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During the immediate postnatal (PN) period, the liver, with its role in energy metabolism and macromolecule
synthesis, plays a central role in the perinatal transition. Using RNA microarrays and several complementary
computational analyses, we characterized changes in hepatic gene expression in the rat across a developmental
period starting with the late gestation fetus (embryonic day 21), and including 30 min PN, 4 h PN, 12 h PN,
1 day PN, and 1 week after birth. Following subtle changes in gene expression at the earliest PN time point,
there were marked changes that occurred between 4 and 12 h after birth. These reflected changes in multiple
metabolic pathways, with expression of enzymes involved in glycolysis and cholesterol synthesis showing
the greatest change. Over 50% of nuclear-encoded mitochondrial genes changed in the first 7 days of PN
life, with 25% changing within the first 24 h. We also observed changes coinciding with a transient period of
synchronous hepatocyte proliferation that we had observed previously, which occurs during the first PN week.
Analysis for upstream regulators of gene expression indicated multiple initiating factors, including cell stress,
hormones, and cytokines. Also implicated were multiple canonical transcription factor networks. We conclude
that changes in gene expression during the early phases of the perinatal transition involve a complex, choreo-
graphed network of signaling pathways that respond to a variety of environmental stimuli. This transcriptomic
response during the immediate PN period reflects a complex metabolic adaptive response that incorporates a

panoply of signaling pathways and transcriptional regulators.
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INTRODUCTION

As the fetus transitions to postnatal (PN) life, the liver,
with its dominant role in energy homeostasis, macro-
molecule synthesis, digestion, and other physiological
functions, serves as a meaningful lens through which
we can view perinatal events. Much of what we know
about perinatal metabolic physiology has been eluci-
dated by examining how specific enzymes, hormones,
and signaling pathways change around the time of birth.
These studies, often undertaken in laboratory rats, mice,
and sheep, have most often focused on the assessment of
enzyme abundance or catalytic activity, or mRNA levels
of specific metabolic participants and regulators just
before and after birth’. Other studies have measured
macromolecules, such as cholesterol, or assessed organ-
elle abundance or function, such as those studies focusing
on mitochondrial biology*®.

The liver plays a primary role in a variety of essen-
tial metabolic and synthetic functions, including drug
metabolism, nutrient regulation, carbohydrate metabo-
lism, and production of serum and clotting factors. Many
environmental stressors, such as changes in oxygen ten-
sion, nutrient availability, and the hormonal milieu, play
a role in the transition from fetal to PN life®’. During
this timeframe, significant changes occur in the expres-
sion of critical genes involved in the essential metabolic
functions of the liver, including isoform switching in key
genes regulating glycolysis and xenobiotic metabolism®.
The present studies represent an extension of our long-
standing interest in the biology of late gestation fetal rat
hepatocytes’. We have shown that these cells, like many
transformed cell lines, are resistant to the growth inhibi-
tory effects of the mTOR inhibitor, rapamycin, while
adult rat hepatocytes are highly sensitive™. In fact, our
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studies indicate that profound changes in cell signaling,
including the coupling of insulin signaling and of the
Ras-Raf-MEK-Erk pathway*?, occur during the first PN
week. We have also demonstrated that hepatocytes late
in gestation in the rat undergo progressive but transient
growth arrest just before birth and that term hepatocytes
synchronously reenter the cell cycle in the first 2 days
of life*. By the end of the first week of life, these cells
are again quiescent, having adopted a mature hepatocyte
phenotype.

Our goal for the present studies was to assess perinatal
changes in liver biology in a broad context by focusing on
the transcriptome and, using a computational approach,
the array of regulatory pathways that are likely involved
in perinatal metabolic adaptation. Using the laboratory
rat as a model system and analysis by RNA microarray,
we studied the period immediately following birth. We
anticipated acute changes in gene expression between
30 min and 4 h after birth as pups adapt to postuterine
life. We also examined changes in nuclear-encoded
mitochondrial genes that occur during this transition to
serve as a complement to previously identified postbirth
changes in mitochondrial structure and function®***.

MATERIALSAND METHODS
Animals

Timed pregnant Sprague Dawley rats were obtained
from Charles River (Wilmington, MA, USA). Females
(8-10 weeks old) were bred with 10- to 12-week-old
males. The timed pregnant dams were housed singly upon
arrival with ad lib access to water and standard lab chow
(Teklad 18% rodent diet; Envigo, East Millstone, NJ,
USA). Rodents were maintained on a 12-h on/off light
cycle and received standard care including environmental
enrichment (hut, wood gnawing blocks, and paper twists).
Dams were monitored continuously so the time of birth
could be accurately determined. Pups were harvested at
the following PN time points: 30 min, 4 h, 12 h, 1 day,
and 7 days after birth. They were euthanized by decapi-
tation, and a thoracotomy/laparotomy was performed to
access the liver. The livers were flash frozen in liquid
nitrogen and then stored at —=70°C. To obtain fetal samples
at embryonic day 21 (E21), term being 21.5 days, dams
were anesthetized using inhaled isoflurane and cesarian
sections were performed. Fetuses were externalized one
at a time and quickly decapitated before they could draw
a breath. A maximum of four fetuses were harvested from
each litter so as to avoid excess physiological stress asso-
ciated with pups delivered late in the cesarian procedure.
Fetal livers were harvested and processed in a manner
similar to that for PN samples. This study was approved
by the Institutional Animal Care and Use Committee of
Rhode Island Hospital.
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Generation of Transcriptome Data

Pooled E21 fetal liver from a single dam was con-
sidered n=1. RNA was extracted from pooled E21 fetal
livers from three separate dams and from single pups
from three different litters for each PN time point using
the RNeasy Mini Kit (QIAGEN, Inc., Germantown,
MD, USA) according to the manufacturer’s instructions.
RNA concentration was measured using a NanoDrop
Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). RNA (100 ng) was processed for array using the
Affymetrix WT Plus Amplification Kit and Hybridization,
Wash, and Stain Kit (Affymetrix, Inc., Sunnyvale, CA,
USA). The purity of the RNA was checked with a Bio-
analyzer (Agilent, Santa Clara, CA). The Brown Univer-
sity Genomics core laboratory performed the microarray
analyses using Rat Transcriptome Assay 1.0 chips (Affy-
metrix, Inc.). Results were visualized with an Affyme-
tric 3000 7G scanner. All microarray data are available
through GEO Series accession number GSE113726
(Private Reviewer Link: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE113726). Triplicate arrays
were analyzed for each time point.

Microarray Data Analysis

Microarray data were normalized by robust multi-
variate analysis (RMA) using the Affymetrix Expression
Console. The normalized data were filtered to generate
a dataset containing all probesets for coding genes. This
dataset was used for principal component analysis (PCA)
and gene set enrichment analysis (GSEA). One-way
ANOVA, pairwise analyses, and generation of volcano
plots were performed in R as previously described®; the
dataset was filtered further using a threshold interquartile
range (IQR) of 50%. IQR was performed using the gene-
filter package in Bioconductor"’.

Individual probes that changed significantly [false dis-
covery rate (FDR) p value (q value) of <0.05] across the
full-time course, identified using one-way ANOVA, were
further analyzed to identify clusters of genes with dis-
tinct temporal patterns of expression. To do this, we per-
formed hierarchical clustering by row using Morpheus
(https://software.broadinstitute.org/morpheus; Broad
Institute, Cambridge, MA, USA). Genes in each cluster
were entered into the Ingenuity Pathway Analysis (IPA®;
Qiagen Bioinformatics, Redwood City, CA, USA). IPA
output consisted of both pathways and upstream regula-
tors associated with changes in gene expression. For IPA
results, the threshold for significance was set at p<10~".
This was based on prior analyses of random gene sets'
and the performance of multiple comparisons in our
analyses. A broad range of biologic molecules is listed
under “upstream regulators” in IPA including microRNAs,
cytokines, and growth factors in addition to traditional
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transcription factors. Where noted, we selectively focused
on transcription factors.

Pairwise analyses compared individual PN time points
with E21. Significance was defined as genes with q<0.05
in order to correct for multiple comparisons. Significant
genes from this analysis were also subjected to IPA, as
described above.

A complementary approach to identify biological path-
ways associated with changes in gene expression used
GSEA (Broad Institute). This method allows for the iden-
tification of small changes in sets of functionally related
genes™. Data were analyzed using both the KEGG and
the Reactome suite of pathways. We applied a stringent
threshold for significance, q<0.005, to account for mul-
tiple pairwise comparisons. The relatedness of pathways
identified by GSEA was analyzed using Cytoscape®. This
open source platform graphically depicts networks of
pathways that are identified based on genes these path-
ways have in common.

We conducted separate analyses of nuclear-encoded
mitochondrial genes by extracting genes from our data-
set that are included in MitoCarta®. Significant (q<0.05)
mitochondrial genes were identified by one-way ANOVA
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across all time points. These genes were clustered by
row using Morpheus (https://software.broadinstitute.org/
morpheus). Clusters containing a minimum of 100 genes
were used for IPA. Finally, we assessed gene expression
changes within specific metabolic pathways. The genes
associated with these pathways were identified using
PathCards®, a consolidated compendium of human biolo-
gical pathways, then analyzed by generating heat maps
using Morpheus. Full results from all gene expression ana-
lyses are available by correspondence with the authors.

RESULTS
Data Overview

To assess the consistency of gene expression both
within time point replicates and across time points, we
examined the data using PCA and hierarchical cluster-
ing. The PCA plot of the first three components (Fig. 1A)
showed that all probesets for coding genes clustered into
three distinct groups: E21 fetal/30 min PN/4 h PN, 12 h
PN/1 day PN, and 7 days PN. Hierarchical clustering
using the 20% most variable probesets for coding genes
was (Fig. 1B) consistent with the patterns in the PCA

Figure 1. Principal component analysis (PCA) and heat maps/hierarchical clustering of microarray results. (A) PCA was performed
using all coding genes from all time points ranging from fetal (embryonic day 21) through 7 days postnatal (PN). The first, second, and
third components (PC1, PC2, and PC3) represent 19.7%, 14%, and 10.1% of the variance in the data, respectively. (B) The coefficient
of variation (COV) was calculated across all coding samples. The most variable genes (the 20% with the highest COV) were selected
for this analysis. Genes were stratified by row. The dendrogram denotes individual samples. The heat map colors represent the rela-
tive expression level, with blue corresponding to the lowest level across a row and red corresponding to the highest expression level

in that row.



plot. The 7-day PN group showed the greatest segrega-
tion from other groups, largely due to an increase in gene
expression relative to all other time points. The intermedi-
ate time points, 12 h PN and 1 day PN, formed a separate
cluster. We interpreted the PCA and clustering results as
indicating that there was greater variation between time
points than within time points and that there were major
transitions that occurred at 4 to 12 h, and beyond 24 h.

Temporal Changes in Postnatal Gene Expression

Genes identified as significant (q<0.05) based on
ANOVA were clustered by row. Distinct temporal patterns
were most apparent when the approximately 6,500 genes
were segregated into 21 clusters. Of these, 12 clusters had
fewer than 100 genes and were not analyzed further. IPA
was performed on the remaining nine clusters (Fig. 2). The
largest cluster, cluster 1, contained genes whose expres-
sion was downregulated at 7 days PN compared to the
other time points. IPA canonical pathways for this cluster
were associated with cell cycle, chromosome replication,
protein translation, and mTOR signaling. Transcription
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factors with well-known roles in the expression of cell
cycle regulators and proteins involved in protein syn-
thesis, including c-Myc, E2F family members, and p53,
were identified.

There was a subset of genes whose expression was
upregulated at 4 h PN (cluster 3) compared to all other
time points. Cholecystokinin/gastrin-mediated signaling
was the only significant pathway identified for this clus-
ter. The genes accounting for this pathway were immedi-
ate early genes (FOS, JUN, and IL1RN), as well as genes
involved in cAMP signaling (CREM, ITPR1, and ATF2)
and stress signaling (MAPKS8, PRKCE, and PRKCH).
IPA results for upstream regulators included transcription
factors linked to oxidative stress, cytokine, and insulin
signaling (NFKB, STAT3, FOXO1, and FOXO3).

Clusters 2 and 5 both showed a transition from 4 to 12
h PN. Cluster 2 contained genes whose expression was
downregulated during this timeframe, while cluster 5 con-
tained genes whose expression was upregulated (Fig. 2).
No statistically significant canonical pathways were
identified for either cluster. However, sterol regulatory

7 day PN
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Figure 2. Cluster analysis of the temporal pattern of gene expression. Significant genes (q<0.05), numbering approximately 6,500,
were clustered by row. When distinct temporal patterns emerged, the genes formed 21 clusters of which 12 clusters had fewer than
100 genes. These were not subjected to further analysis. The individual genes in each of the remaining nine clusters were entered into
the Ingenuity Pathway Analysis (IPA). Significant IPA transcription factors and canonical pathways are shown with clusters numbered
from 1 to 9 starting at the top cluster. The heat map colors represent the relative expression level, with blue corresponding to the lowest
level across a row and red corresponding to the highest expression in that row. *Cholesterol biosynthesis I, cholesterol biosynthesis
I (via 24,25-dihydrolanosterol), cholesterol biosynthesis 111 (via desmosterol), superpathway of cholesterol biosynthesis. **DNA
double-strand break repair by homologous recombination, hereditary breast cancer signaling, ATM signaling, role of BRCA1 in DNA

damage response.
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element-binding transcription factor 1 (SREBF1), a major
regulator of lipid homeostasis, and FOXO4, a regulator
of insulin signaling, were identified as significant tran-
scription factors for cluster 2. Cluster 5 yielded tran-
scription factors with well-known roles in the expression
of liver-specific genes (HNF4a) and lipid homeostasis
(PPARA and PPARD)*#,

Two clusters, 7 and 8, contained genes that were,
respectively, decreased or increased at 12 h and 1 day
PN compared to the other time points. Cholesterol syn-
thesis and ethanol metabolism genes were identified for
cluster 7 along with SREBF2, while canonical pathways
associated with DNA repair and protein ubiquitination
were identified for cluster 8. Associated transcription
factors for cluster 8 genes included E2F family mem-
bers, p53 and PPARA. Clusters 6 and 9 containing genes
upregulated by 4 h through the rest of the time points
and genes downregulated at 4 h PN compared to all other
time points, respectively, did not result in significant
canonical pathways or upstream regulators.

Pairwise Comparisons of Postnatal Expression
Levels With E21 Fetal

In an approach meant to complement the previous
temporal analysis, we identified those probesets that
changed significantly between each PN time point and
the E21 fetal samples (Fig. 3). There were no significant
changes comparing E21 to 30 min PN. However, by 4 h
PN, over 1,000 probesets showed a significant change

30 min PN vs. E21

4 hr PN vs. E21

from expression levels in the near-term E21 fetal samples.
Additional changes were identified at all of the subsequent
time points. There were differences in the magnitude of
the fold change in gene expression at this earliest time
point compared to the later PN samples. There was only
one gene with a log, fold change greater than 5 in the 4 h
PN compared to E21 fetal sample, while there were over
10 genes in the 12 h PN compared to E21 fetal (Table 1).
The expression of the majority of these genes was similar
in the 1 day PN to E21 fetal comparison. At 7 days PN, 30
genes met this criteria compared to E21 fetal. The upregu-
lated genes have functions (xenobiotic metabolism, nutri-
ent transport, cell adhesion, and quiescence) associated
with acquisition of a more mature hepatocyte phenotype,
while downregulated genes were associated with a broader
range of cellular functions, including proliferation, fatty
acid biosynthesis, platelet aggregation, and hematopoi-
esis. To assess biological implications of these changes
in gene expression, IPA was performed using all genes
identified as significant (red dots in Fig. 3). Upregulated
and downregulated genes were analyzed separately.

At 4 and 12 h PN, analysis of the upregulated genes
yielded canonical pathways (Table 2) associated with
inflammatory signaling (IL-6 signaling and acute phase
reactants). No significant canonical pathways were iden-
tified using the downregulated genes at 4 h PN. Canonical
pathways related to cholesterol biosynthesis were down-
regulated at 12 h and 1 day PN. At 7 days PN, canoni-
cal pathways identified by upregulated genes related to
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Figure 3. Wolcano plots derived from pairwise comparisons of postnatal time points to fetal (E21). Gene expression is graphed as the
negative log,, of the q value versus the log, of the fold change (PN to E21 ratio) for all coding genes detected in the microarray analy-
sis. Genes that showed a significant change [false discovery rate (FDR)<0.05] are represented by the red dots.
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Table 1. Significant Probesets With Log, Fold Change 3 +5 Comparing Postnatal Time Points to Fetal
4hPN 12h PN 1 Day PN 7 Days PN

Coql0b (+48.9; 0.0002) Inhbe (+286.4; 0.0002)
Slc34a2 (+88.1; 0.00001)
Plin2 (+74.6; 0.000005)
Acotl (+53; 0.000004)
Cyp3a23/3al (+47; 0.0008)
Slc25a47 (+45.6; 0.0004)
Cyp3a23/3al (+36.8; 0.0009)
Abhd2 (+31.9; 0.0000003)
Insigl (-51.5; 0.00001)
Hdc (-44.9; 0.0008)
Scd (-43.7; 0.00008)
LOC688922 (—40.5; 0.00008)

Inhbe (+345; 0.0002)
Slc34a2 (+52.4; 0.00009)
Acotl (+49.1; 0.00001)
Cyp3a23/3al (+46.6; 0.001)
Cyp3a23/3al (+34.9; 0.001)
Hdc (-2080; 0.000003)
Scd (-83.5; 0.00004)
Rbp2 (-40.3; 0.0006)
Insigl (-37.6; 0.00006)
Scdl (-34.6; 0.006)

Cypla2 (+587.2; 0.000002)
Ces2e (+178.2; 0.00000001)
Inhbe (+100.5; 0.0001)
Ceslc (+90.2; 0.000009)

Cyp2c6vl (+71.2; 0.0004)
Car3 (+40.2; 0.00006)
Avprla (+35.5; 0.00001)
Slc13a4 (+35.5; 0.000004)
RGD6491302_1 (+35.2; 0.0002)
Slc34a2 (+31.9; 0.00002)
Cldn3 (+31; 0.000001)
Hdc (-5790.8; 0.0000002)
Rbp2 (-157.1; 0.000004)
Cyp7al (-141; 0.001)
Ppbp (-98.9; 0.000001)
Gsn (-91.3; 0.0000007)
Hif3a (-86.4; 0.0000004)
Scd (-54.6; 0.000006)
Pf4 (-50.4; 0.0000006)
Gp9 (-43.5; 0.0000009)
Ermap (-40.2; 0.0000004)
Mpo (-37.8; 0.0000004)
Sptal (-37.6; 0.000001)
Gp5 (—36.8; 0.0000006)
Cal (-36.6; 0.000001)
Gpc3 (—36.5; 0.000004)
Lpinl (-36.3; 0.000001)
Serpinb10 (-32.6; 0.000001)
Rhag (-31.4; 0.000002)
Ahsp (-31.2; 0.000002)

Data are shown as gene symbol (fold change; g value) with directional change compared to E21 fetal.

cellular signaling and mature liver functions. Pathways
related to cell cycle, mitosis, and ribosome biogenesis
were identified as downregulated at 7 days PN.

The IPA results for transcription factors mirrored the
results for canonical pathways (Fig. 4). Transcriptional
regulators with roles in inflammation and cell stress,
NFkB, STAT3, and FOXO3, were identified at 4 h PN
(Fig. 4A). Genes downstream from CLOCK, ID2, and
ID3, all of which are involved in circadian regulation
of gene expression®, were also increased at 4 h PN. No
transcription factors were identified as specifically acti-
vating gene expression at E21 relative to 4 h PN.

There was significant overlap in the transcription fac-
tors identified when comparing 12 h and 1 day PN to E21
(Fig. 4B and C). Transcriptional regulators with roles in
the expression of liver-specific genes and mature liver
function (PPARA, PPARD, and HNF4A) were identified
in the PN samples, while SREBF2, SREBF1, PPARA,
FOXO04, and RORA were associated with genes down-
regulated in these PN samples compared to E21 fetal.

Using Cytoscape to visualize the overlap in genes that
account for the identification of transcription factors in
the 12 h and 1 day PN comparison to E21 (Fig. 4D),
we found that at least 50% of the genes associated with
PPARA, PPARD, and HNF4A overlapped at 12 h and
1 day PN. Similar overlap was observed in the genes
accounting for identification of significant transcriptional
regulators associated with genes downregulated at 12 h
and 1 day PN compared to E21. There was no overlap in
the PPARA targets between the PN and E21 time points.
At 7 days PN, upregulated genes identified many tran-
scription factors related to the mature hepatocyte pheno-
type, while genes decreased on day 7 PN compared to
E21 identified transcription factors related to cell cycle
and hematopoiesis.

Gene Set Enrichment Analysis

We used GSEA™ to examine the relative enrich-
ment of functionally related gene sets among all probe-
sets detected by the microarray. This allows for the
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Table 2. Ingenuity Pathway Analysis (IPA) Comparing Postnatal Time Points to Fetal (E21)

Gene Expression

Comparison Relative to E21 IPA Canonical Pathways (p Value <10™) Representative Genes
E21to 4 h PN Upregulated 11-6 signaling Cytokine receptors, MAPK family
members
Downregulated  None N/A

E21t0 12 h PN

E21to 1 day PN

E21 to 7 days PN

Upregulated

Downregulated

Upregulated
Downregulated

Upregulated

Downregulated

IL-6 signaling, acute phase reactants

Superpathway of cholesterol biosynthesis,
cholesterol biosynthesis, cholesterol
biosyntheses 11 and 111, ethanol degradation

None

Superpathway of cholesterol biosynthesis,
cholesterol biosynthesis I, cholesterol
biosyntheses Il and 111

Regulation of the epithelial-mesenchymal
transition pathway

STAT3 pathway, hepatic fibrosis/hepatic stellate
cell activation, acute phase response signaling,
PTEN signaling, molecular mechanisms of
cancer, colorectal cancer metastasis signaling,
xenobiotic metabolism signaling, FXR/RXR
activation, LXR/RXR activation, Paxillin
signaling, integrin signaling, 1L-8 signaling,
mouse embryonic stem cell pluripotency

Regulation of the epithelial-mesenchymal
transition pathway

EIF2 signaling, cell cycle control of
chromosomal replication, regulation of elF4
and p70SK signaling, cell cycle: G,/S
checkpoint regulation, mitotic roles of
Polo-like, mTOR signaling, cell cycle: G,/M

Cytokine receptors, TNF receptor family,
MAPK family members

Cholesterol synthesis genes (DHCR24,
HMGCR,LSS), aldehyde dehydroge-
nases, acyl-CoA synthetases

N/A

Cholesterol synthesis genes (DHCR24,
HMGCR,LSS)

Growth factor receptors

MAPK family members, collagens,
interleukins, receptor tyrosine kinases,
Cyp450s, adhesion molecules (ITGAS,
ITGA9)

Growth factor receptors

Ribosomal proteins, translation
initiation factors, cyclins, mini-
chromosome maintenance complex
members, Polo-like kinases, 14-3-3
family members

DNA damage checkpoint regulation

identification of numerous small differences in gene
expression that impact the same functional pathway.
Results supported the findings obtained using IPA. While
there were no individual genes that were statistically
significant comparing the E21 fetal and 30 min PN time
points, several Reactome gene sets were identified as
highly significant. Fetal samples were enriched in path-
ways related to branched chain amino acid metabolism,
the TCA cycle, respiratory electron transport, and fatty
acid b-oxidation. At 30 min PN, similar to the IPA results,
there was enrichment of pathways related to inflamma-
tion and circadian functions. Genes associated with fatty
acid b-oxidation were enriched in fetal samples relative
to the 4 h PN samples, while the latter showed enrich-
ment of pathways related to protein translation relative to
the near-term fetal time point.

By 12 h of life, multiple pathways related to the cell
cycle were enriched relative to fetal samples. GSEA
also indicated a decreased expression of genes related
to cholesterol synthesis at 12 h PN. Similar results were

seen at the 1 day PN time point. By 7 days PN, pathways
reflecting cell cycle activity were downregulated.

GSEA results for transcription factor targets were fur-
ther examined using Cytoscape (Fig. 5). For this analysis,
transcription factor targets whose gene sets overlapped
by at least 95% are shown as connected by a line. At
30 min PN, numerous individual transcription factor
targets related to inflammation and oxidative stress,
including STAT proteins, NFKB, ATF3, HIF1, and
CREBP1, were enriched relative to E21. Enrichment
of many of these targets persisted at 4 h PN, with sev-
eral transcription factor pathways showing considera-
ble overlap (CREBP1CJUN_01, TGACCTTG_SF1_Q6,
CREB_01 and TGACCTY_ERR1_Q2). At 1 day PN, all
the significant transcription factor target gene sets that
were enriched relative to E21 related to E2F-mediated
signaling, suggesting a change in cell cycle activity. There
were no significant transcription factor targets enriched
in the E21 samples compared to 30 min, 4 h, or 1 day
PN. By 7 days PN, E2F-related transcription factors were
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Figure4. Significant transcription factors (p<107) identified by IPA of differentially expressed genes (FDR <0.05) in pairwise compari-
sons of postnatal time points to fetal (E21). (A) 4 h PN versus E21. (B) 12 h PN versus 21. (C) 1 day PN versus E21. Red bars represent
significant transcription factors identified in postnatal samples, and blue bars represent transcription factors identified in E21 samples.
(D) Depiction of the overlap in genes accounting for the identification of specific transcription factors comparing the 12 h and 1 day PN
samples assessed using Cytoscape. Lines connect nodes when 50% of the genes are in common. The thickness of the line increases with
increasing percentage of overlap. Node size correlates with the number of gene targets for a particular transcription factor. Red nodes indi-
cate transcription factors identified by genes whose expression was upregulated at 12 h or 1 day PN relative to E21. Blue nodes indicate
transcription factors identified by genes whose expression was downregulated at 12 h or 1 day PN relative to E21.

enriched in the E21 sample, while no transcription factors
were identified as enriched at 7 days PN.

Mitochondrial Gene Expression

Given the marked changes in metabolism that occur
in the perinatal period” and the critical role of mitochon-
dria in intermediary metabolism, we focused on changes
in nuclear-encoded mitochondrial genes. Genes included
in MitoCarta, a database of 1,158 genes with strong evi-
dence of mitochondrial localization, were extracted from
our microarray and analyzed by ANOVA. About half of
these mitochondrial genes changed significantly across
our full time course with approximately a quarter chang-
ing in the first day.

Temporal clustering of the significant mitochondrial
genes resulted in three clusters with a sufficient num-
ber of genes (>100) to perform IPA (Fig. 6). Cluster
1, containing genes upregulated at 7 days PN, was
associated with tryptophan degradation. Genes whose
expression was upregulated between 4 and 12 h PN
(cluster 2) were related to fatty acid b-oxidation and
were downstream of PPARA, PPARD, and KLF15.

Cluster 3, containing genes downregulated at 7 days
PN, was associated with the TCA cycle and contained
numerous c-Myc targets.

Assessment of Specific Metabolic Pathways

Gene sets identified using PathCards were used to
focus on selected pathways we viewed as highly relevant
to perinatal changes in intermediary metabolism. Each
individual pathway was used to construct a separate heat
map (Fig. 7). The mean expression for each gene in the
pathway for individual PN time points was compared
to fetal samples. The relative change in expression is
reflected by the colors of the heat maps.

The glycolysis heat map showed a preponderant
downregulation at 7 days PN of the expression of genes
that encode key glycolytic enzymes. The regulatory
subunits for protein phosphatase 2A (designated as
“Ppp2__") were induced at or around the 12 h PN time
point. Gluconeogenesis showed coordinated upregulation
at 12 h PN of Slc25a genes, which encode carriers that
are required for transport of metabolic intermediates
across mitochondrial membranes?’.
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Figure5. Transcription factor targets identified by gene set enrichment analysis (GSEA) and depicted using Cytoscape. Transcription
factor targets identified as significant (q<0.005) by GSEA in comparisons of postnatal time points to the fetal (E21) time point were
entered in Cytoscape. Nodes represent individual transcription factor target datasets. Lines connect nodes when 95% of genes are in
common between the two nodes. Nodes shown in red represent candidate transcriptional regulators whose targets were enriched in
the postnatal samples. Blue nodes indicate regulators of gene sets whose targets were enriched in the E21 samples relative to a given
postnatal time point. The relative size of nodes is related to the number of genes associated with the transcription factor target, and the
line weight connecting nodes is related to the overlap between the nodes.

The gene sets representing glycogen metabolism
showed no obvious temporal pattern. However, our
laboratory showed previously that the enzymes directly
involved in glycogen metabolism (assessed by measur-
ing enzyme activity) are gradually induced in the fetal
rat starting on day 17%. These earlier studies indicate that
the induction of these genes likely occurred prior to our
earliest PN time point.

Examination of a gene set representing fatty acyl-CoA
synthesis showed coordinated induction of acyl-CoA
thioesterases (Acot_) at 12 h PN, while acyl-CoA syn-
thases (Acs__) were generally induced only at 7 days PN.
However, two enzymes that are rate limiting for fatty acid
synthesis, ATP-citrate lyase (Acly), and fatty acid syn-
thase (FASN) showed marked downregulation at 4-12 h
PN. The fatty acid b-oxidation gene set, on the other
hand, showed several genes with increased expression
at or before 1 day PN.

In terms of cholesterol biosynthesis, there was a
notable decrease at 12 h PN in expression of INSIG1,
which is a key regulatory enzyme for cholesterol syn-
thesis. Members of the SEC23/SEC24 family, which are
involved in vesicle trafficking, were induced at 12 h.

Neither TCA, urea cycle genes, nor genes encoding
components of the respiratory chain, including NADH:
ubiquinone oxidoreductase subunits (Nduf ) and
ATP synthase subunits (Atp__), showed coordinated
regulation.

DISCUSSION

Around birth, mammalian newborns are subject to a
host of physiologic stressors to which they must adapt®.
Among the most profound changes that occur during
the transition from in utero to extrauterine life is the
rise in oxygenation associated with breathing ambient
air, a change that results in significant oxidative stress®.
Newborns respond to cold stress by activating brown
adipose tissue thermogenesis®. With regard to nutrient
supply, the perinatal period sees a transition from a con-
stant infusion of carbohydrate-predominant nutrition via
the placenta to intermittent feeds with a lipid-enriched
nutrient supply®**. These nutritional changes coincide
with a shift in the hormone milieu from a high-insulin/
low-glucagon state in utero to low-insulin/high-glucagon
postbirth, which transiently shifts metabolism from an
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in that row.

anabolic to a catabolic state’. This transition is also
associated with a rise in catecholamines during and just
after parturition®.

Given the significant role of the liver in the perinatal
metabolic transition®, several studies have profiled the
transcriptome during this period®*’; these studies did not
examine events in the immediate PN period. Two of these
studies evaluated perinatal changes in the liver transcrip-
tome in rodent models. Chapple et al.** used RNA-Seq
to examine changes in gene expression in the rat across
a broad developmental time frame from early gestation
(embryonic day 14) to PN days 1 and 7. They found
enrichment of gene expression relating to mitochondrial
metabolism and cholesterol synthesis. Their analysis did
not include identification of common regulatory elements
across the differentially expressed genes. Gunewardena
et al.*, also using RNA-Seq, examined changes in
hepatic gene expression in mice. These authors focused
on asingle late embryonic time point, 2 days before birth,
and PN time points extending to 60 days after birth. They
found that over 7,000 genes were differentially regulated
with age and that over 800 had multiple splice variants.
These researchers queried upstream regulators; however,
neither study focused on the first 24 h of PN life. A third
study by Li et al.*” used microarray analysis to study

circadian rhythm-related genes in a two-way comparison
of late gestation fetal and adult mouse livers. While these
investigators observed a key distinction between the cir-
cadian oscillators in fetal and adult liver, perinatal gene
expression was not a focus of their work.

We found that the most marked change in hepatic gene
expression occurred not at the earliest time points, 30 min
or 4 h PN, but during the period between 4 and 12 h PN.
This transition appears to involve oxidative stress and
increased cytokine signaling at 4 h PN. This, in turn, can
account for activation of various cell signaling pathways
(cAMP-mediated signaling, Ras—-MAPK, and AP-1) that
result in changes in cell adhesion and metabolism and
ultimately promote differentiation through the activa-
tion of transcription factors with well-known roles in the
expression of liver-specific genes, xenobiotic metabo-
lism, and intermediary metabolism.

A limitation of the current study is that the nutritional
status of the individual pups was not controlled. Pups har-
vested at 30 min did not have a milk spot, and visualiza-
tion of the stomach showed no milk. However, by 4 h
PN, all pups had visible milk in their stomachs, and this
trend continued through 7 days PN. We cannot rule out
the subtle differences in fed state may account for some
of the changes in gene expression.
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Changes in nutrient composition and the transition to
intermittent feeds may contribute to many of the changes
in gene expression seen through 12 h PN. With regard to
cholesterol metabolism, the peak in HMG-CoA reductase,
the rate-limiting enzyme for cholesterol synthesis, just
before birth, and its decrease during the first PN day
have been attributed to the dietary intake of cholesterol
in breast milk*®. Our expression data showed broader
effects of this transition that included other enzymes
and transporters.

Our lab showed previously that hepatocyte prolifera-
tion in the rat wanes during the 2 days before birth but
then resumes in a synchronous manner starting on the
first PN day®. Hepatocytes transition to a quiescent state
by the end of the first PN week. In the present studies, we
observed enrichment of genes related to cell proliferation
by 1 day PN. By 7 days PN, genes related to proliferation
were downregulated. In addition, there was enrichment at
7 days PN of numerous pathways consistent with a more
mature hepatic phenotype as reflected by genes involved
in xenobiotic metabolism and extracellular signaling.

An unexpected finding was the high proportion of
mitochondrial genes that changed significantly in the
immediate PN period. Our work agrees with the estab-
lished observation™ that at birth hepatocytes have high
levels of MRNA encoding mitochondrial proteins, which
are then translated after birth. Prebirth, there are rela-
tively fewer, large mitochondria with decreased capac-
ity for aerobic ATP synthesis and decreased capacity
for gluconeogenesis, ureagenesis, and fatty acid oxida-
tion®. Post-birth, there is rapid maturation of mitochon-
dria, which is largely controlled at the mRNA translation
level. However, there is also a neonatal increase in
mitochondrial mass, which involves both transcrip-
tional and posttranscriptional mechanisms that support
mitochondrial biogenesis™. Much like tumor cells, fetal
hepatocytes rely more on glycolysis than oxidative phos-
phorylation for energy production®. This latter point is
reflected in our data showing the changes in gene expres-
sion for glycolysis-related genes. We speculate that the
rise and fall in enrichment of glycolysis genes are associ-
ated with the transient period of hepatocyte proliferation,
which slows by the end of the first PN week.

Our data may be viewed in relation to the phenomenon
termed “hormesis™*, which refers to the beneficial effects
that result from exposure to a low level of an instigating
agent or stimulus that is toxic when present at a higher
level. An example of this is the mitigation of injury that
occurs when brief periods of hypoxia precede experimen-
tal myocardial infarction®. This concept has also been
established for liver in the context of preconditioning liver
tissue to improve resistance to the ischemia—reperfusion
injury associated with liver transplantation*. During the
perinatal transition, the neonate is exposed to stressors

HURLEY ETAL.

that can induce injury, but that may also lead to greater
tolerance to the rapid and marked environmental changes
to which the newborn is subjected. Our studies are a first
step in identifying mechanisms that mediate changes in
gene expression during the perinatal transition, any of
which could represent targets for interventions aimed at
improving neonatal outcomes.
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