binding sites for C/EBPa.. Therefore,
we next examined (1) whether C/EBPa.-p300 complex binds to these promoters, (2) whether
this binding is increased in old WT mice, and (3) whether the p300-C/EBPa complexes are
detected on these promoters in S193A mice. For this goal, we have used a chromatin
immunoprecipitation (ChlP) approach. To monitor the activity of the promoters, we
examined acetylation of K9 at histone H3 (H3K9) because this modification increases
activity of the promoters. The binding of C/EBPa-p300 complexes to all examined
promoters is increased in livers of 22-month-old WT mice (Figure 3D). However, binding of
C/EBPa-p300 complexes to these promoters is weak in S193A mice, and it is not increased
with age. Examination of H3K9 acetylation revealed that these promoters are activated in
old WT mice, but not in the S193A mice. Note that we observed slight differences in the
occupation of different promoters by C/EBPa and p300. We hypothesize that this might be
because p300 also interacts with another member of the C/EBP family, C/EBP (Jin et al.,
2015), which might bind to the C/EBP sites within these promoters.

To further examine the role of cdk4-dependent phosphorylation of C/EBPa at Ser193 in the
regulation of lipid-regulating genes containing C/EBPa site, we examined whether there is a
difference in activation of these genes between WT C/EBPa and S193D and S193A
mutants. WT, S193A, and S193D mutants were transfected in mouse Hepa-1c17 cells, and
expression of the DGAT1/2, SCD1, and SREBP proteins was examined. Figure 3E
demonstrates that WT C/EBPa activates expression of these genes and that phosphor-
mimicking mutation S193D increases this activation. However, S193A mutation blocks the
activity of C/EBPa to activate expression of these genes. Because S193A does not form
complexes with p300 (Figure 3A), these results suggest that the lack of activation of
lipogenic genes in S193A mice and in transient transfection studies is due to reduction of
p300-C/EBPa complexes. Thus, our data demonstrate that the cdk4-dependent
phosphorylation of C/EBPa in WT old mice and subsequent elevation of C/EBPa.-p300
complexes lead to the binding to and activation of the DGAT1, DGAT2, ACC, SCD1, and
SREBP1 promoters. However, in cdk4-resistant S193A mice, this pathway is inhibited and
the promoters of DGAT1, DGAT2, ACC, SCD1, and SREBP1 genes are not activated. We
suggest that this failure to activate the promoters re sults in the inhibition of age-associated
hepatic steatosis in livers of S193A mice (Figure 3F).
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Inhibition of cdk4 Activity by the Specific Inhibitor PD-0332991 Eliminates Hepatic
Steatosis in Livers of Old Mice

To further determine the role of the cdk4-C/EBPa-p300 axis in age-associated hepatic
steatosis, we have inhibited cdk4 by PD-0332991 in WT old mice using two doses of
PD-0332991: 150 mg/kg and 450 mg/kg in chow. Consistent with previous reports, liver to
body weight ratio is increased in aged WT mice (Figures 4A and 4B). Surprisingly, we
found that the inhibition of cdk4 by a higher dose of PD-0332991 normalizes this ratio
(Figure 4C), suggesting that the inhibition of cdk4 has an overall therapeutic effect on the
mice. Examination of blood parameters revealed that inhibition of cdk4 also corrected
cholesterol levels (Figure S3).

Oil red O staining revealed that hepatic steatosis is inhibited in old mice by the lower
concentration and completely eliminated by the higher concentration of PD-0332991 (Figure
4D). We next examined whether treatments of old mice with PD-0332991 inhibits the
activity of cdk4. Examination of cyclin D3 and cdk4 levels showed that cyclin D3 is elevated
in livers of old mice and protein levels of cdk4 are elevated to a less degree or not changed
(Figures 4E and 4F). Treatment of old mice with PD-0332991 does not change levels of
cdk4 but reduces cyclin D3. Consistent with these data, phosphorylation of Rb is reduced in
old mice by treatments with PD-0332991 (Figures 4E and 4F). These results and further
studies of phosphorylation of C/EBPa. (Figure 5) confirmed that PD-0332991 inhibits cdk4
activity. Next, we examined expression of genes that regulate the development of a fatty liver
phenotype, including genes that are under the control of C/EBPa-p300 complexes. Figures
4G-41 show the results of these studies. In agreement with previous data, FAS, DGAT1,
DGAT2, ACC, SCD1, and SREBP1 are elevated in old WT mice; however, all these proteins
are reduced in livers of old mice treated with PD-0332991. Thus, we conclude that the
inhibition of cdk4 in old WT mice eliminates hepatic steatosis.

Elimination of Hepatic Steatosis by PD-0332991 Strongly Correlates with the Inhibition of
cdk4-C/EBPa-p300 Axis

We next examined the C/EBPa-p300 pathway in mice with inhibited cdk4. First, we
examined the phosphorylation status of C/EBPa by western blotting with specific antibodies
(Abs) and found that phosphorylation of C/EBPa at Ser193 is reduced by treatments with
higher doses of PD-0332991 (Figures 5A and 5B). Examination of C/EBPa.-p300 complexes
indicated that the complexes are abundant in old WT mice but are reduced in mice treated
with PD-0332991 (Figure 5C). To determine consequences of the elimination of C/EBPa-
p300 complexes, we examined promoters of the enzymes that are under control of this
complex. ChIP assay with mice treated by higher doses of PD-0332991 showed that
inhibition of cdk4 leads to the reduction or removal of the C/EBPa.-p300 complexes from all
examined promoters (Figure 5D) and to partial repression of the promoters because the
acetylation of histone H3 at K9 is reduced in mice with inhibited cdk4. Taken together, these
studies revealed that the inhibition of cdk4 by PD-0332991 in livers of old mice eliminates
hepatic steatosis and that this elimination correlates with the inhibition of cdk4-C/EBPa.-
p300 axis (Figure 5E).
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Inhibition of cdk4 in Livers of Old Mice Causes Normalization of Multiple Pathways of Liver

Biology

Examination of the cdk4-C/EBPa.-p300 axis revealed that the inhibition of this pathway by
PD-0332991 contributes to the elimination of hepatic steatosis. However, recent publications
showed that cellular senescence (Ogrodnik et al., 2017) and E2F1-Rb pathways (Denechaud
et al., 2016) are also involved in development of hepatic steatosis. Therefore, we asked
whether the inhibition of cdk4 in livers of old mice might affect other pathways.
Transcriptome profiling clearly demonstrated changes in gene expression in PD-0332991-
treated old mice with a large number of upregulated and downregulated genes (Figure 6A).
Examination of ontologies of the changes and pathways revealed that PD-0332991-mediated
up- and downregulated pathways in livers of old mice belong to positive and negative
regulators of fatty liver phenotype and to pathways of glucose homeostasis (Figure 6B).
Interestingly, PD-0332991 also inhibited the E2F1-Rb pathway and markers of cellular
senescence, such as CDKN1A (p21 protein) and ZNF385A (Hzf protein). These data show
that, in addition to the inhibition of cdk4-C/EBPa-p300 axis, PD-0332991-mediated
elimination of hepatic steatosis includes inhibition of other known pathways of hepatic
steatosis: Rb-E2F1 and cellular senescence. Figure 6C summarizes these data and shows that
the inhibition of cdk4 improves liver functions and corrects expression of genes involved in
cellular senescence, pathways of proliferation, pathways regulating chromatin structure,
steatosis, and C/EBPa and Rb-E2F1 pathways. Alterations of the key genes in these
pathways were confirmed by qRT-PCR. Figure 6D shows an example of this verification for
cell proliferation genes, markers of cellular senescence, and genes that regulate chromatin
structure. In the course of examination of blood parameters, we have found that the mutation
of Ser193 to Ala in C/EBPa or inhibition of cdk4 in old mice corrects cholesterol levels and
partially corrects glucose levels (Figure S3). Although mechanisms of cdk4-dependent
regulation of glucose in old mice are not known, levels of glucose in the cdk4-resistant
S193A mice are reduced via inhibition of PEPCK and G6Pase (Jin et al., 2015), suggesting
that this mechanism can also be involved in age-dependent and cdk4-dependent changes of
glucose.

Inhibition of cdk4 in Aged Mice Eliminates Cellular Senescence Phenotype

To further examine overall healing effects of the inhibition of cdk4, we have measured
additional age-related characteristics. One of the main characteristics of the aging phenotype
and cellular senescence is the appearance of larger hepatocytes with increased
heterochromatin regions (Jin et al., 2010; Kreiling et al., 2011). Given RNA sequencing
(RNA-seq) results showing alterations in histone deacetylase HDAC1 and GMNT after
inhibition of cdk4 (Figures 6B—6D), we asked whether inhibition of cdk4 might correct the
chromatin structure of hepatocytes. For this goal, we stained livers with a marker of
heterochromatin H3K9-trimethyl. Figures 7A and 7B show a typical result of this staining.
As one can see, livers of old mice contain many massive hepatocytes with increased
heterochromatin structures. Calculation of percentage of large hepatocytes with increased
heterochromatin structures revealed that the livers of 22-month-old mice contain up to 25%
more large hepatocytes with increased heterochromatin regions compared to less than 2% of
these hepatocytes in 2-month-old mice (Figure 7C). Inhibition of cdk4 reduced the number
of hepatocytes with heterochromatin enrichments.
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RNA-seq analysis and following gRT-PCR verification showed that mRNA of a marker of
cellular senescence, p21, is elevated in old mice and is corrected by inhibition of cdk4
(Figure 6D). To further confirm this effect, we performed immunostaining and western
blotting experiments. Figures 7D, 7E, and 7G show that p21 is elevated in livers of old mice
but is reduced in mice treated with the higher dose of PD-0332991. We examined
methylation of histone H3 at K9, which is also a strong marker of cellular senescence (Jin et
al., 2010; Kreiling et al., 2011), and we found that PD-0332991-mediated inhibition of cdk4
reduces amounts of this indicator of cellular senescence (Figures 7A and 7B). Taken
together, we conclude that the inhibition of cdk4 in old mice eliminates cellular senescence.

We next examined possible pathways by which PD-0332991 reduces heterochromatin
structures in livers of old WT mice. One of the previously described pathways of the
accumulation of heterochromatin foci in livers of old mice is the elevation of C/EBPa-
HDAC1 complexes (Jin et al., 2010). Therefore, we suggested that this pathway might be
affected by inhibition of cdk4. This hypothesis was also based on previous observations that
cdk4-mediated phosphorylation of C/EBPa at Ser193 increases its interactions with HDAC1
(Jin et al., 2010). colP studies showed that the inhibition of cdk4 leads to the disruption of C/
EBPa-HDACL1 complexes (Figures 7F and 7G). These results demonstrate that the cdk4-C/
EBPa pathway changes HDAC1-dependent chromatin remodeling.

Inhibition of cdk4 by PD-0332991 Changes Intracellular Localization of ChREBP Protein
and Expression of Its Targets

RNA-seq approach detected alterations of mMRNAS; however, aging is characterized by
changes that are dependent on intracellular localization of the proteins. Therefore, we asked
whether the correction of the aging phenotype in PD-0332991-treatedold mice might involve
additional pathways, such as change of localization of certain proteins. It has been shown
that the glucose-sensitive transcription factor ChREBP is an important regulator of fatty liver
phenotype (Jois et al., 2017; Softic et al., 2017) and that it is mainly observed in the
cytoplasm of young animals, but it is translocated into nucleus in livers of old animals
(Salamanca et al., 2015). Therefore, we examined the levels of this protein in cytoplasmic
and nuclear extracts from young, old, and old PD-0332991-treated mice. Consistent with
previous reports, ChREBP is observed in cytoplasm of young mice, and it is translocated to
the nucleus in livers of old mice. The inhibition of cdk4 in old mice resulted in a reduction
of nuclear ChREBP, especially with higher doses of PD-0332991 (Figures 7E and 7G).
Interestingly, levels of ChREBP mRNA do not differ significantly between young, old, and
old PD-033291-treated mice (Figure S4A). To examine whether this reduction of nuclear
ChREBP changes the expression of its targets, we analyzed known ChREBP targets using
our results with RNA-seq. This bio-statistical analysis revealed that expression of a portion
of ChREBP targets is altered in old mice with inhibited cdk4 (Figure S4B). Thus, these
studies showed that the correction of the aging phenotype by inhibition of cdk4 includes
corrections of intracellular localization of ChREBP, leading to alterations of its downstream
targets. In addition to age-related disorders described above, we also analyzed insulin
resistance and inflammation pathways in our RNA-seq data because these pathways are
altered in livers of old mice (Oh et al., 2016; Jelenik et al., 2017). This analysis revealed a
quite complex pattern of alterations in gene expression. Some of these changes suggest the
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correction of inflammation and insulin resistance. However, some PD-0332991-dependent
alterations within these pathways are not consistent with the correction of these pathways
(Figure S5). Further molecular and functional studies are required to evaluate the effects of
inhibition of cdk4 on inflammation and insulin resistance.

DISCUSSION

The liver is one of the main organs that regulates body homeostasis and eliminates toxins
from organism. NAFLD is a well-documented age-associated disease. It is recognized that
older people develop the first step of this disease, hepatic steatosis, which in turn creates a
risk for further development of NASH and HCC. In this paper, we have performed a
systemic examination of the role of increase or activation of cdk4 in the development of age-
associated NAFLD. We found that the degree of elevation of hepatic cdk4 in livers of
patients with NAFLD correlates with the severity of NAFLD and with their age. Because the
amounts of human liver biopsies are quite limited, it is not possible to examine cause or
effect relationships in human samples. Therefore, we have performed mechanistic studies
using young and old WT mice and recently generated cdk4-resistant C/EBPa-S193A mice.
These studies demonstrated that cdk4-resistant C/EBPa.-S193A mice do not develop hepatic
steatosis with age due to a failure to activate cdk4-C/EBPa-p300 axis. It is interesting that
promoters of key enzymes of development of fatty liver, such as enzymes of triglyceride
synthesis diacylglycerol O-acyltransferase 1 (DGAT1) and diacylglycerol O-acyl-transferase
2 (DGAT?2), acetyl-coenzyme A (ACACA), stearoylcoenzyme A desaturase 1 (SCD1), and
sterol regulatory element binding protein 1 (SREBP1), contain binding sites for C/EBPa and
are elevated in aged WT mice by the C/EBPa.-p300 complex. Although, in S193A mice, the
mutant C/EBPa binds to these promoters, it does not activate transcription because of a
reduction or lack of interactions of C/EBPa with p300. The fact that a large number of key
enzymes of fatty liver development are under the control of the cdk4-C/EBPa-p300 pathway
strongly suggests that this pathway is critical for the development of age-dependent hepatic
steatosis.

It has been shown that the age-associated steatosis is under control of several pathways. How
does inhibition of cdk4 eliminate other known mechanisms of NAFLD, such as E2F1-Rb
and cellular senescence? It has been shown that E2F1 positively contributes to the
development of NAFLD under conditions of high-fat diet (Denechaudet al., 2016). In this
regard, the inhibition of the phosphorylation of Rb by inhibition of cdk4 should release
E2F1 and should have an opposite result. However, RNA-seq and subsequent qRT-PCR
verification found that levels of E2F1 are increased in livers of old mice and that inhibition
of cdk4 leads to normalization of E2F1 (Figure 6D), which likely eliminates the E2F1-
dependent pathway of steatosis. Regarding the relationship between cellular senescence as
the cause of hepatic steatosis and elimination of the steatosis by inhibiting cdk4, several
results within our paper provide strong evidence that the inhibition of cdk4 corrects
senescent hepatocytes. First, the main characteristic of hepatocyte senescence is elevation of
p21, CDKNAL gene (Aravinthan et al., 2013, 2014; Ogrodnik et al., 2017). Consistent with
these reports, we found that p21 is 5- or 6-fold increased in livers of old mice and that
inhibition of cdk4 normalizes levels of p21. Mechanisms of this correction are not known
but might be associated with additional alterations which were found by RNA-seq analysis,
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which showed that the ZNF385A gene is elevated in livers of old mice and is normalized by
inhibitor of cdk4 (Figure 6D). ZNF385A has been shown to upregulate p21 expression
(Sugimoto et al., 2006; Zhang et al., 2012). It is possible that PD-0332991-mediated
normalization of ZNF385A is involved in the reduction of p21 and in elimination of cellular
senescence. Interestingly, ZNF385A also positively upregulates translation of C/EBPa
(Kawagishi et al., 2008), suggesting that this activity might be also involved in elimination
of cellular senescence through the inhibition of C/EBPa-p300 pathway. Another strong
characteristic of the senescent hepatocytes is the increase in number of large hepatocytes
with increased heterochromatin structures (Jin et al., 2010; Kreiling et al., 2011). Our results
show that inhibition of cdk4 reduces the number of large hepatocytes with heterochromatin
structures. Our data propose mechanisms of this correction that are associated with the
reduction of C/EBPa-HDAC1 complexes. In summary, our studies suggest that the
inhibition of cdk4 by US Food and Drug Administration (FDA)-approved drugs might be
considered as a therapeutic approach to treat hepatic steatosis and other age-related
disorders. In this regard, it is important to note that we observed accumulation of alanine
transaminase (ALT)/AST (aspartate transaminase) in the blood of some old mice in
experiments with higher dose of PD-0332991 (Figure 3), suggesting that further studies
might be necessary for optimization of the dose of PD-0332991 for older patients.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents

Antibodies to C/EBPa. (14AA), DGAT1 (H-255), DGAT2 (H-70), p300 (N-15 or C-20),
cdk4 (C-22), and SREBP1 (C-20; sc-366) were from Santa Cruz Biotechnology. Antibodies
to FASN, SCD1, and ACC were from Cell Signaling Technology. Antibodies to Ser193-ph
C/EBPa were purchased from Thermo Scientific (cat. PA5-37342). HDAC1 antibody was
from Upstate (cat. 05-614; CA). Acetylated histone H3K9 (H3K9AC) antibody was
purchased from Active Motif. Trimethylated histone H3K9 (H3K9m) and anti-CHREBP
were from Abcam (Cambridge, UK; ab8898 and ab81958, correspondingly). Monoclonal
anti-B-actin antibody was from Sigma (St. Louis, MO). Co-IP studies were performed using
TrueBlot reagents as previously described (Wang et al., 2010; Jin et al., 2013, 2015).

Animal Work and Treatment of Mice with CDK4 Inhibitor PD-0332991

Experiments with animals were approved by the Institutional Animal Care and Use
Committee (IACUC) at Cincinnati Children’s Hospital (protocol IACUC2014-0042). Young
(2-month-old) and old (20- to 22-month-old) C57BI6 mice (males) were purchased from
The Jackson Laboratory (Bar Harbor, ME). C/EBPa.-S193A mice have been generated and
characterized in our lab (Jin et al., 2015, 2016). Young (2-month-old) and old (20- or 22-
month-old) WT and C/EBPa-S193A mice (males and females) were used for these studies.
20-month-old C57BI6 mice (males) were fed with chow diet (custom made by Bioserv)
containing 150 mg/kg or 450 mg/kg of chow CDK4 inhibitor PD-0332991 (palbociclib HCI,
Selleckchem; cat no. S1116) for 2 weeks.
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Histology, Immunohistochemistry, and Oil Red O Staining

The livers were fixed overnight in buffered 10% formaldehyde, embedded in paraffin, and
sectioned at a thickness of 5 um. The sections were then stained with different antibodies
against cdk4 or H3K9m. For oil red O staining of lipid droplets in frozen liver sections, the
liver cryosections of 10 um were stained with commercially available kits (oil red O color
solution; cat no. 1.20419.0250; Merck, Germany).

Protein Isolation and Western Blotting

Cytoplasmic and nuclear extracts were isolated from livers as described in previous papers
(Wang et al., 2010; Jin et al., 2013, 2015). Inhibitors of phosphatases were used for all
samples during protein isolation process. Proteins (30-50 pg) were loaded on gradient (4%—
20%) polyacrylamide gels, transferred onto membranes, and probed with antibodies against
proteins of interest. To verify protein loading, each filter was re-probed with Abs to B-actin.

Transfections of Hepa-1c17 Cells with C/EBPa Constructs

colP

ChIP Assay

WT, S193D, and S193A C/EBPa. plasmids were transfected in Hepa-1c17 cells. Protein
extracts were isolated 16 hr after transfection, and expression of proteins was examined by
western blotting as described above.

Nuclear extracts were used for colP. A total of 500 g of protein extract was incubated with
2 g of the appropriate antibody at 4° for overnight under rotation. Then, 25 pL of
appropriate Ig IP Agarose Beads (Rockland) was added, followed by an hour incubation at
4° under rotation. The pellets were collected by centrifugation (6,000 rpm) and washed 3
times with IP washing buffer and then were re-suspended in 30 pL of loading buffer (with
2% of B-mercapto-ethanol). Samples were boiled for 20 min and were run in SDS-gel (4%-—
20% gradient gels; Bio-Rad). Western blot analyses were performed using antibody against
C/EBPa. True-Blot secondary antibodies were used.

The ChlIP assay was performed as described in our previous articles, using the ChIP-IT Kit
(Active Motif) according to the manufacturer’s protocol. Briefly, the chromatin solutions
were prepared from liver tissues, and DNA was sheared by enzymatic method. C/EBPa,
p300, and H3K9Ac were immunoprecipitated from the solutions using appropriate
antibodies. DNA was isolated and used for PCRs with primers covering the C/EBPa binding
sites within DGAT1/2, ACACA, SCD1, and SREBP1 promoters. The sequences of the
primers for these promoters are as follows: ACACA-forward: 5’-
AGCCAAGCAAGCCAGTTCT TAG-3" and ACACA-reverse: 5'-
TCATGTGAAAGGCTGGTGACA-3’ (PCR: 318 bp); SCD1-forward: 5’-
GAGTTGTGAGTGGCGGTAGC-3" and SCD1-reverse: 5'-
GGCTGATGGGTGACTTTTCTT-3” (PCR: 158 bp); SREBP1-forward-sitel: 5'-
GGAGTAGTACGAGCCCACTG-3"; SREBP1-reverse site 1: 5'-
CATGGCCCATAAGACCGTCC-3’; SREBP1-forward-site 2: 5-TGGGTCTA
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GTCCTGTGGCTT-3" (PCR: 185 bp); and SREBP1-reverse site 2: 5'-GGCCC
ACGTTAAGGAAAAGT-3" (PCR: 243 bp). PCR products were separated by 5% PAAG.

RNA-Seq Analyses

RNA-seq analysis was performed with livers of young, old, and old-PD-treated mice. RNA
was isolated from 3 mice of each group. RNA sequencing libraries were prepared using
Illumina TruSeq RNA preparation kit and sequenced on the Illumina HiSeq 2500, using
paired-end, 100-bp reads(lllumina, San Diego, CA). Reads were aligned using mm10
annotations produced by University of California Santa Cruz (UCSC) and quantified using
Kallisto, which accurately quantifies read abundances (in transcripts per million) through
pseudoalignment. Statistical analysis was performed in GeneSpring 13.0. Raw counts were
thresholded at 1, normalized using quantile normalization procedure, and baselined to the
median of all samples (n = 25,240 transcripts). A filtration was applied to ensure analysis of
reasonably expressed transcripts, requiring at least two reads in >50% of samples in at least
one experimental condition (n = 12,551 transcripts). Ontological analysis of significantly
differential genes was performed in the ToppGene Suite.

Statistical Analysis

All continuous values are presented as means and SD. Statistical analyses were performed
using the Student’s t test. Statistical significance was accepted at either p < 0.05 (shown by
one asterisk) or p < 0.01 (shown by two asterisks).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Elevation of cdk4 correlates with severity of NAFLD in patients
Cdk4-resistant mice do not develop age-associated hepatic steatosis
Inhibition of cdk4 in older organisms eliminates hepatic steatosis

Inhibition of cdk4 corrects many age-associated disorders
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Figure 1. Hepatic Levels of cdk4 Are Increased in Nuclei of Patients with NAFLD
(A) Immunostaining of the human liver biopsies from patients with hepatic steatosis and

NASH with antibodies to cdk4. Data for 2 controls, 4 patients with hepatic simple steatosis,
and 4 patients with NASH are shown. Cdk4 staining of additional NAFLD patients is shown
in Figure S1. The scale bars represent 50 um.

(B) Images of cdk4 staining under high magnification. Hepatocytes with strong nuclear cdk4
staining are shown by red arrows. Scale bars represent 50 um.

(C) Calculations of cdk4-positive hepatocytes in control patients under 60 and above 60
years old. *p < 0.05.

(D) Bar graphs show % of cdk4-positive hepatocytes in livers of patients with hepatic
steatosis and NASH. Patients were grouped by age under 60 and above 60 years.

(E) A diagram showing the main hypothesis of this paper, which is based on data with
human biopsies.
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Figure 2. Cdk4-Resistant C/EBPa.-S193A Mice Do Not Develop Hepatic Steatosis with Age
(A) Oil red O staining of livers of young and old WT and C/EBPa.-S193A mice. The scale

bars represent 200 pum.

(B) Levels of enzymes of fatty liver development DGAT1, DGAT2, ACC, SCD1, SREBP1,
and FAS in livers of WT and S193A mice.
(C) Levels of proteins on (B) were calculated as ratios to B-actin.

(D) cycD3-cdk4 pathway is activated by age in both WT and S193A mice. Western blotting
was performed with Abs shown on the right. Bar graphs show levels of proteins as ratios to
B-actin.

For (C) and (D), *p < 0.05, **p < 0.01.
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Figure 3. The Failure of S193A Miceto Increase C/EBPa-p300 Complexes with Age Leads to a
Failure to Increase Levels of EnzymesthatAre Involved in Fatty Liver Development

(A) (Upper) Western blotting of p300, phS193-C/EBPa.,, C/EBPa, and p21 in young (2-
month-old) and old (22-month-old) WT and S193A mice. (Lower) Co-IP of p300 and
western blot of C/EBPa in young and old WT and S193A mice is shown.

(B) (Upper) C/EBPa-p300 complexes were calculated as ratios of C/EBPa. in p300 IPs to
signals of immunoglobulin G (1gG). (Bottom) Levels of p21 were calculated as ratios to p-
actin.

(C) Examination of p21 expression in livers of young and old S193A mice by
immunostaining (upper images; scale bars 50 pm) and by gRT-PCR (bottom image).

(D) ChIP assay of the promoters of DGAT1, DGATZ, ACACA, SCD1, and SREBFPI genes.
C/EBPa, p300, and H3K9ACc were immunoprecipitated from chromatin solutions of young
and old WT and S193A mice. IgGs are negative controls.

(E) C/EBPa-S193Afailsto activate expression ofenzymes of TG synthesis and lipogenic
genes. Hepa-1c17 cells were transfected with WT (W), C/EBPa-S193D (D), and C/EBPa.-
S193A (A) mutants, and expression of DGAT1, DGAT2, SCD1, and SREBP1 proteins was
examined by western blotting (left part). Bar graphs show levels of proteins as ratios to p-
actin control.
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(F) A schematic diagram showing activation of genes of fatty liver development in aged WT
mice and the alterations of this process in aged S193A mice.
For (B) and (C), *p < 0.05, **p < 0.01.
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Figure 4. Inhibition of cdk4 by PD-0332991 Eliminates Hepatic Steatosis in WT Mice
Mice were treated with PD-0332991 (150 mg/kg or 450 mg/kg with chow) for 2 weeks.

(A-C) Body weight (A), liver weight (B), and liver to body weight ratios (C)
correspondingly in WT mice treated with PD-0332991. Statistically significant results are
shown for comparison of untreated old mice and old mice treated with high dose of
PD-0332991.

(D) A typical picture of oil red O staining of livers is shown. The scale bars represent 200
um.

(E) Inhibition of cdk4 reduces its activity as measurement of phosphorylation of Rb
substrate. Western blotting was performed with Abs to ph-S780-RB, CDK4, and cyclin D3.
(F) Levels of proteins on E were calculated as ratios to f-actin.

(G) Levels of enzymes of development of fatty liver DGAT1, DGAT2, ACC, SCD1,
SREBP1, and FAS were determined by western blotting.

(H) Levels of SREBP1, ACC, FAS, and SCD1 were calculated as ratios to p-actin.

(1) Levels of DGAT1 and DGAT2 were calculated as ratios to p-actin.

In (A)-(C), (F), (H), and (1), *p < 0.05, **p < 0.01.
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Figure 5. Elimination of Hepatic Steatosis by Inhibition of cdl4 Involves Inhibition of C/EBPa-

p300 Axis

(A) Levels of ph-S193-C/EBPa and total C/EBPa were determined by western blotting.

(B) Bar graphs show a ratio of ph-Ser193-C/EBPa to B-actin.

(C) p300 was immunoprecipitated from nuclear extracts and probed with Abs to C/EBPa

and to p300.

(D) ChIP assay was performed with primers covering C/EBPa site on the promoters of
DGAT1, DGAT2, ACACA, SCD1, and SREBP genes. C/EBPa, p300, and H3K9AC were
immunoprecipitated from chromatin solutions and used for RT-PCR with primers covering
C/EBPa binding sites. Input shows PCR products with 1/100 portion of input. *p < 0.05,

**p < 0.01.

(E) A diagram showing the mechanisms by which inhibition of cdk4 eliminates hepatic

steatosis through C/EBPa.-p300 pathway.
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Figure 6. Inhibition of cdk4 in Livers of Old Mice Corrects Multiple Pathways, Including
Cellular Senescence, Chromatin Structure, Steatosis, and Proliferation

(A) Heatmap of RNA-seq assay showing clusters of up- and downregulated genes in livers
of mice treated with PD-0332991.

(B) Network of up- and downregulated pathways in livers of old mice treated with
PD-0332991.

(C) A diagram shows biological processes and molecular pathways that are corrected in
livers of old mice by inhibition of cdk4.

(D) An example of confirmation of main changes in gene expression by qRT-PCR.

Cell Rep. Author manuscript; available in PMC 2021 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nguyen et al.

A

w

22 mo

+450

DAPI

Page 24

H3K9 Merge Enlarged D  ax 40x E 22 mo

2mo 0 150 450 PD
o
£ & p21
N B B-actin
T W W — HDAC1
o
€ — - B-actin
ST 4
Mk e ChREBP NE
" — ChREBP Cy
e .
o A —— — B-actin
oo = F 22 mo
o 2 mo 0 150 450 PD
n o -
T =] Tt C/EBPo.
I
— o % — ——— — - — :‘HDAC'I
p21
C G
p21/B-actin HDAC1/B-actin C/EBPa/HDAC1  ChREBP/B-actin
0
g2 3 PD , pp 08 PD PD PD
* %
8 25 e 6| Ll o6 10 | = 20 —
g 20 : [ B hss 08 | F 16| xx
04 ;
2 15 4 i |y 06 12| Wk,
g 10 H# 2 0.2 0:4 05 i
s 5 et 1 : wx 0.2 3 e 04
S o i - || 0 im0 0 . 0.0 l=
50um & 2mo T22'mo Y old Y old Y oid Y “oid

Figure 7. Inhibition of cdk4 in Livers of Old Mice Eliminates Hepatocyte Senescence
(A) Livers of young, old mice, and old mice treated with cdk4 inhibitor PD-0332991 were

stained with antibodies to H3K9-trimethyl and with DAPI. Pictures were taken with 40x
magnification. Scale bars represent 200 pm.

(B) A representative picture of big fields of the livers with DAPI/H3K9me (merge) staining.
Arrows show gigantic hepatocytes with increased heterochromatin structures. The scale bars
represent 50 pm.

(C) % of senescent hepatocytes of young, old mice, and old mice treated with cdk4 inhibitor.
(D) Immunostaining of livers with p21. Arrows show p21-positive hepatocytes. The scale
bars represent 50 pm.

(E) Examination of levels of p21, HDACL1, and nuclear and cytoplasmic ChREBP by
western blotting. The filters were re-probed with p-actin.

(F) Inhibition of cdk4 in livers of old mice reduces protein levels of HDAC1 and eliminates
C/EBPa-HDAC1 complexes. HDAC1 was immunoprecipitated, and C/EBPa was
determined by western blotting. The filter was re-probed with Abs to HDACL.

(G) Bar graphs show calculations of protein levels of p21, HDAC1, nuclear ChREBP, and C/
EBPa-HDAC1 complexes that were detected on (E) and (F).

In (C) and (G), *p < 0.05, **p or ##p < 0.01.
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