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ABSTRACT
The liver is the most important organ in cholesterol metabolism, which is instrumental in regulating cell
proliferation and differentiation. The gene Tm7sf2 codifies for 3 b-hydroxysterol-D14-reductase (C14-SR), an
endoplasmic reticulum resident protein catalyzing the reduction of C14-unsaturated sterols during
cholesterol biosynthesis from lanosterol. In this study we analyzed the role of C14-SR in vivo during cell
proliferation by evaluating liver regeneration in Tm7sf2 knockout (KO) and wild-type (WT) mice. Tm7sf2 KO
mice showed no alteration in cholesterol content. However, accumulation and delayed catabolism of
hepatic triglycerides was observed, resulting in persistent steatosis at all times post hepatectomy.
Moreover, delayed cell cycle progression to the G1/S phase was observed in Tm7sf2 KO mice, resulting in
reduced cell division at the time points examined. This was associated to abnormal ER stress response,
leading to alteration in p53 content and, consequently, induction of p21 expression in Tm7sf2 KO mice. In
conclusion, our results indicate that Tm7sf2 deficiency during liver regeneration alters lipid metabolism
and generates a stress condition, which, in turn, transiently unbalances hepatocytes cell cycle progression.
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Introduction

In the liver, cells are in a quiescent state and rarely divide.
When the liver is injured or partially removed, residual hepato-
cytes manifest proliferative ability, and thus restore the original
mass.1 The most commonly used experimental method for
studying cell proliferation in vivo is partial hepatectomy
(PH).2 Various components are called into play in liver
regeneration.1,3,4 The cytokines IL-6 and TNF-a, together with
the second messenger cAMP, act on hepatocytes by adjusting
their transition from the G0 to G1 phase, making them respon-
sive to different growth factors, which are necessary for
proliferation.5-7 In this “priming phase,” transcription factors
such as NF-kB, STAT3, AP-1, and C/EBPb are also immediately
activated.1,4 These factors in turn regulate transcription and
subsequent translation of immediate early genes required for
the transition from G0 to G1, including c-fos, c-jun, c-myc, jun
B. Then, other genes, defined as delayed, are translated and play
a central role in the progression of hepatocytes through the cell
cycle (i.e., those transcribing for Cyclin A, B, E, D, p53, p21,
MDM2).1 Furthermore, many other genes, some of which have
been uncharacterized thus far, increase their expression or are
modulated during liver regeneration. Among those are genes
identified and/or studied by our group, such as Hops,8-11 Lal-
1,12 Gucd-1,13 Crem/Creb,5-7 CD44,14 and Tat.15

An active metabolism of lipids occurs in the liver, whose
correct functioning ensures normal liver regeneration.16 In par-
ticular, among lipid species, cholesterol and triglycerides play
the most important role in the regenerative process. Indeed,
any alterations in triglycerides accumulation and catabolism or
in cholesterol synthesis determine impaired hepatocellular pro-
liferation.17-19 In the first hours after PH, the regenerating liver
accumulates fat consisting mainly of triglycerides, constituting
the major energy source for cell metabolism. During liver
regeneration, the peak of fat accumulation in mice tissue is
between 12 and 24 h following PH, at a time when levels of
cholesterol and triglycerides in the serum instead decrease.16

Several data suggest that modifications in the cholesterol
biosynthetic pathway would affect cell proliferation.20,21 In
this work, we analyzed the function of the gene Tm7sf2,
encoding for 3b-hydroxysterol-D14-reductase (C14-SR), an
enzyme that resides in the endoplasmic reticulum (ER) and
catalyzes the reduction of the C14 double-bond during cho-
lesterol synthesis.22-25 The Tm7sf2 gene promoter contains
Sterol Response Elements (SRE) along its sequence, indicating
that its expression is controlled by cell’s sterol levels through
the transcription factor SREBP-2, which activates the Tm7sf2
promoter in response to low levels of cellular sterols.25 Mice
lacking Tm7sf2 (hereafter referred as Tm7sf2 KO) are
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apparently healthy, with normal cholesterol levels in liver
membranes and in plasma.23 This finding was explained by
the compensatory action carried out by the inner nuclear
membrane protein Lamin B receptor (LBR), characterized by
a C-terminal sequence with sterol reductase activity,26 which
is responsible for catalyzing cholesterol biosynthesis in
Tm7sf2 KO mice.23 However, abnormal activation of the ER
stress response was documented in quiescent livers of these
mice.27 Moreover, affymetrix microarray analysis of gene
expression conducted in the liver of Tm7sf2 KO mice showed
that many genes involved in cell-cycle progression are down-
regulated whereas genes involved in xenobiotic metabolism
are upregulated.23 Because of the importance of cholesterol in
cell structure and functionality, we asked whether the absence
of Tm7sf2 would affect the process of liver regeneration.1-4

We performed PH experiments to understand the role of
C14-SR in the process of cell proliferation in vivo. We docu-
mented triglycerides accumulation during liver regeneration
in Tm7sf2 KO mice. This was associated to a delay in the pro-
liferation of residual hepatocytes and increased ER stress,
with altered level of p53, and abnormal activation of p21,
which delayed cyclin expression.

Results

Expression of TM7SF2 and LBR during liver regeneration

We performed PH on Tm7sf2 KO and WT littermates and col-
lected regenerating livers at different times following PH. We
initially determined the temporal pattern of Tm7sf2 expression
during liver regeneration. By analyzing Tm7sf2 mRNA expres-
sion level in WT mice by qPCR, we observed a decrease from 0
to 36 h following PH, time after which the levels are stabilized
at approximately 50% of the initial value (Fig. 1A). As expected,
no transcription was observed in KO mice (not shown).

Given the importance of LBR in cholesterol biosynthesis in
absence of Tm7sf2,23 we monitored its expression during liver
regeneration in both WT and Tm7sf2 KO mice. Gene expres-
sion analysis of Lbr showed an opposite trend compared to
Tm7sf2, with an upregulation of almost 1.5-fold relative to nor-
mal liver starting from 38 h up to 72 h following PH in WT
mice (Fig. 1B), though the relative expression levels of Tm7sf2
were much higher than that of Lbr at all time points (Fig. S1),
as previously described.23 In Tm7sf2 KO mice, Lbr mRNA
expression was only slightly induced at 38 h following PH com-
pared to quiescent liver, thus remaining to levels significantly

Figure 1. Expression of C14-SR and LBR during liver regeneration (A) Time course of Tm7sf2 mRNA expression in WT regenerating liver. The expression was normalized to
mouse Gapdh. The amount of mRNA is expressed in relative fold of expression. Bars represent means § SD (n D 3). (B) Lbr mRNA expression in regenerating liver in WT
and Tm7sf2 KO mice. The expression was normalized to mouse Gapdh levels at each time point. The amount of mRNA is expressed in relative fold of expression. Bars rep-
resent means § SD (n D 3). (C) Protein expression levels of C14-SR and LBR in regenerating livers from WT and Tm7sf2 KO mice, determined by Western Blotting (WB).
Coomassie blue staining was used as loading control. Representative images are shown. Graphs represent the densitometric quantification of immunoblotting signal. Val-
ues are normalized to the level of histones staining with Coomassie Blue.

CELL CYCLE 2165



lower than in WT mice (Fig. 1B). In order to confirm the
reduced expression of LBR in Tm7sf2 KO mice compared to
WT, we analyzed protein levels at different time points after
PH. In WT mice, despite the reduced mRNA expression, C14-
SR protein expression showed a mild increase in regenerating
liver compared to normal liver (Fig. 1C). Instead, in line with
mRNA expression, we observed that LBR protein expression
was induced during liver regeneration, with a peak at 48 h in
WT mice, while its expression was reduced in KO compared to
WTmice, as confirmed by densitometric analysis (Fig. 1C).

To assess whether the absence of Tm7sf2 and the
reduced expression of Lbr would affect cholesterol metabo-
lism during liver regeneration in Tm7sf2 KO mice, choles-
terol levels were measured in liver and plasma following
PH. As previously observed in quiescent liver,23 only mild
differences were found in both liver and plasma of Tm7sf2
KO mice as compared to WT at all time points examined
(Fig. 2A). Moreover, we did not measure any accumulation
of cholesterol biosynthesis intermediates in each time point
analyzed (not shown).

In conclusion, these results revealed that Tm7sf2 and Lbr are
differently modulated in liver following PH, and that absence
of Tm7sf2 does not impair cholesterol biosynthesis during liver
regeneration.

Tm7sf2 KO mice exhibit a high-degree of transient hepatic
steatosis during liver regeneration after PH

In the early stages of liver regeneration after PH, hepatocytes
accumulate a significant amount of lipids in cellular structures
called lipid droplets, which are mainly composed of triacylgly-
cerol and cholesterol esters.28 The functional meaning of this
transient steatosis is not well defined as there are conflicting
studies on how alteration of the hepatic lipid content affects the
proliferative response.29 We measured hepatic triglycerides
content in WT and Tm7sf2 KO mice. In WT mice, levels of tri-
glycerides – as an energy source for the process of cell prolifera-
tion – peak early at 8 h and later at 36 h following PH. In
Tm7sf2 KO mice, we observed that levels of triglycerides pro-
gressively increase during regeneration, reaching significantly
higher levels than in WT mice at 38 and 60 h following PH
(Fig. 2B). No significant variations were observed in plasma tri-
glycerides levels in the same animals (Fig. 2B).

In order to confirm the data obtained, we analyzed the pres-
ence of triglycerides, in the form of drops or vacuoles, in liver
sections stained with hematoxylin-eosin (HE) in both WT and
Tm7sf2 KO mice at different hours after PH. Lipid droplets were
significantly increased in regenerating liver of both WT and
Tm7sf2 KO mice compared to normal liver, starting from 38 h

Figure 2. Analysis of lipid content during liver regeneration in Tm7sf2 KO mice. (A) Cholesterol levels in liver and plasma during liver regeneration in WT and Tm7sf2 KO
mice. Bars represent means § SEM (n D 3–6). (B) Triglycerides levels in liver and plasma during liver regeneration in WT and Tm7sf2 KO mice. Bars represent means §
SEM (n D 3-6). Significant changes are shown. � P < 0.05, �� P < 0.01. (C) Lipid droplets formation in hepatocytes in WT and Tm7sf2 KO mice during liver regeneration,
evaluated in paraffin-embedded liver sections harvested and stained with HE. Representative images are shown (magnification, 1000X). Bars indicate 10 mm.

2166 D. BARTOLI ET AL.



following PH. However, levels of hepatic steatosis was overall
more prominent in Tm7sf2 KO, where lipid droplets were
smaller but much more abundant than in WT mice (Fig. 2C), a
result in line with the observation of an increased hepatic trigly-
cerides content in KO mice at 60 and 72 h after PH (Fig. 2B).

In conclusion these results revealed a prolonged accumula-
tion of triglycerides in livers of Tm7sf2 KO mice after PH, and
point to a defective lipid metabolism that might affect hepato-
cytes proliferation.

Tm7sf2 deficiency leads to impaired hepatocyte
proliferation

In order to evaluate hepatocytes proliferation, DNA synthesis
was measured as bromodeoxyuridine (BrdU) incorporation in
the nuclei of hepatocytes from WT and Tm7sf2 KO mice,
injected 2 hours prior to the sacrifice. As previously observed,5 2
peaks of BrdU incorporation in residual hepatocytes were found
in WT mice at 38 and later at 60 h following PH, with 25% and
15% of cells involved in the G1/S transition, respectively in the
first and second wave of cell division (Fig. 3A, B). The BrdU
analysis in KO mice revealed an early peak of about 12% BrdU-
positive cells at 36 h post-PH. However, the peak remained
unchanged at 38 h and reached significantly lower level than in
WT mice. Furthermore, at 60 h following PH, only 6% of the
cells were in G1/S phase, a percentage significantly lower than in
the WT counterparts (Fig. 3A, B). The total number of BrdU-
positive nuclei at all time points analyzed was significantly
reduced in Tm7sf2 KO compare to WT mice (Fig. 3C).

After analyzing G1/S progression, we evaluated the percent-
age of cells in G2/M phase. To this purpose, the expression of
the phosphorylated form (Ser-10) of Histone H3 (pH3) was
analyzed by immunohistochemistry. In both groups of mice,
hepatocytes proliferate and divide at 48 h, even though in
Tm7sf2 KO mice the percentage of cells expressing pH3 was
remarkably lower with respect to WT mice (Fig. 3D, E). How-
ever, fluorescence analysis allowing discriminating cells in the
G2 versus M phases revealed that the proportion between cells
in G2 and M phase was maintained in Tm7sf2 KO mice, where
the percentage of cells in the mitotic phase amounted to about
one-third of the total number of proliferating cells at 48 h, as in
WT mice (Fig. 3F, G).

In order to confirm the reduced number of mitotic cells in
Tm7sf2 KO regenerating livers, mitotic index analysis was per-
formed by counting the number of mitotic figures in HE-
stained sections. Results showed a significant reduction in the
percentage of proliferating cells in Tm7sf2 KO mice compared
to WT at 48 h after PH, followed by an increase at 72 h, during
the second wave of cell division, possibly as a compensatory
mechanism (Fig. 3H).

Overall, these results indicate a transient defect in the pro-
gression through the cell cycle of hepatocytes during liver
regeneration in absence of Tm7sf2 gene.

Defective G1/S transition during liver regeneration in
Tm7sf2 KO mice

To better understand whether Tm7sf2 has a role in triggering
proliferation, we analyzed mRNA and protein expression of

cyclin D1, cyclin A, cyclin-dependent kinase 4 (CDK4) and
cyclin E1, important molecules related to the G1/S transition.

Cyclin D1 mRNA expression in WT mice showed an
increase at 24 h following PH, followed by a progressive
decrease until 38 h, down to the levels in normal liver.
Then, it raised again at 48 h and remained constantly ele-
vated at 60 and 72 h. The transcription level of cyclin D1
in Tm7sf2 KO mice, differently from the WT control,
showed a lower but progressive increase starting at 24 h
until 72 h after PH (Fig. 4A). Because CDK4 interacts with
cyclin D1 during the transition G1/S of the cell cycle, we
analyzed its expression at the same time points. In WT liv-
ers Cdk4 mRNA showed a biphasic pattern, peaking at 36
and 48 h after PH, whereas, in KO livers its expression was
reduced at all times examined (Fig. 4A). Similarly, cyclin A
mRNA expression in WT mice presented a peak at 48 h
after PH, followed by a progressive reduction down to the
level of normal liver, while in KO mice the peak of expres-
sion at 48 h was strongly reduced compared to WT and
prolonged till 72 h (Fig. 4A). Finally, the analysis of cyclin
E1 mRNA showed 2 peaks of expression at 36 (about 5-fold
increase) and 60 h (greater than 10-fold increase) in WT
mice, whereas in Tm7sf2 KO mice the expression peaked at
36 h, with levels about 20-fold higher than in normal liver
and, surprisingly, higher than in WT controls (Fig. 4A).

At the protein level, we observed a general trend charac-
terized by reduced cyclins expression in Tm7sf2 KO regen-
erating livers. In particular, cyclin D1 protein expression in
WT mice was upregulated starting from 36 h after PH, with
the main peak of expression occurring at 48 h following PH
(Fig. 4B). Instead, in Tm7sf2 KO mice we observed a pro-
gressive increase in cyclin D1 levels which parallels that of
mRNA, with reduced levels compared to WT mice, and a
peak of expression at 60 h, as shown by densitometric anal-
ysis (Fig. 4B). Similarly, cyclin E1 protein expression signifi-
cantly increased at 36 h and peaked at 48 h after PH in WT
mice, while in Tm7sf2 KO mice, despite high basal levels,
cyclin E1 expression increased more gradually and remained
at steady levels until 72 h after PH (Fig. 4B). CDK4 protein
expression also followed the same pattern of cyclin D1
expression, with Tm7sf2 KO exhibiting significantly reduced
levels compared to WT mice (Fig. 4C). Furthermore, cyclin
A protein expression exhibited a peak at 48-60 h in WT,
while in Tm7sf2 KO the increase was more gradual and the
peak was significantly reduced compared to WT mice
(Fig. 4C).

Altogether, these data reveal that hepatocytes from Tm7sf2
KO mice have a defective progression through the G1/S phase,
associated to delayed and/or reduced expression of central reg-
ulators of the cell cycle such as cyclin D1, cyclin A, cyclin E1
and CDK4.

Increased ER stress response during liver regeneration in
Tm7sf2 KO mice

Recently it has been demonstrated that in Tm7sf2 KOmice the ER
stress response to different stressors is impaired.27 For this reason,
we evaluated whether the adaptive program of the Unfolded Pro-
tein Response (UPR) triggered by ER stress was modified in
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Figure 3. Defective proliferation in Tm7sf2 KO regenerating livers (A) Representative micrographs of liver sections collected from WT and Tm7sf2 KO mice after PH, immu-
nostained with anti-BrdU antibody (green). Cryosections were additionally stained with DAPI (blue). Representative merge images are shown. Bars indicate 10 mm. Magni-
fication, 200X. (B) Quantitative analysis of BrdU labeling index (% of BrdU-positive hepatocytes) at each time of liver regeneration of WT and Tm7sf2 KO mice. Results
represent means § SD (n D 3). Significant changes are shown. ��� P < 0.001 (C) Quantitative analysis of total BrdU labeled nuclei in the regenerating liver of WT and
Tm7sf2 KO mice, obtained by summing the % of BrdU-positive cells at all experimental time points. Results represent means§ SD (nD 3). Significant changes are shown.
�� P < 0.01. (D) Micrographs of liver sections, collected from WT and Tm7sf2 KO mice after PH, immunostained with monoclonal pH3 antibody (green) and DAPI (blue).
Representative merge images are shown. Bars indicate 10 mm. Magnification, 400X. (E) Percentage of pH3-positive cells during liver regeneration in WT and Tm7sf2 KO
mice. Results are means§ SD (nD 3). Significant changes are shown. �� P < 0.01. (F) Representative image of hepatocytes in G2 and M phase of the cell cycle in regener-
ating liver of WT and Tm7sf2 KO mice. Histological slides were immunostained with anti-pH3 antibody (red) and DAPI (blue). Merge images are shown. Bars indicate
10 mm. (G) Percentage of pH3-positive cells distinct from G2 and M phase at 48 hours PH in Tm7sf2 WT and Tm7sf2 KO mice. Results are means § SD (n D 3). (H) Mitotic
index determined by counting the percentage of mitotic figures on liver regenerating sections stained by H-E. Results are means § SEM (n D 3-6). Significant changes
are shown. �� P < 0.01, ��� P < 0.001.
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Tm7sf2 KO mice in response to the stress that accompanies liver
regeneration. The UPR and cellular stress regulators binding
immunoglobulin protein/glucose-regulated protein 78 (Bip/
Grp78), eukaryotic initiation factor 2A (eIF2a) and its phosphory-
lated form (p-eIF2a) were analyzed. In WT mice, Bip/Grp78
expression showed a progressive increase starting from 24 h until
72 h after PH. In Tm7sf2 KOmice, Bip/Grp78 expression at time 0
was slightly higher than in WT controls, and the increase during
liver regeneration was more pronounced than in WT mice
(Fig. 5A), indicating an altered stress-induced response in KO with
respect to WT mice. A mild increase was also found in eIF2a pro-
tein expression in Tm7sf2 KO mice, as revealed by densitometric
analysis (Fig. 5A).Moreover, the time course of eIF2a phosphoryla-
tion was fairly different between the WT and Tm7sf2 KO mice
(Fig. 5A). In WT mice, p-eIF2a appeared at 24 h and peaked at
38 h after PH, decreasing thereafter, while in Tm7sf2 KO mice, p-
eIF2a raised at 38 h and remained elevated until 60 h after PH
(Fig. 5A).

Given the role of the tumor suppressor p53 in stress sensing
and in ER stress,30 as well as in cell cycle gatekeeping through
its target gene p21, we decided to explore whether p53 and p21
expression was different in Tm7sf2 WT and KO mice, and
whether such a change could justify the data observed and be
responsible for the impaired liver regeneration. We observed
that in WT mice, a significant peak of p53 protein expression
occurred at 48 h and declined at 72 h after PH, whereas in
Tm7sf2 KO mice p53 expression was increased starting at 24 h
and remained constantly high until 60 h after PH (Fig. 5B).
Furthermore, p53-target gene p21, one of the most important
regulators of cell cycle arrest, was also highly expressed in
Tm7sf2 KO livers, both in quiescent liver and at all time points
of liver regeneration (Fig. 5B).

In conclusion, these results revealed that during liver regen-
eration Tm7sf2 KO mice present an abnormal ER stress
response, and increased p53-mediated p21 overexpression that
might be responsible of the delayed hepatocyte replication.

Figure 4. Expression of markers of G1/S phase during liver regeneration in Tm7sf2 KO mice (A) mRNA levels of expression of cyclin D1, Cdk4, cyclin A and cyclin E1,
detected by qPCR in WT and Tm7sf2 KO mice during liver regeneration at different times following PH. The expression of each gene was normalized to mouse Gapdh lev-
els. The amount of mRNA is expressed in relative fold of expression. Bars represent means § SD (n D 3). (B, C) Protein expression levels of cyclin D1, cyclin E (B), cyclin A
and cdk4 (C) in regenerating livers from WT and Tm7sf2 KO mice, evaluated by WB. Coomassie Blue staining was used as loading control. Representative images are
shown. Graphs represent the densitometric quantification of immunoblotting signal.
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Discussion

Tm7sf2 gene transcribes for C14-SR,22-25 involved in choles-
terol biosynthesis. It has been demonstrated that LBR has also
sterol D14-reductase activity with redundant enzymatic activity
with Tm7sf2.22-24 For this reason, Tm7sf2 KO mouse is healthy,
with no significant physiological alterations and normal choles-
terol levels.23

The main focus of our study was to investigate whether the
loss of Tm7sf2 could affect hepatocyte proliferation. Indeed, the
study of the proliferation kinetics of residual hepatocytes after
PH showed a delay in Tm7sf2 KO mice. During the first mitotic
wave, BrdU incorporation and pH3 expression are down-mod-
ulated and the transition from G1 to S-phase appears to be
reduced and postponed. The expression of cyclins involved in
G1/S transition is delayed both at the transcriptional and trans-
lational levels, indicating a difficulty to progress from G1 to S
phase and, in turn, a delayed entry into G2/M phase of the cell
cycle. Indeed, the percentage of cells in the mitotic phase at
48 h is lower in KO compared to WT mice.

In acute request of cholesterol, such as liver regeneration,
we found an increased transcription of the Lbr gene in WT
mice, thus suggesting that LBR might play the most relevant
role in controlling cholesterol production during liver
regeneration. What are the signals triggering the increase in
LBR expression during liver regeneration and what is the
reason for this redundancy in quiescent livers is unknown
at this time. It is possible that LBR compensates for choles-
terol production during all the period necessary to guaran-
tee the appropriate amount to the residual hepatocytes and
to the whole mouse. In Tm7sf2 deficient mice, Lbr gene
expression is downregulated, thus suggesting that Lbr
should not be able to compensate for the absence of Tm7sf2

in this condition. However, the analysis of total hepatic and
plasma cholesterol levels did not reveal particular modifica-
tions between the 2 mouse strains during liver regeneration.
In the light of these results, it appears clear that it is not
cholesterol lack or reduction that affects the rate of prolifer-
ation of residual hepatocytes in KO mice. Other biological
events involving Tm7sf2 are responsible for the delay in the
cell cycle observed in Tm7sf2 KO mice. In particular, we
found that hepatic triglycerides were differently accumu-
lated during liver regeneration in WT and Tm7sf2 KO
mice. Triglycerides are the lipids that meet the energy
demand of the remaining hepatocytes, necessary to start
and complete the intricate mechanism of reconstitution of
the original liver mass.31,32 In WT mice, triglycerides
increase significantly at 8 h after PH with the peak in coin-
cidence with the transition G1/S phase and with M-phase.
This physiological increase in storage of triglycerides and
lipids generally determines a state of transient steatosis.
Animals showing an altered formation of lipid droplets
regenerate liver with considerable difficulty.17,19 Tm7sf2 KO
mice lack the triglycerides peak at 8 h and accumulate lip-
ids slowly, reaching at 38 and 60 h after PH higher values
compared to WT mice. The steatotic condition is main-
tained longer in Tm7sf2 KO mice, in line with the delay
observed in proliferation. Are triglycerides the cause or the
effect in the delay of proliferation in Tm7sf2 KO mice? Can
other factors affect the impairment in proliferation observed
in absence of Tm7sf2 gene? Recently, it has been deter-
mined that Tm7sf2 KO mice present an altered ER stress
response following different stress inducing treatments27

and liver regeneration represents a strong stress condition
in ER. Moreover, it has been demonstrated that lipids accu-
mulated in hepatocytes after PH can trigger ER stress,

Figure 5. Evaluation of the ER stress response in Tm7sf2 KO mice during liver regeneration (A) WB analysis of Bip/Grp78, eIF2a and p-eIF2a protein expression during liver
regeneration in WT and Tm7sf2 KO mice. The control of the proteins amount is represented by Coomassie Blue staining. Representative images are shown. Graphs repre-
sent the densitometric quantification of immunoblotting signal. (B) Levels of expression of the proteins p53 and p21, evaluated by WB. Coomassie Blue staining was used
as loading control. Representative images are shown. Graphs represent the densitometric quantification of immunoblotting signal.
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which in turn may result in a delay in DNA replication and
impairment of liver regeneration.33 Our analysis of ER
stress sensors showed differences between the 2 groups of
mice during liver regeneration, indicating a variation in
stress response. C14-SR resides in the endoplasmic reticu-
lum, where synthesis, folding, assembly, and secretion of
proteins, as well as lipid synthesis occur. Any disturbance
of protein homeostasis and proper folding leads to endo-
plasmic reticulum stress and activation of ER stress signal-
ing, including UPR that detects these alterations and brings
the situation back to normality.33,34 The analysis of ER
stress sensors in Tm7sf2 KO during liver regeneration
shows increased level of Bip/GRP78 and, to a lesser extent,
of eIF2a respect to the WT, and an altered timing in the
phosphorylation of eIF2a, whose role is to attenuate total
protein synthesis, which is consistent with the delay in
cyclins expression in Tm7sf2 KO.

It has been postulated that cell cycle arrest following activa-
tion of URP is linked to activation of p53, which in turn regu-
lates p21 expression.30,35,36 A sound difference between WT
and Tm7sf2 KO mice has been detected in p53 expression.
While in WT liver p53 shows the typical expression with a
peak at 48 h that declines over the following hours, in Tm7sf2
KO mice p53 is intensely and constantly upregulated from 36
until 60 h after PH. This difference in p53 reflects the difference
observed in p21 expression, on comparing WT and KO mice,
that could be responsible of the delay disclosed in the start of
the proliferation.

In conclusion, here we have described an altered progres-
sion of liver regeneration following PH in mice lacking the
enzyme C14-SR. The defective proliferation was associated
to prolonged lipid accumulation and consequent ER stress,
inducing delayed cell cycle progression of hepatocytes.
Future studies will shed light on the mechanism how
absence of C14-SR alters triglycerides metabolism when
hepatocytes are induced to proliferate, and will provide a
better understanding of its role in the metabolism of regen-
erating liver.

Materials and methods

Animals

Adult C57BL/6 WT and Tm7sf2 KO male mice23 were housed
under standard conditions (12 h light/dark cycles) with food
and water ad libitum before and after surgery. All experiments
were performed using 8- to 12-week-old mice. A number of
3–4 mice each time point was used for most of the experiments,
unless differently specified. All of the animal experiments were
conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Protocols
for the care and use of animals were approved by the University
of Perugia Animal Care and Use Committee. PH experiments
were conducted, according to Higgins and Anderson,2 under
deep anesthesia by inhalation of isoflurane (2-chloro-2-
(difluoromethoxy)-1,1,1-trifluoro-ethane). Mice were subjected
to removal of two-thirds of the liver mass and sacrificed at the
indicated times post PH. At the time of sacrifice the regenerat-
ing liver was quickly extracted and tissue punches were used

for RNA analysis, protein expression study and histological
observation.

Liver histology and immunohistochemistry

Two hours before sacrifice, mice were injected with bromo-
deoxyuridine (BrdU, Sigma-Aldrich) in 0.9% NaCl (1 mg
kg¡1). Subsequently, the fragments of regenerated tissue were
fixed in 10% formalin and embedded in paraffin after serial
dehydration in alcohol for histology, or included in Tissue-
Tek� O.C.T Compound (Optimum Cutting Temperature,
Sakura) and stored at¡80�C until use for immunohistochemis-
try. The paraffin-embedded livers were sectioned (5 mm) and
stained by hematoxylin and eosin (HE) to study tissue structure
and to calculate mitotic index by counting proliferating figures.
Frozen sections were incubated with anti-BrdU antibody and
anti-pH3 antibody. See Table S1 for primary and secondary
antibodies used. Slides were examined with a Zeiss Axioplan
fluorescence microscope. The images were acquired by using a
Spot-2 cooled camera (Diagnostic Instruments). Images are
representative of 3 independent experiments. Total BrdU and
pH3 labeled hepatocytes were determined by counting posi-
tively stained and total cell nuclei in 10 microscope fields (200X
and 400X magnification, respectively) per liver section at each
experimental point. The hepatocyte proliferation index was cal-
culated as percentage of BrdU positive cell nuclei.

Western blotting (WB) analysis

Fresh liver tissue was homogenized in Laemmli Buffer, boiled at
95�C, sonicated, and then centrifuged at maximum speed for
30 min. The extracts were normalized by Coomassie staining
and subsequently separated by SDS-polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose or PVDF mem-
brane. See Table S1 for antibodies used. WB were revealed
using ECL (Amersham Biosciences). Protein loading was veri-
fied using Coomassie staining of gels. Protein band intensities
were quantified by densitometric analysis using Image J soft-
ware. Images are representative of 3 independent experiments.

RNA extraction and qPCR

Total RNA was extracted with TRIzol reagent (Invitrogen) and
cDNAs were prepared using M-MLV Kit (Thermo Fisher Sci-
entific Inc. Waltham, MA, USA) by using 25–50 ng of cDNA
per sample. A mix of cDNA from 3–4 mice was used for qPCR
experiments. qPCR was performed using Mx3000P qPCR Sys-
tem, Brilliant SYBR Green QPCR Master Mix (Agilent Tech-
nologies Inc., Stratagene) and ROX as the reference dye. See
Table S2 for primer sequences. All values are relative to those
of Gapdh mRNA levels at each time point. Bars represent the
mean § standard deviation (SD) (n D 3 technical replicates).

Liver lipid content

Lipids were extracted by Folch method,37 and cholesterol and
triglycerides were separated by thin-layer chromatography (n-
hexane/diethyl ether/acetic acid, 70:30:1, v/v/v), visualized with
Cu-acetate reagent,38 and quantified. Purified cholesterol and
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triglycerides standards were run on the same plate as the sam-
ples to construct calibration curves. The images were acquired
using the VersaDoc Imaging System and signals were quanti-
fied using Quantity One software (Bio-Rad Laboratories).
Plasma cholesterol and triglycerides were determined enzymat-
ically with commercial kits (Cholesterol Liquid and Triglycer-
ide Liquid, Sentinel Diagnostic).

Statistical analysis

All data are presented as mean § SD or SEM. Statistical signifi-
cance was determined by the Student t test. Statistical signifi-
cance was assumed when �P < 0.05.

Abbreviations

C14-SR 3b-hydroxysterol-D14-reductase
PH Partial Hepatectomy
ER Endoplasmic Reticulum
SRE Sterol Response Elements
LBR Lamin B Receptor
HE hematoxylin-eosin
BrdU bromodeoxyuridine
CDK4 Cyclin-Dependent Kinase 4
UPR Unfolded Protein Response
Bip/Grp78 Binding immunoglobulin protein/glucose-regu-

lated protein 78
eIF2a eukaryotic Initiation Factor 2A
p-eIF2a phospho-eIF2A
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