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ABSTRACT

Characterising primary hepatocytes and their de-differentiation in culture is vital for the refinement of current culture techniques and for the
development of new and improved in vitro hepatocyte models. We have performed multiplexed iTRAQ proteomics on whole cell prepara-
tions and further employed nuclear fractionation to expand the coverage of this important organelle. We identify many proteins that change
in abundance during culture of rat hepatocytes for 48h and map their molecular functions. 431 proteins were identified and quantified in
whole cell homogenates, mapping to 69 molecular functions using the PANTHER (Protein ANalysis THrough Evolutionary Relationships)
classification system. In whole cell homogenates liver-associated functions, such as oxidoreductase activity, were enriched compared with the
reference rat proteome dataset but some functions, such as transcriptional activity, were under-represented. Nuclear fractionation resulted in
the identification of an additional 156 proteins which mapped to 31 molecular functions. These proteins included some associated with he-
patic differentiation, such as HNF4alpha and CCAAT/enhancer-binding protein beta and others with less well-defined roles.

Hierarchical clustering of samples within each experiment showed segregation of fresh and cultured sample types and stringent statistical
analysis demonstrated significant changes in 36% of proteins from the whole cell homogenates and 21% of proteins from the nuclear dataset
(adjusted p <0.05). The molecular functions of the changed proteins in each dataset are mapped. These datasets broaden our understanding
of hepatocyte de-differentiation and will aid the identification of target pathways to attenuate de-differentiation in culture and maintain
hepatocytes with a more relevant physiological phenotype.

Keywords: Differentiation; Hepatocyte; Nucleus; Proteomics.
Abbreviations:
ACN, acetonitrile; HBSS, Hanks balanced salt solution; iTRAQ, isobaric tags for relative and absolute quantification; LC-MS/MS, Liq-

uid chromatography mass spectrometry/mass spectrometry; MMTS, Methyl methanethiosulfonate; PBS, Phosphate buffered saline; SDS,
Sodium Dodecyl sulphate; TFA, trifluoroacetic acid; TEAB, triethylammonium bicarbonate; WEM, Williams’ E Medium.

1. Introduction

Mammalian hepatocyte cultures represent an established hepatocytes, are often employed. Although these cells have
and essential tool in drug development [1-5]. However, the utility, there is an urgent need to develop new, robust,
relatively poor availability of human cells and their limited metabolically-competent human hepatocyte models with
lifespan in culture means that animal cells, particularly rat predictable availability for routine hepatotoxicity and
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metabolism studies. Despite the continuous refinement of
hepatocyte culture techniques, these cells undergo profound
changes during culture with loss of liver function [6]. The
underlying mechanisms are partially understood [7] but our
knowledge concerning which proteins, and cellular
functions change during culture remains incomplete. In a
recent study we profiled the proteome of freshly-isolated
hepatocytes and mapped temporal changes in primary
culture that were concomitant with large declines in the
abundance of liver specific mRNAs [6]. We postulated that
significant changes in the nuclear proteome may be driving
de-differentiation of hepatocytes in culture although there
was limited coverage of this organelle in our dataset.

The nucleus of a cell orchestrates its phenotype through
transcriptional control of specific gene programs. ‘Master’
transcription factors that determine cell specificity during
embryonic development have been identified for many cell
types [8] including hepatocytes [9], but alone these represent
an incomplete picture of the complex networks of
transcription factors, co-factors, chromatin remodelling
proteins, RNA processing factors, and myriad accessory
proteins that combine to direct cellular phenotype. Studies
have been conducted previously to identify the proteins
found in the nuclei of various cell types [10-14]. In the
context of hepatocytes, a wider knowledge of the nucleus,
and how its proteome changes in culture, should help
develop better models of primary culture and assist in
defining pathways amenable to manipulation. In this study,
therefore, our aim was to further our understanding of
hepatocyte de-differentiation through analysis of freshly-
isolated and cultured hepatocyte whole cells and purified
nuclei using iTRAQ proteomics and analysis of the
molecular functions associated with the proteins that
significantly change in abundance.

2. Material and Methods
2.1 Hepatocyte isolation

All experiments were undertaken in accordance with crite-
ria outlined in a license granted under the Animals
(Scientific Procedures) Act 1986, and approved by the Ani-
mal Ethics Committees of the University of Liverpool.
Hepatocytes were isolated from male Wistar rats (Charles
River, Manston UK) weighing approximately 250g . Rats
were housed in controlled environmental conditions of 12 h
light/dark cycle with free access to food and water. Rats were
anesthetized with 200 pL of pentoject by intraperitoneal
injection and, a laparotomy performed. The hepatic portal
vein was cannulated with a 20 g x 48 mm vialon catheter
(Becton Dickinson, U.K.), which was tied in place. Hanks
balanced salt solution (HBSS) (Sigma, Poole, U.K.) without
calcium and magnesium was perfused through the liver at 37
°C for 10 minutes during liver excision. Once excised, 100
mL of complete HBSS containing 50 mg of collagenase A
(Roche, Welwyn Garden City, U.K.) was perfused through

the liver with recirculation until it was digested. The cells
were dispersed into 100 mL Williams’ E medium (WEM)
(Sigma, Poole, U.K.) and filtered through a 125 um gauze
into a sterile container. The cells were washed three times by
centrifugation (100g for 2 minutes at 4 °C) and an aliquot
was taken for counting. Cell suspensions (0.5 x 106/mL)
were prepared in WEM supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin, 2 mM/ L glutamine
(Sigma, Poole, U.K.), 10% fetal calf serum (Lonza biologics,
Slough, U.K.), and 1 pg/mL bovine insulin (Sigma, Poole,
U.K.) and seeded at 70 000 cells/cm?. The seeded plates were
incubated at 37 °C in a humidified atmosphere containing
5% CO, for 3 h before the medium was exchanged for serum
- and insulin-free WEM. Hepatocytes were cultured for 48 h
as a monolayer on 100mm collagen I-coated culture dishes
(Becton Dickinson, Oxford, UK). Medium was changed 3 h
after seeding and each 24 h thereafter.

2.2 Sample protein preparation

For whole-cell preparations, 5 x 10¢ freshly-isolated
hepatocytes or hepatocytes scraped into ice-cold phosphate-
buffered saline (PBS) from two 100mm culture dishes, after
48h in culture, were washed twice with 5 mL PBS, by low
speed centrifugation, 100g for 5 minutes at 4 °C. Cell pellets
were sonicated directly in 200 uL of 0.5M triethylammonium
bicarbonate, 0.1% SDS (TEAB/SDS), with ten 1s pulses of a
probe and the preparation clarified by centrifugation
(10,000g, 2 minutes).

Nuclei were purified from freshly-isolated hepatocytes and
cells after 48h culture. Nuclei were prepared from 5 x 107
freshly-isolated cells, or cells from at least ten 100mm cultu-
re plates. Cells were washed with ice-cold PBS, pellets were
re-suspended in 5 mL ice-cold hypotonic solution (0.2x PBS)
and placed on ice for 10 minutes. Hepatocytes were disrup-
ted using a dounce homogeniser and were centrifuged at
1000g for 10 minutes at 4°C. The pellet was re-homogenised
in 5 mL 2M sucrose, 3.3 mM CaCl,. 100 puL of 2 M sucrose,
3.3mM CaCl, was pipetted into multiple micro-tubes and
carefully overlaid with 400 uL of sample homogenate and
centrifuged at 18,000g, 4°C for 1 h. The resulting pellets of
nuclei were each washed with 0.5 mL PBS per tube, and cen-
trifuged at 1000g for 10 minutes to form a pellet. The fracti-
on was checked for the absence of whole cells and large de-
bris by microscopic examination of a 5 pL aliquot diluted 20-
fold with PBS and a final concentration of 0.1% trypan blue.
The pellets were combined and the proteins extracted by
sonication in 30 uL TEAB/SDS). The preparation was clari-
fied by centrifugation (10,000¢, 2 minutes). Protein concen-
tration was determined in the supernatant using Bradford
assay reagents (Sigma, Poole, UK).

2.3iTRAQ labelling Cation exchange and Mass spectrometry

Labelling was carried out according to the manufacturer’s
instructions for 8-plex labelling (ABSciex, Warrington, UK)
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using 75 pg cellular or nuclear protein per tag. For LC-MS/
MS analysis of iTRAQ labelled samples, each cation ex-
change fraction was resuspended in 120 iL 5% ACN/0.05%
trifluoroacetic acid (TFA) and 60 iL loaded on to the col-
umn. Samples were analysed on a QSTAR® Pulsar i hybrid
mass spectrometer (ABSciex) and were delivered into the
instrument by automated in-line liquid chromatography
(integrated LC Packings System, 5 mm C18 nano-precolumn
and 75 im X 15 cm C18 PepMap column; Dionex, California,
USA) via a nano-electrospray source head and 10 im inner
diameter PicoTip (New Objective, Massachusetts, USA). The
pre-column was washed for 30 minutes at 30 iL/min with 5%
ACN/0.05% TFA, prior to initiation of the solvent gradient
in order to reduce the level of salt in the sample. A gradient
from 5% ACN/0.05% TFA (v/v) to 60% ACN/0.05% TFA (v/
v) in 70 min was applied at a flow rate of 300 nL/minute. The
MS was operated in positive ion mode with survey scans of
1 second, and with an MS/MS accumulation time of
1 second for the three most intense ions. Collision energies
were calculated on the fly based on the m/z of the target ion
and the formula, collision energy = (slope x m/z) + intercept.
The intercepts were increased by 3-5 V compared to stand-
ard data acquisition in order to improve the reporter ion
intensities/quantitative reproducibility.

Data analysis was performed using ProteinPilot software
(Version 3, ABSciex, Warrington, UK). The data were ana-
lysed with a fixed modification of MMTS-labelled cysteine,
biological modifications allowed and with the confidence set
to 10% to enable the false discovery rate to be calculated
from screening the reversed SwissProt database 30-11-2009.
Ratios for each iTRAQ label were obtained, using one sam-
ple of freshly-isolated cell or nuclear protein as the denomi-
nator in respective experiments. Raw iTRAQ files are availa-
ble at the TRANCHE hash: yBAoOh3Q3eZ-
CL8Dc10E]Jjzm5mO0vcxS27Lb4EU;jJYQB88/
DGbPpYkVVQxJvILmB74NomeFJR2CMv]X/
jk6+gHne6lhaQAAAAAAAAITA==

2.4 Data processing and analysis

Proteins above the 1% false discovery rate, identified with
>95% confidence (for those identified with more two or
more peptides) or 99% confidence (for those identified by a
single peptide) were included in the final data analysis. Only
proteins meeting these criteria and identified in at least three
samples were used in the statistical analysis in the R compu-
tational environment, version 2.14.1 [15]. The packages
marray (16) and multtest [17] were used for comparison
between freshly-isolated cells and cultured cells. R scripts are
available at the TRANCHE hash
yBAoOh3Q3eZCL8Dc10E]jzm5m0vcxS27Lb4EUjJYQB88/
DGbPpYkVVQxJvILmB74NomeFJR2CMv]X/
jk6+gHne6lhaQAAAAAAAAiI7A==. Molecular functions
were assigned using the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) classification
system, utilising the gene expression analysis tool ‘compare

gene lists’ (www.pantherdb.org/) [18, 19].
2.5 Western Blotting

Proteins were denatured and reduced by heating to 80 °C
for 10 minutes in Laemmli sample buffer (Sigma, Poole,
U.K.) and 10 ug of each sample was resolved through a 10%
polyacrylamide gel (Biorad, Hemel Hempstead, U.K.) and
transferred to a nitrocellulose membrane (GE Healthcare,
Slough, U.K.). After transfer, the nitrocellulose membrane
was blocked overnight in Tris buffered saline, containing
0.1% Tween 20, (Sigma, Poole, U.K.) and 10% milk protein
at 4 °C. Antibodies used were rabbit anti-Lamin A (Sigma,
Poole, UXK.) and goat anti-HNF4 alpha (Insight
biotechnology, Wembley, U.K.). Peroxidise-conjugated anti
-rabbit, or anti-goat IgG antibodies (Sigma, Poole, U.K.)
were used for chemiluminescence detection using ECL de-
tection reagents and ECL hyperfilm (GE Healthcare,
Slough,U.K.).

3. Results

3.1 The proteome of whole cell homogenates is enriched for
molecular functions associated with liver.

iTRAQ analysis of freshly-isolated and cultured whole cell
homogenates identified and quantified 431 proteins. The
supporting data file, sheet “‘WC iTRAQ results” details all
proteins identified in whole cell extracts, their relative quan-
tities, log2 fold-change after culture and their associated p
values (T test, comparing freshly-isolated and cultured sam-
ples). These proteins were compared against the rattus
norvegicus reference list in PANTHER using the gene expres-
sion analysis tool ‘compare gene lists’. PANTHER’s back-
ground reference list of 27758 proteins mapped to 120 mo-
lecular functions and the experimental dataset mapped to 69
molecular functions (supporting data file, sheet “WC MF”).
41 molecular functions were represented by significantly
more or fewer proteins (p <0.05) than expected, based on the
proportion of proteins from the reference list that mapped to
each molecular function. Of these functions, 24 were signifi-
cantly over-represented in the experimental dataset (Table 1)
and 17 were under-represented. Many of the functions that
are over-represented are functions associated with liver pa-
renchyma, such as oxidoreductase-, peroxidase- and antioxi-
dant activities. Under-represented molecular functions in-
cluded those that are carried out by low abundance proteins,
such as transcription regulation- or kinase activities.

3.2 Nuclear fractionation affects the number and percentage
of identified proteins mapping to specific molecular functions.

The purity of hepatocyte nuclei isolation was checked by
microscopic examination after addition of trypan blue to an
aliquot of nuclei. Nuclei were seen as distinct organelles and
the preparations were largely free from whole cell and cell
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Figure 1. Enrichment of nuclei: A) Isolated nuclei were exam-
ined microscopically to verify purity and found to be largely free
from whole cells and cell debris. B) Western blot for the nuclear
envelope protein, Lamin A, demonstrates enrichment of nuclei.
C) Bar chart of the molecular functions, identified in whole cell
or nuclear preparations that were enriched 2-fold or more by
nuclear fractionation. The number of proteins mapping to each
function is expressed as a percentage of the total number of
identified proteins in that experiment.

debris (figure 1A). As further confirmation of high levels of
nuclear enrichment western blots were performed for the
nuclear envelope protein, Lamin A. Immunodetection of
Lamin A was much stronger in nuclear preparations com-
pared with whole cell samples confirming the high degree of
enrichment for nuclei (figure 1B). These highly pure prepa-
rations were used to analyse the hepatocyte nuclear proteo-
me by iTRAQ proteomics. 268 distinct proteins were identi-
fied and quantified in our purified nuclear protein prepara-
tions. The supporting data file, sheet “Nuc iTRAQ results”
details all proteins identified in nuclear preparations, their
relative quantities, mean log2 fold change in culture and
associated p values. 156 proteins were unique to this experi-
ment and not represented in the whole cell experiment. This
dataset was also compared against the PANTHER rat refer-
ence list of proteins for mapping to molecular function
(Supporting data file, sheet “Nuc MF”). There were 31 mo-
lecular functions represented by significantly more or fewer
proteins (p <0.05) than expected (23 molecular functions
over-represented and 8 under represented). Table 2 details
the molecular functions significantly over-represented by
proteins in the nuclear dataset compared with expected val-
ues based on the reference list. Some of these molecular
functions were over-or under-represented in common with
the whole cell dataset but others are uniquely enriched or
reduced in nuclear preparations. RNA binding, for example,
was detected with the expected number of proteins in the
whole cell dataset but more than 8-fold enriched in the nu-
clear preparations (table 2). Similarly transcription co-factor

activity, which was under-represented in whole cell samples,
is more than 2-fold over-represented in the nuclear prepara-
tions relative to the reference dataset.

By simultaneously comparing the whole cell and nuclear
datasets against the reference list of proteins in PANTHER
we showed that nuclear fractionation changed the relative
abundance of proteins associated with some molecular func-
tions. This also gave an absolute count of the numbers of
proteins that map to each function for each experiment.
Many additional proteins were mapped to particular molec-
ular functions depending on whether the protein prepara-
tion was whole cell- or nuclear-derived. In the whole cell
dataset there were 37 molecular functions that were propor-
tionally enriched compared to nuclear preparations. These
functions were mainly associated with hepatocyte functions
such as catalytic-, oxidoreductase- and transferase activities.
Nuclear-derived protein preparations were proportionally
enriched for 46 molecular functions (supporting data file,
sheet "MF enrichment”). The functions identified in both
datasets but proportionally enriched by more than 2 fold in
nuclear samples are shown in figure 1 C. Many of the func-
tions have a strong association with the nucleus, such as nu-
cleic acid binding and transcriptional activity. Supporting
data file, sheet "MF enrichment”, details, for all represented
molecular functions in both datasets, the count for proteins
mapping to that function for each dataset and the percentage
of the each dataset mapping to that function.

3.3 Molecular function analysis of proteins changed in during
culture.

Culture of hepatocytes caused a significant change in
abundance for a large proportion of proteins in whole cell
and nuclear samples. Using the quantitative data for whole
cell extracts to construct a heatmap with unsupervised hier-
archical clustering (figure 2A) demonstrated the clear differ-
ences between freshly-isolated and cultured samples with
clustering of similar sample types and clear segregation by
sample type. The mean log2 fold-change for each protein was
calculated and plotted as a frequency histogram (figure 2B).
This showed that proteins were both up- and down-
regulated with the larger changes occurring with lower fre-
quency. Statistical analysis of these data, by T-test, showed
that 206 proteins (>47% of the dataset) were significantly
changed in abundance after 48h in culture (raw p <0.05).
After adjustment for multiple comparisons there were still
159 proteins (>36% of the dataset) significantly changed in
abundance (BH p <0.05). Log2 fold-changes and p values are
listed for each protein in the supporting data file, sheet “WC
iTRAQ results” and summarised graphically as a volcano
plot in figure 3A, and as a frequency histogram of adjusted p
values in figure 3B.

The molecular functions of the significantly changed pro-
teins in whole cell preparations were determined through
PANTHER by selecting the complete list of identified pro-
teins as a reference list. Of the 69 molecular functions repre-
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Figure 2. The changing proteome of cultured hepatocytes.
Whole cell preparations were made from freshly-isolated
hepatocytes or hepatocytes that were cultured for 48h. A) A
heatmap with hierarchical clustering shows that samples segre-
gate according to quantitative differences between freshly-
isolated and cultured hepatocyte proteome. B) Frequency histo-
gram for Log2-fold change during hepatocyte culture. The larger
changes occur with reduced frequency.

sented in the whole cell dataset, 65 functions were represent-
ed in the significantly changed subset when considering
those with a raw p value <0.05, or 59 functions when using
adjusted p values <0.05. 35 molecular functions were over-
represented in this subset of proteins when compared
against the complete whole cell dataset as a reference
(supporting data file, sheet “WCPvalueMFs”).

A
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Figure 3. Statistical analysis of the changes in the cultured
hepatocyte proteome. A) Volcano plot of Log2 fold-change for
each protein identified in whole cell preparations versus the sig-
nificance (p value). Proteins not significantly changed are indicat-
ed with a black circle, those significantly changed +/- 20% with a
raw p value <0.05 are coloured light grey and those significant
after adjustment for multiple comparisons (Benjamini Hochberg
p value <0.05) are dark grey. B) frequency histogram depicting the
number of proteins that fall into each p value range.

3.4 Nuclear preparation extends the list of molecular functions
that are identified as significantly changed in culture

Nuclear preparations also showed significant changes in a
large proportion of proteins after 48h culture. Constructing a
heatmap with unsupervised hierarchical clustering again
demonstrated the clear differences between fresh and cul-
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tured samples (figure 4A). The mean log2 fold-change, plot-
ted as a frequency histogram (figure 4B), shows that approxi-
mately equal numbers of proteins were up- and down-
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Figure 4. The changing nuclear proteome of cultured hepato-
cytes. A) Heatmap with hierarchical clustering shows the quan-
titative differences between freshly-isolated and cultured hepato-
cyte nuclear proteome. B) Frequency histogram for Log2 fold
change demonstrating the number of proteins up-regulated or
down-regulated after culture. C) Western blot verification of
reduced HNF4 alpha expression in cultured hepatocytes.

regulated. Hepatic nuclear factor 4 alpha was among the
proteins identified was significantly reduced in expression in
cultured cells. This was verified by western blot in 2 samples
each of freshly-isolated and cultured nuclei (figure 4C). 99
proteins (>36% of the nuclear dataset) were significantly
changed in abundance after 48h in culture (raw p <0.05).
After adjustment for multiple comparisons 58 proteins
(>21%) remained significantly changed in abundance (BH p
<0.05). A total of 28 molecular functions were over-
represented in the adjusted p value subset of data when com-
pared against the complete nuclear dataset as a reference,
including many functions performed in the nucleus
(supporting data file, sheet “NucPvalueMFs”). Log2 fold
changes and p values are listed for each protein in support-
ing data file, sheet “Nuc iTRAQ results” and summarised
graphically as a volcano plot in figure 5A, and as a frequency
histogram of adjusted p values in figure 5B.

The functions of the changed proteins were assessed using
PANTHER. The complete dataset from each experiment
were used as a background list and the significantly changed
proteins (raw p <0.05 or BH p <0.05) were compared for the
numbers of proteins mapping to each molecular function.
The results are summarised in figure 6 and the full results are
given in supporting data file, sheet “nucPvlaueMFs”.

4. Discussion

The short supply of primary human hepatocytes or alter-
native functional hepatocyte-like cells is a problem in drug
development programs and is, in part, driving research into
the development of stem cell-derived hepatocyte-like cells
[20-24]. However, it is probable that any stem cell-derived
model reaching hepatocyte-like status will suffer the same de
-differentiation phenomenon as mature cells. It is therefore
imperative to fully characterise the changes in primary cells
in culture in order to identify possible interventions to
prevent this loss of function.

Quantitative proteomic technologies such as iTRAQ [6,
25], isotope coded affinity tags [iCAT] [26] and stable
isotope labelling by amino acids in cell culture (SILAC) [27]
are becoming more and more accessible. The datasets
typically encompass at least several hundred proteins, which
represents the higher abundance or more easily detectable
proteins. These multiplexed labelled proteomics technologies
have the advantage of identifying and relatively quantifying
proteins in multiple samples in a single experiment without
gel casting and spot cutting associated with 2D gel-based
proteomics. For our studies we use iTRAQ labelling as it
allows relative quantification of hundreds of proteins in up
to 8 samples simultaneously allowing statistical analysis of
proteins from two experimental groups.

Many of the important proteins that control cellular
phenotype and dynamic response are compartmentalised
and/or are low abundance nuclear proteins. The nucleus
consists of an estimated 14% of the entire cellular proteome
[11] but many of its components are poorly represented in
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datasets from un-fractionated cells. The method we employ
results in clean nuclear preparations (Figure 1A). This re-
duced the amount of high abundance cytoplasmic/
cytoskeletal proteins to allow the detection of more low
abundance nuclear proteins. Others have performed experi-
ments on purified nuclei [10-14] but to our knowledge this is
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Figure 5. Statistical analysis of the changes in the cultured
hepatocyte proteome: A) Volcano plot of Log2 fold change for
each protein identified in nuclear preparations versus the signifi-
cance (p value). Proteins not significantly changed are indicated
with a black circle, those significantly changed +/- 20% with a
raw p value <0.05 are coloured light grey and those significant
after adjustment for multiple comparisons (Benjamini Hochberg
p value <0.05) are dark grey. B) frequency histogram depicting the
number of proteins that fall into each p value range.

the first time primary hepatocyte nuclear preparations have
been prepared for shotgun proteomics analysis to decipher
the changes that occur to this organelle in hepatocytes
during culture. This work therefore forms a basis for the
understanding of the hepatocyte nuclear proteome and
expands the knowledge of the hepatocyte proteins that
change during culture, providing datasets describing the
proteomic signature of hepatocyte de-differentiation.

We postulated that an altered nuclear proteome in cul-
tured cells could underpin the change in the phenotype of
primary hepatocytes during culture, as significant changes in
the expression of hepatocyte-specific genes are evident after
hepatocyte isolation and culture [6, 28-29]. Previous
quantitative analysis of nuclear proteomes in other cell types
has been undertaken but the scale of identification of
changed proteins was smaller than presented here. Pewsey et
al [12] used iTRAQ technology to investigate the changing
nuclear proteome of differentiating embryonic carcinoma
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Figure 6. Molecular functions of proteins with alerted abun-
dance in culture. Pie charts summarising the molecular func-
tions that are performed by the proteins that were identified as
significantly changed after culture (p value <0.05) in whole cell
(A), or nuclear protein preparation (B). Significantly changed
proteins were assigned to a molecular function using the Batch
ID tool in PANTHER.
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(NTERA-2) cells, identifying 37 proteins that were
significantly altered in expression. Zhang et al [13]
identified 22 differentially expressed nuclear proteins in
cisplatin-treated ~ HeLa  cells by  two-dimensional
electrophoresis, using a similar approach Cao et al [14]
identified 19 nuclear proteins changed in abundance by
Epstein-Barr virus (EBV) infection. Besides our own work
[6] shotgun proteomic study of changes in cultured primary
hepatocytes is not extensively reported. Pan et al [30]
performed a wide scale proteomics analysis of mouse
primary hepatocytes with the purpose of comparing their
phenotype with that of mouse hepatic cell lines but did not
address the question of de-differentiation of the primary
cells during culture.

Here we present proteomic datasets for freshly-isolated
and cultured rat hepatocytes, generated using whole cells or
purified nuclei. The value of this approach is clear with an
expanded coverage of nuclear proteins and molecular
functions represented by the 156 proteins that were uniquely
detected in the nuclear fractions. The quantitative nature of
these data allows a robust statistical analysis to identify
quantitative changes that occur in the nucleus during cell
culture. 64 proteins that were significantly changed in
abundance after culture were identified in nuclei, but not
detected in the whole cell experiment. These unique proteins
were filtered for those annotated to the nucleus and the
resulting 53 proteins are listed and their functions indicated
in the supporting data file, sheet “UniqueSigNuc”. These
proteins include the transcription factors, established as vital
to hepatic differentiation, HNF4alpha [9] and CCAAT/
enhancer-binding protein beta [31], both of which were
significantly reduced in cultured cells, as well as others with
less well-defined roles in hepatocyte phenotype, but which
are worthy of further investigation such as Nuclear factor 1
A-type and Methyl-CpG-binding protein 2 (supporting data
file, sheet “Nuc iTRAQ results”). We mapped a greater
number of proteins to molecular functions associated with
the nucleus using the nuclear fractionation approach and by
combining the protein lists for both experiments we
increased the mapped molecular functions to a total of 83.
However, proteins are redundant with respect to GO terms
and an individual protein may appear in multiple categories.
For example ‘GO:0016563 : transcription factor activity’ and
‘G0:0030528: transcription regulator activity’ were each
represented by 3 proteins in the whole cell dataset and 21
proteins in the nuclear dataset, as the same proteins map to
both terms. Nevertheless, this 7-fold increase in proteins
detected in nuclear samples demonstrates the power of
nuclear fractionation in improving the coverage of functions
for a given organelle.

Sub-cellular expression proteomic profiling demands
relatively large sample sizes in order to purify the required
quantity of protein from organelles. This amount of protein
is achievable with highly proliferative cells types, such as
mammary  epithelial cells [31], or proliferating

undifferentiated stem cells [32, 33], or proliferative immune
cells [34]. Currently, the number of differentiated stem cells
typically produced in a research laboratory-scale experiment
prohibits such shotgun proteomic investigations. However,
the ‘top-down’ approach we have applied here, to more fully
characterise mature, differentiated cells is essential to
establish the changes that occur as a result of de-
differentiation in primary culture. Figures 6A and 6B
summarise the molecular functions that are performed by
the proteins that were significant changed with culture (BH
p <0.05), identified in each dataset by performing a Batch ID
tool in PANTHER.

5. Concluding Remarks

Hepatocyte de-differentiation in culture is well document-
ed [7] but still poorly understood. Despite great progress in
hepatocyte culture systems over the past 20 years or more
the conditions that allow the maintenance of physiologically
relevant hepatocyte phenotype in culture for prolonged peri-
ods is still elusive. The application of global quantitative
technologies is making it possible to undertake much broad-
er phenotyping of cell models and assess what is changing
during cell culture. Publication of datasets such as those pre-
sented here, will help address the question of what is chang-
ing in culture and aid the development of better hepatocyte
model systems.

6. Supplementary material

A microsoft excel file is provided with supporting infor-
mation on 9 sheets:

Sheet “WC iTRAQ results”; All proteins identified and
quantified after applying filtering cut-offs as described in
methods, for whole cell extract prepared from freshly-
isolated and cultured hepatocytes. The values are reported
are quantities relative to 1 fresh sample.

Sheet “WC MF”; Molecular functions performed by the
proteins identified and quantified in whole cell (WC)
hepatocyte experiment. The number of proteins expected to
fall into each category was estimated based on the propor-
tion of proteins mapping to each function from the rattus
norvegicus reference proteome in PANTHER. Over or un-
der-representation indicated with a "+" or " - " respectively
and the associated P value is reported.

Sheet “Nuc iTRAQ results”; All proteins identified and
quantified after applying filtering cut-offs as described in
methods, for nuclear protein extracts prepared from freshly-
isolated and cultured hepatocytes. The values are reported
are quantities relative to an experimental pool made from all
nuclear samples.

Sheet “Nuc MF”; Molecular functions performed by the
proteins identified and quantified in nuclear (Nuc) hepato-
cyte experiment. The number of proteins expected to fall
into each category was estimated based on the proportion of
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proteins mapping to each function from the rattus norvegi-
cus reference proteome in PANTHER. Over or under-
representation indicated with a "+" or " - " respectively and
the associated p value is reported.

Sheet “MF enrichment”; The absolute count and percent-
age of identified proteins performing each Molecular func-
tion mapped by PANTHER.

Sheet “WCPvlaueMFs”; Molecular functions performed
by the proteins identified as significantly changed in abun-
dance after culture (T test raw p value or adjusted (BH) p
value <0.05) in the whole cell proteomics experiment. The
number of proteins expected to fall into each category was
estimated based on the proportion of proteins mapping to
each function in the whole experimental dataset. Over or
under-representation in the significantly changed sub-
population is indicated with a "+" or " - " respectively and the
associated p value is reported.

Sheet “NucPvalueMFs”; Molecular functions performed
by the proteins identified as significantly changed in abun-
dance after culture (T test raw p value or adjusted (BH) p
value <0.05) in the nuclear proteomics experiment. The
number of proteins expected to fall into each category was
estimated based on the proportion of proteins mapping to
each function in the whole experimental dataset. Over or
under-representation in the significantly changed sub-
population is indicated with a "+" or " - " respectively and the
associated p value is reported.

Sheet “UniqueSigNuc”; Proteins identified as significantly
changed in abundance during culture were filtered for those
annotated to the nucleus in the swissprot database. The
change in abundance is given (log2), along with raw p value
(t test), their annotated cellular locations and protein func-
tion, where known.
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