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Abstract
Maternal undernutrition results in offspring nephron number reduction and hypertension that are hypothesized to begin as
compensatory changes in fetal gene expression during gestation. To evaluate mechanisms of dysregulated nephrogenesis,
pregnant Sprague Dawley rats were 50% food restricted from embryonic day (E) 10 to E20. At E20, fetal male kidneys were
examined by microarray analysis. A total of 476 differentially expressed transcripts were detected including those regulating
development and differentiation, mitosis and cell cycle, chromatin assembly, and steroid hormone regulation. Differentially
regulated genes were detected in MAPK/ERK, Wnt, and Notch signaling pathways. Validation of the microarray results was
performed for the Notch signaling pathway, an important pathway in nephron formation. Protein expression of Notch pathway
factors by Western blotting showed significantly decreased Notch2 and downstream effector Hey1 protein expression, while
Ctbp1 co-repressor was increased. These data together show that maternal undernutrition results in developmental disruption
in fetal nephrogenesis gene expression signaling.
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Introduction

As first proposed by Barker,1,2 gestational programming is a

process in which stressors during a critical point in gestation

impact fetal development resulting in life-long consequences.

Poor maternal nutrition is a known stressor resulting in low–

birth-weight offspring at increased risk of developing

metabolic syndrome (obesity, type II diabetes, hypertension,

cardiovascular disease) in humans and animal models.3-5

The kidney is a key at-risk organ for gestational programming

due to preferential shunting of nutrients to more critical organs

such as the brain.6 Growth restricted offspring of undernour-

ished mothers demonstrate significantly reduced nephron

numbers with nephron deficits ranging from 13% to 41% in ani-

mal models.7-9 This decrease in nephron number is associated

with hypertension and reduced renal function.10-12 In humans,

epidemiological studies have shown associations of low nephron

numbers with adult hypertension, and of low-birth-weight with

chronic kidney disease.13-17 The mechanisms for nephropenia

in the maternal undernourished model currently are unknown but

may include effects on gene expression regulating ureteric

branching or nephron maturation, nephron anatomy, ion trans-

port, apoptosis, glucocorticoid responsiveness, and epigenetic

modulation.11,18-22

Fetal nephrogenesis is regulated by spatial and temporal

transcription/growth factors, which are potential candidates for

mediation of gestational programming. Critical signaling

pathways and events such as ureteric bud branching, apoptosis,

cell survival, epithelial to mesenchymal transformation, and

vascularization occur during kidney development and may be
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disrupted by maternal undernutrition (MUN). We have used an

established rat model of MUN-induced intrauterine growth

restriction (IUGR) in which the dam is 50% food restricted

during the second half of gestation. This model results in MUN

offspring with significantly decreased glomerular number at

3 weeks and blood pressure elevation at 12 weeks of age.23

At embryonic day 20 (E20), MUN fetal kidneys demonstrate

downregulation of Gdnf and its downstream ureteric bud

branching factors Wnt4 and Wnt11, as well as dysregulation

of Wt1 and Pax2, factors that regulate the mitogenic activity

of Gdnf.20 To more fully evaluate mechanisms of disrupted

development in the MUN offspring late fetal kidney, we sub-

jected MUN E20 kidneys to DNA microarray analysis and

categorized known genes into ontological groups and signaling

pathways. Among the signaling pathways showing dysregula-

tion, Notch signaling was prominent and is well-known to be

involved in development of kidney nephrons.24,25 Therefore,

we validated the differential regulation of MUN on this important

signaling pathway.

Materials and Methods

Maternal Rat Diets

Studies were approved by the Animal Care and Use Committee

of the Los Angeles Biomedical Research Institute at Harbor–

University of California, Los Angeles, and were in accordance

with the American Association for Accreditation of Laboratory

Care and National Institutes of Health guidelines. A model

of 50% undernutrition (MUN) pregnant rat dams was used.

First-time pregnant Sprague Dawley rats (Charles River

Laboratories, Hollister, California) were housed in a facility

with constant temperature and humidity and a controlled

12:12-hour light/dark cycle. At 10 days of gestation, rats were

provided either an ad libitum diet of standard laboratory chow

(Lab Diet 5001, Brentwood, MO; protein, 23%; fat, 4.5%;

metabolizable energy, 3030 kcal/kg) or a 50% diet (MUN)

determined by quantification of normal intake in the ad

libitum-fed rats. The respective diets were given from 10 days

of pregnancy until gestational day 20 (E20).

Fetal kidney removal

The dams (4 control (C) and 4 MUN) were anesthetized with

isoflurane and E20 fetuses quickly removed and placed on ice

cold dishes. Litter sizes ranged from 12 to 16. Fetuses from

dams with less than 12 or more than 16 fetuses were not used

in order to avoid any possible effects of over or undernutrition

related to litter size. Fetuses were dissected, and intact kidneys

and a portion of liver were removed and flash frozen in liquid

nitrogen. Each kidney used represented a fetus from a specific

dam; therefore, 4 control and 4 MUN kidneys represents 4 indi-

vidual control dams compared to 4 individual MUN dams.

At the time of tissue harvesting, fetal sex was assessed based

on the presence or absence of visible testes or uterine horns.

To confirm fetal sex, polymerized chain reaction (PCR) analysis

was performed to identify the presence or absence of the

SRY Y chromosome gene. Frozen liver from each fetus

(20 mg) was homogenized and DNA extracted using the

DNazol kit (Invitrogen, Carlsbad, California). Polymerized chain

reaction conditions were identical to a previously published

report.26

RNA Isolation, cDNA Synthesis, Hybridization,
and Gene Chip Analysis

Male kidneys were shipped on dry ice to NeuroInDx Inc, Signal

Hill, California, for processing RNA quality assessment, cRNA

synthesis, and determination of gene expression data for each

RNA sample using the Agilent microarray workstation and

accompanying feature extraction software. Total RNA was iso-

lated from tissue using TRIzol Reagent (Invitrogen) according

to the manufacturer’s instructions. One kidney from each male

fetus was homogenized in 1 mL Trizol Reagent. Male kidneys

were chosen versus females or unsexed kidneys based on pre-

vious reports that male kidneys are generally more susceptible

to the effects of IUGR than female kidneys. Final RNA was

resuspended in 100 mL DEPC-treated water and stored at

–80�C until use.8-13 RNA quality was checked using an Agilent

Bioanalyser 2100 system and demonstrated excellent quality

based on chromatographs and A260/280 ratios. Complemen-

tary RNA was synthesized and biotin-labeled using the Agilent

Direct-Label cDNA Synthesis Kit according to the manufactur-

er’s instructions. Total RNA was used for first and second

strand cDNA synthesis followed by an in vitro transcription

to amplify cy3 and cy5 labeled cRNA. The cRNA was

quality-checked and then hybridized to the rat Agilent Arrays.

Following hybridization, washing, and scanning, the resulting

data were globally normalized and genes demonstrating a

significant difference of P < .01 by paired Student t-test were

further evaluated for fold expression using Genesifter software

(Geospiza, Seattle, WA).

Ontology and pathway analysis. Genes that were upregulated

or downregulated by 1.5-fold or greater were considered

significantly differentially expressed. These genes then were

assigned to specific ontological groups using Database for Anno-

tation, Visualization, and Integrated Discovery (DAVID)27,28 and

to specific pathways using Kyoto Encyclopedia of Genes and

Genome (KEGG) pathways.29

Western Blot

The primary and secondary antibodies were NOTCH2 (Santa

Cruz SC-5545), primary 1:1000, secondary 1:5000; CTBP1

(Santa Cruz SC-5963) primary 1:1000, secondary 1:10,000;

RPBJK (Santa Cruz SC-55019), primary 1:1000, secondary

1:5,000; SKIP (Santa Cruz SC-30139), primary 1:1000,

secondary 1:10,000; MAML1 (Millipore AB15546), primary

1:1000, secondary 1:10,000; HEY1 (Santa Cruz SC-28746),

primary 1:1000, secondary 1:5,000; and B-actin (Sigma

A5441): primary 1:10,000, secondary 1:10,000. Secondary

horseradish peroxidase conjugated antibodies were anti-rabbit
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(Bio-Rad 170-6515) and anti-mouse (Bio-Rad 170-6516).

All commercial antibodies were optimized for binding

specificity and bands depicted have the expected molecular

weights.

Protein extraction. Protein was extracted in radioimmuno

precipitation assay (RIPA) buffer that contained protease

inhibitors (HALT cocktail, Pierce) by homogenization of fro-

zen kidneys on ice. Supernatants were clarified by 20-minute

micro centrifugation at 12 000g. Supernatant protein concen-

tration was determined by bicinchoninic acid (BCA) solution

(PIERCE, Rockford, Illinois). Supernatants were frozen at

�80�C until use.

Western blot. Protein expression was analyzed as previously

described and each blot was performed at least twice.30 A total

of 5 to 6 samples were run for C and MUN. Equal amounts of

protein (25 mg) were mixed with Criterion sodium dodecyl

sulfate sample buffer (Bio-Rad, Hercules, California), boiled

for 3 minutes, and separated on a Criterion 4% to 12%
Bis-Tris denaturing gel. The separated proteins were transferred

electrophoretically to a nitrocellulose membrane (Bio-Rad

Laboratories) for 2 hours at 120 volts, 4�C. Nonspecific anti-

body binding was blocked by incubation for 1 hour at RT with

5% nonfat dry milk in Tris-buffered saline solution containing

0.1% Triton X-100 (TBST; Bio-Rad). The membrane was

incubated with the appropriate primary antibody in 5% milk

in TBST overnight, washed 3 times for 10 minutes each with

TBST þ 0.1% Triton X-100 at room temperature. Blots were

incubated for 1 hour with anti-rabbit or anti-mouse secondary

antibodies as appropriate, followed by washing as before and a

final TBS only wash, each 10 minutes. Chemi-Glow Chemilu-

minescent Substrate (Pierce) was used to detect the targeted

protein. The band density on the X-ray film was optically

scanned and quantitated using BioRad software. Blots were

stripped with Restore stripping buffer (Pierce), reprobed and

normalized to the reference protein (b-actin), and presented

as fold change relative to the control level.

Statistical analysis

Microarray data were analyzed using paired Student t-test and

differences were considered significant at P < .01. Differences

in protein expression were analyzed by unpaired Student t-test

with significance of P < .05. Means were transformed into fold

changes with MUN values relative to control value. Control

fold change was represented as 1.0. SEM was calculated for

each mean and expressed as a proportional value to the fold

change.

Results

DNA Microarray Expression Results

Four control and four MUN male fetal kidneys, each from a

separate dam, were processed for RNA extraction and exam-

ined by pairwise comparison of gene expression by microarray

analysis. Of the approximately 41 000 oligonucleotides repre-

senting unique rat mRNA transcripts on the Agilent microar-

ray, 3547 transcripts were both detectable and differed

statistically between C and MUN (P < .01). At the chosen sig-

nificance threshold of 1.5 fold, 434 transcripts were increased

and 45 transcripts were decreased by MUN in the E20 kidney,

indicating that the majority of differentially expressed genes

were induced rather than repressed by MUN. Ratios of differ-

entiation ranged from 10.3-fold increased to 2.2-fold

decreased. All differentially expressed targets are listed in the

supplemental materials.

Functional Analysis of Microarray Data

The gene identifiers for the 479 differentially expressed

transcripts were submitted for ontological classification using

DAVID (6th version).27,28 Of these 479 gene identifiers,

122 could be identified and categorized into the Gene Ontology

functional category of biological process. Classification of the

genes overrepresented in the ontology category of biological

process revealed 20 categories having between 9 and 2 mem-

bers (Table 1). The biological process groups overlap to a large

extent but several unique groups of genes were prominently

represented.

Gene Ontology Functional Categories

Development and differentiation involved genes were the most

predominant. Strongly upregulated genes included the cell

adhesion molecule Neural cell adhesion molecule 2 (Ncam2),

T-cell lymphoma invasion and metastasis 1 (Tiam1), transform-

ing growth factor b2 (TGFb2), secreted frizzle-related protein

(Sfrp2), and Axin2. There was downregulation of enabled

homolog (Enah).

Mitosis and cell cycle regulation dysregulated genes were

also prominent. Upregulated genes included epiregulin (Ereg),

an epidermal growth factor (EGF)-family ligand, and TGFa
and Betacellulin (Btc), both of which bind the fetal epidermal

growth factor (EGF) receptor.

Chromatin assembly genes often were augmented including

chromodomain helicase DNA binding 4 (Chd4), nucleosome

assembly protein 1-like 3 (Nap1/3), SNF histone linker PHD ring

helicase (Shprh), and chromodomain protein, Y chromosome-

like (Cdyl). These genes have not been identified previously in the

kidney.

Steroid hormone regulation genes were strongly increased

and included androgen receptor (AR), Aldo-keto reductase

D1 (Akr1d1, also known as 5-beta reductase), glycerol-3-

phosphate acyltransferase expressed in the mitochondria

(Gpam), phosphate cytidylyltransferase 1 alpha (Pcyt1a),

phosphorylase kinase alpha 1, also known as Pcyt1b (Phka1),

and prostaglandin-endoperoxide synthase 2, also known as

Cox2 (Ptgs2), which catalyzes conversion of arachidonic acid

products to prostaglandin.

There are other interesting dysregulated genes covering a

variety of biological processes. S100b (S100 protein, beta
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Table 1. Ontological Summary of Gene Expression by Biological Functional Categorya

Biological
Process No. per Group Accession Number Symbol Name

Fold
Change

GO:0048666*neuron development/differentiation
9 NM_203409 Ncam2 Neural cell adhesion molecule 2 6.1

XM_001072877
(BQ196383)

Tiam1 T-cell lymphoma invasion and metastasis 1 8.1

NM_013191 S100b S100 protein, beta polypeptide, neural 6.8
AF073379 Grin3a Glutamate receptor, ionotropic, N-methyl-D-aspartate 3A 9.5
NM_001012150

(AA997325)
Enah Enabled homolog –1.7

NM_019621 Dlg4 Discs, large homolog 4 (Drosophila) 5.8
NM_031131 (BF420705) Tgfb2 Transforming growth factor, beta 2 7.3
NM_001001508

(BF557101)
Lppr4 Lipid phosphate phosphatase-related protein type 4 4.7

NM_001029902 Ptprk Protein tyrosine phosphatase, receptor type, K,
extracellular region

2.2

GO:0008610*lipid biosynthetic process
8 NM_138884 Akr1d1 Aldo-keto reductase family 1, member D1 7.9

NM_017274 (BI288209) Gpam Glycerol-3-phosphate acyltransferase, mitochondrial 3.1
NM_078622 (BF548541) Pcyt1a Phosphate cytidylyltransferase 1, choline, alpha isoform 1.7
NM_001011933

(AA997788)
Far1 Fatty acyl CoA reductase 1 5.2

NM_001024370
(AW434228)

Pigy Phosphatidylinositol glycan anchor biosynthesis, class Y 6.8

NM_012942 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 6.5
NM_022626 Phka1 Phosphorylase kinase alpha 1 8.5
NM_017232 Ptgs2 Prostaglandin-endoperoxide synthase 2 –1.4

GO:0006396*RNA processing
9 XM_236501 (CF109785) SR140 U2-associated SR140 protein 7.4

NM_053662 (AA998342) Ccnl1 Cyclin L1 7.3
XM_233805 (AA901271) Hnrpll Heterogeneous nuclear ribonucleoprotein L-like 7.4
XM_001058589

(AA926313)
Nova1 Neuro-oncological ventral antigen 1 8.2

NM_001115021
(AI172068)

Qk Quaking –1.8

NM_001008293
(AA849810)

Tfb2m Transcription factor B2, mitochondrial 5.8

NM_001025738
(AI058614)

Fusip1 FUS interacting protein (serine-arginine rich) 1 6.7

NM_001106585
(AA924863)

Lsm8 LSM8 homolog, U6 small nuclear RNA associated (S.
cerevisiae)

–1.6

NM_001107156
(AI556918)

Sart3 Squamous cell carcinoma antigen recognized by T-cells 3 7.3

GO:0032990*cell morphogenesis
7 NM_203409 Ncam2 Neural cell adhesion molecule 2 6.1

NM_013191 S100b S100 protein, beta polypeptide, neural 6.1
AF073379 Grin3a Glutamate receptor, ionotropic, N-methyl-D-aspartate 3A 9.5
NM_001012150

(AA997325)
Enah Enabled homolog –1.7

NM_031131 (BF420705) Tgfb2 Transforming growth factor, beta 2 7.3
NM_001001508

(BF557101)
Lppr4 Lipid phosphate phosphatase-related protein 4 4.7

NM_001029902 Ptprk Protein tyrosine phosphatase, receptor type, K,
extracellular region

2.2

GO:0009792*embryonic development ending in birth
5 NM_001012150

(AA997325)
Enah Enabled homolog –1.7

NM_031131 (BF420705) Tgfb2 Transforming growth factor, beta 2 7.3
NM_001100700

(BF396545)
Sfrp2 Secreted frizzled-related protein 2 8.9

NM_012502 Ar Androgen receptor 8.6
NM_013172 Myf6 Myogenic factor 6 9.0

(continued)
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Table 1 (continued)

Biological
Process No. per Group Accession Number Symbol Name

Fold
Change

GO:0007067*mitosis
6 NM_021689 Ereg Epiregulin 3.6

NM_012671 (BG670310) Tgfa Transforming growth factor alpha 6.0
NM_031583 (AI501054) Smc3 Structural maintenace of chromosomes 3 7.8
NM_022256 Btc Betacellulin 8.5
XM_001080369

(AA875348)
Ska2 Spindle and kinetochore associated complex subunit 2 5.4

NM_001108008
(BE104462)

Eml4 Echinoderm microtubule associated protein like 4 6.2

GO:0043009*chordate embryonic development
6 NM_001012150

(AA997325)
Enah Enabled homolog 0.58

NM_031131 (BF420705) Tgfb2 Transforming growth factor, beta 2 7.3
NM_001100700

(BF396545)
Sfrp2 Secreted frizzled-related protein 2 8.9

NM_024355 (BF398114) Axin2 Axin2 10.2
NM_012502 Ar Androgen receptor 8.6
NM_013172 Myf6 Myogenic factor 6 9.0

GO:0000087*M phase of mitotic cell cycle
6 NM_021689 Ereg Epiregulin 3.6

NM_012671 (BG670310) Tgfa Transforming growth factor alpha 6.0
NM_031583 (AI501054) Smc3 Structural maintenace of chromosomes 3 7.8
XM_001080369

(AA875348)
Ska2 Spindle and kinetochore associated complex subunit 2 5.4

NM_001108008
(BE104462)

Eml4 Echinoderm microtubule associated protein like 4 6.2

NM_022256 Btc Betacellulin 8.5
GO:0021700*developmental maturation

5 NM_019621 Dlg4 Discs, large homolog 4 (Drosophila) 5.8
NM_031131 (BF420705) Tgfb2 Transforming growth factor, beta 2 7.3
NM_021689 Ereg Epiregulin 3.6
NM_017232 Ptgs2 Prostaglandin-endoperoxide synthase 2 8.6
NM_001107954

(AI029408)
Reck Reversion-inducing-cysteine-rich protein with kazal motifs 5.3

GO:0006333*chromatin assembly or disassembly
4 XM_001063352

(BE107091)
Chd4 Chromodomain helicase DNA binding protein 4 5.8

AI145002 Nap1l3 Nucleosome assembly protein 1-like 3 10.3
NM_001107470

(BE104039)
Shprh SNF2 histone linker PHD RING helicase 9.4

NM_001014145 Cdyl Chromodomain protein, Y chromosome-like 5.9
GO:0008654*phospholipid biosynthetic process

3 NM_017274 (BI288209) Gpam Glycerol-3-phosphate acyltransferase, mitochondrial 3.2
NM_001024370

(AW434228)
Pigy Phosphatidylinositol glycan anchor biosynthesis, class Y 6.8

NM_022626 Pcyt1a Phosphate cytidylyltransferase 1, choline, alpha isoform 1.7
GO:0046394*carboxylic acid biosynthetic process

4 NM_138884 Akr1d1 Aldo-keto reductase family 1, member D1 7.9
NM_012942 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 6.5
NM_017232 Ptgs2 Prostaglandin-endoperoxide synthase 2 8.6
NM_138884 Akr1d1 Aldo-keto reductase family 1, member D1 7.9

GO:0045787*positive regulation of progression through cell cycle
4 NM_031131 (BF420705) Tgfb Transforming growth factor, beta 2 7.3

NM_021689 Ereg Epiregulin 3.6
NM_012671 (BG670310) Tgfa Transforming growth factor alpha 6.0
NM_022256 Btc Betacellulin 8.5

GO:0035282*segmentation
3 NM_001100700

(BF396545)
Sfrp2 Secreted frizzled-related protein 2 8.9

(continued)
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polypeptide), a calgranulin family member, was upregulated by

MUN. Ion-regulation may be affected as Dlg4 (discs, large

homolog 4, also known as Psd95 [post-synaptic density protein

95]) and Grin3A were both strongly upregulated. Finally, a

large number of RNA processing genes were increased and

decreased. Most notable were augmented mitochondrial tran-

scription factor B2 (Tfb2m), increased Fus interacting protein

1 (Fusip1, also called Sfrs13a), downregulated LSM8(Lsm8)

homolog, and upregulated squamous cell carcinoma antigen

recognized by T-cells 3 (Sart3).

KEGG Pathways

We next used DAVID to assign genes to known KEGG path-

ways. A total of 47 pathways were reported and of those we

selected pathways demonstrating at least 3 genes each with

> 1.5 fold change in expression detected in a given pathway for

further classification. This resulted in 15 pathways impacted by

MUN (Table 2). Of the 15 KEGG pathways identified, we pre-

viously detected 2 which were dysregulated in MUN kidneys,

the MAPK/ERK kinase and Wnt signaling pathways.20,23

MAPK/ERK signaling pathway genes identified were all

upregulated and included TGFb2, Fas ligand (FasL), tumor

necrosis factor receptor (Tnfrsf1a), tumor necrosis factor alpha

(TNFa), Akt2 (Thymoma viral proto-oncogene 2), and

fibroblast growth factor 14 (FGF14). Inflammatory signaling

genes that were moderately upregulated include Rac (ras-

related c3 botulinium toxin substrate 1). It is regulated by the

GTP exchange factor t-cell lymphoma cell invasion and metas-

tasis 1 (Tiam1),31 which was strongly induced.

Wnt signaling genes induced by MUN included secreted

frizzled-related protein 2 (Sfrp2), a secreted glycoprotein mole-

cule that structurally resembles cell surface frizzled receptors

but lacks the transmembrane domain,32 and Axin2 and Ctbp1,

both of which were highly upregulated by MUN.

Apoptosis genes were upregulated including FasL, TNFa1,

the TNFa1 receptor, and Akt2. The induction of possibly Fas-

mediated apoptotic activity suggests increased apoptosis/

inflammation in the MUN kidney, possibly localized to mesan-

gial cells.33

Calcium signaling demonstrated strong upregulation of

Slc8a2 mRNA (solute carrier family 8 member 2, also called

Ncx2), a sodium-calcium exchanger involved in calcium resab-

sorption and phosphorylase kinase a 1 (Phka1), a calcium-

responsive subunit involved in the repression of glycogen

metabolism. Two moderately induced calcium-regulated genes

detected were Nitric oxide synthase 1, neuronal (Nos1) and

peptidyprolyl isomerase d (Ppid, also known as cyclophilin D).

Cell-cell interaction and extra-cellular matrix signaling

KEGG pathways also appear to be dysregulated by MUN,

Table 1 (continued)

Biological
Process No. per Group Accession Number Symbol Name

Fold
Change

NM_024355 (BF398114) Axin2 Axin2 10.2
NM_013172 Myf6 Myogenic factor 6 9.0

GO:0016127*sterol catabolic process
2 NM_138884 Akr1d1 Aldo-keto reductase family 1, member D1 7.9

NM_012942 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 6.5
GO:0046474*glycerophospholipid biosynthetic process

3 NM_078622 (BF548541) Pcyt1a Phosphate cytidylyltransferase 1, choline, alpha isoform 1.7
NM_001024370

(AW434228)
Pigy Phosphatidylinositol glycan anchor biosynthesis, class Y 6.8

NM_022626 Phka1 Phosphorylase kinase alpha 1 8.5
GO:0045840*positive regulation of mitosis

3 NM_021689 Ereg Epiregulin 3.6
NM_012671 (BG670310) Tgfa Transforming growth factor alpha 6.0
NM_022256 Btc Betacellulin 8.5

GO:0001756*somitogenesis
3 NM_001100700

(BF396545)
Sfrp2 Secreted frizzled-related protein 2 8.9

NM_024355 (BF398114) Axin2 Axin2 10.2
NM_013172 Myf6 Myogenic factor 6 9.0

GO:0006706*steroid catabolic process
2 NM_012942 Cyp7a1 Cytochrome P450, family 7, subfamily a, polypeptide 1 6.5

NM_138884 Akr1d1 Aldo-keto reductase family 1, member D1 7.9
GO:0007176*regulation of epidermal growth factor receptor activity

2 NM_021689 Ereg Epiregulin 3.6
NM_012671 (BG670310) Tgfa Transforming growth factor alpha 6.0

a All genes differentially expressed by 1.5-fold or greater were submitted to analysis by Database for Annotation, Visualization, and Integrated Discovery (DAVID).
The 122 identified genes were sorted into biological functional categories. Some genes are represented in more than 1 category. Genbank accession numbers
represent the most current identifiers. Accession numbers in parenthesis are taken from the Agilent microarray identifier. Downregulation of genes is repre-
sented as a negative-fold change.

568 Reproductive Sciences 18(6)



Table 2. Ontological Summary of Gene Expression by KEGG Pathway Categorya

Ontological
Categorization No. Per Group Accession Number Symbol Name

Fold
Change

Adipocytokine signaling pathway
3 NM_013091 Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 1.6

NM_012675 Tnf Tumor necrosis factor superfamily, member 2 1.6
NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5

Antigen processing and presentation
3 NM_001008831 RT1-Ba Butyrophilin-like 2 (mch class ii associated) 2.7

NM_001008885 Slc39a7 rt1 class I, locus ke4 1.5
NM_013156 Ctsl1 Cathepsin L1 7.0

Apoptosis
4 NM_012908 FasL Tumor necrosis factor (ligand) superfamily, member 6 7.0

NM_013091 Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 1.6
NM_012675 Tnf Tumor necrosis factor superfamily, member 2 1.6
NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5

Calcium signaling pathway
4 NM_052799 Nos1 Nitric oxide synthase 1, neuronal 1.6

NM_001004279 Ppid Peptidylprolyl isomerase d 1.6
NM_078619 Slc8a2 Solute carrier family 8 (sodium/calcium exchanger), member 2 9.4
NM_022626 Phka1 Phosphorylase kinase alpha 1 8.5

Cell adhesion molecules (CAMs)
4 NM_203409 Ncam2 Neural cell adhesion molecule 2 6.1

NM_001008831 RT1-Ba Butyrophilin-like 2 (mch class ii associated) 2.7
NM_013082 Sdc2 Syndecan 2 10.2
NM_001008885 Slc39a7 rt1 class I, locus ke4 1.5

Cytokine–cytokine receptor interaction
4 NM_012908 FasL Tumor necrosis factor (ligand) superfamily, member 6 7.0

NM_013091 Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 1.6
XM_231873

(BQ194449)
Il12rb2 Interleukin 12 receptor, beta 2 –1.6

NM_012675 Tnf Tumor necrosis factor superfamily, member 2 1.6
ECM–receptor interaction

3 NM_001108118
(AI385193)

Itga5 Integrin alpha 5 (fibronectin receptor alpha) 1.5

NM_013082 Sdc2 Syndecan 2 10.2
XM_342325 Col11a1 Procollagen, type xi, alpha 1 4.5

ErbB signaling pathway
4 NM_022256 Btc Betacellulin 8.5

NM_012671
(BG670310)

Tgfa Transforming growth factor alpha 6.0

NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5
NM_021689 Ereg Epiregulin 3.6

Fc epsilon RI signaling pathway
3 NM_134366 Rac Ras-related c3 botulinum toxin substrate 1 (rho family, small

gtp binding protein rac1)
1.4

NM_012675 Tnf Tumor necrosis factor superfamily, member 2 1.6
NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5

Focal adhesion
4 NM_001108118

(AI385193)
Itga5 Integrin alpha 5 (fibronectin receptor alpha) 1.5

NM_131914 Cav2 Caveolin 2 5.7
NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5
XM_342325 Col11a1 Procollagen, type xi, alpha 1 4.5

MAPK signaling pathway
6 NM_031131

(BF420705)
Tgfb2 Transforming growth factor, beta 2 7.3

NM_012908 FasL Tumor necrosis factor (ligand) superfamily, member 6 7.0
NM_013091 Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 1.6
NM_012675 Tnf Tumor necrosis factor superfamily, member 2 1.6

(continued)
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including cell adhesion molecules (CAMs), extracellular mem-

brane (ECM) receptor interactions, and focal adhesion. The

most strongly upregulated genes included neural cell adhesion

molecule 2 (Ncam2), syndecan 2 (Sdc2, also referred to as

heparan sulfate proteoglycan, HSG), and caveolin 2 (Cav2).

Integrin, fibronectin receptor alpha 5 (Itga5 mRNA) and

Col11a1 were both moderately overexpressed.

Immunity- and defense-related mRNAs were upregulated

by MUN. These included T-cell-mediated immunity and MHC

class II antigen processing members Rrt1-Ba (butyrophilin-like

2) and cathepsin L1 (Ctsl1), and MCH class I member Slc39a7

(rt1 class I, locus ke4). Cathepsin L has additional functions as

a lysosomal protease.34,35

The pleiotropic ErbB (Epidermal growth factor) signaling

pathway was upregulated by MUN. Key MUN-augmented

genes detected were Btc, Ereg, and TGFa, all EGF receptor

ligands. Betacellulin was one of the most highly upregulated

MUN mRNAs at over 8-fold induction.

Notch signaling pathway members were dysregulated,

which appears to be one of the most intriguing effects of MUN.

Ctbp1, a co-repressor of recombination signal binding protein

for immunoglobulin kappa J region (Rbpj, also known as Csl),

had augmented mRNA expression. Two coactivators of Rbpj

showed reduced mRNA expression, specifically Skip and

Maml1 (Table 2). Additionally, Notch2 showed reduced

mRNA expression. These data strongly suggested that the

Notch pathway is affected by MUN and we sought to validate

this result by measuring protein expression of Notch signaling

components.

Western Blot Validation of Notch Signal Pathway MUN
Expression

Based on the microarray data analysis, 4 Notch signaling

pathway genes demonstrated altered expression. The Notch

signaling pathway is involved in developmental patterning in

the kidney and is critical for the development of glomeruli,36-38

suggesting that alteration of this pathway may contribute to

IUGR programmed nephropenia. Protein expression of the

4 genes identified by the microarray (Notch2, Ctbp1, Maml1,

Skip) were measured as well as other members of the Notch-

signaling pathway including the transcription factor Rpbjk

Table 2 (continued)

Ontological
Categorization No. Per Group Accession Number Symbol Name

Fold
Change

NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5
NM_022223

(AF348523)
Fgf14 Fibroblast growth factor 14 5.7

Notch signaling pathway
4 NM_019201 Ctbp1 C-terminal binding protein 1 6.8

NM_001109279
(AA944168)

Skip Similar to nuclear protein skip (ski-Interacting protein Snw1) –1.8

NM_001106997
(BQ195789)

Maml1 Mastermind like 1 –1.8

NM_024358 Notch2 Notch2 –1.8
Regulation of actin cytoskeleton

3 NM_001108118
(AI385193)

Itga5 Integrin alpha 5 (fibronectin receptor alpha) 1.5

XM_001072877
(BQ196383)

Tiam1 T-cell lymphoma invasion and metastasis 1 8.1

NM_022223
(AF348523)

Fgf14 Fibroblast growth factor 14 5.7

Renal cell carcinoma
3 NM_031131

(BF420705)
Tgfb2 Transforming growth factor, beta 2 7.3

NM_012671
(BG670310)

Tgfa Transforming growth factor alpha 6.0

NM_017093 Akt2 Thymoma viral proto-oncogene 2 1.5
Wnt signaling pathway

3 NM_001100700
(BF396545)

Sfrp2 Secreted frizzled-related protein 2 8.9

NM_019201 Ctbp1 C-terminal binding protein 1 7.0
NM_024355

(BF398114)
Axin2 Axin2 10.2

a All genes differentially expressed by 1.5-fold or greater were submitted to analysis by Database for Annotation, Visualization, and Integrated Discovery (DAVID).
The 122 identified genes were sorted into KEGG pathways. Only pathways with 3 or more identified genes are listed. Some genes are represented in more than 1
category. Genbank accession numbers represent the most current identifiers. Accession numbers in parenthesis are taken from the Agilent microarray identifier.
Downregulation of genes is represented as a negative-fold change.
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(recombination signal binding protein for immunoglobulin

kappa J region; also called Csl), and a Notch pathway regulated

gene hairy/enhancer-of-split related with YRPW motif 1

(Hey1; Figure 1). In concordance with the microarray results,

Notch2 (-1.4-fold; P ¼ .001) and Ctbp1 (2.0-fold; P ¼ .04)

were downregulated and upregulated, as expected. Maml

showed a trend downward but was not statistically significant

(-1.3 fold, P¼ .09) and Skip protein expression was unchanged

(-1.1-fold, P ¼ .34). The signaling transcription factor Rbpjk

appeared reduced, but not significantly (-1.6-fold, P ¼ .10)

whereas the downstream gene Hey1 was downregulated

(-1.2-fold, P ¼ .001). These data overall point to a reduction

in Notch pathway protein expression and are diagrammed in

Figure 2.

Discussion

In this study, we demonstrated specific changes in gene expres-

sion in fetal E20 kidneys from MUN dams. Statistically signif-

icant changes in gene expression greater than 1.5-fold were

evaluated and organized into ontological biological processes

and KEGG pathways. Ontological categorization revealed that

MUN prominently affects development and differentiation

genes, which are involved in kidney morphogenesis. These

encompass Tiam1 and TGFb2 involved in mesenchymal to

epithelial transformation,39,40 while Sfrp2 and Axin2 modulate

Wnt4 expression and signaling, required for pretubular aggre-

gate formation.41,42 Mitosis and cell-cycle genes participating

in renal development were dysregulated. Ereg is a target of

WT1 and involved in branching morphogenesis.43 TGFa and

Btc bind the fetal EGF receptor stimulating cell proliferation

and may be involved in renal dysplasia.44-46 Epigenetics is

thought to play a role in IUGR regulation and the upregulation

of chromatin assembly genes may be an important mechanism

for fetal programming.47

Additional genes involved in hormonal control, stress, and

RNA processing were detected. Steroid hormone regulation

genes were strongly increased and included AR, which is

expressed in nascent tubules and may increase responsiveness

to testosterone and eventually increase hypertension.48 Addi-

tionally increased were Gpam, which regulates triacylglycerol

levels in response to nutrient stress in the kidney,49 phosphate

cytidylyltransferase 1 alpha (Pcyt1a) involved in the synthesis

of phospholipids known as plasmalogens, which are a signifi-

cant component in kidney membranes,50 and Ptgs2, which is

hormonally regulated during nephrogenesis.51 A large number

of RNA processing genes were dysregulated suggesting modi-

fication of RNA posttranscriptional processing by MUN.

Increased genes include Tfb2m, which may increase mitochon-

drial transcription52 and Fusip1, which binds to preprocessed

RNA and represses splicing under stress conditions.53 Genes

with decreased expression were Lsm8 involved in ribosomal

RNA maturation which causes decreased ribosome content,54

and Sart3, which has been implicated in the regulation of

mRNA splicing.55,56

Kidney organ development regulation appears to be strongly

affected by gestational programming with the overall pattern

suggesting a fairly broad effect of MUN on nephrogenesis.

Of the 15 KEGG pathways identified, we previously reported

2 that were dysregulated in MUN kidneys, the MAPK/ERK

kinase and Wnt signaling pathways.20,23 In this study, we iden-

tified additional factors in these pathways. Fas ligand and the

TNFs previously have been detected in kidney associated with

conditions such as diabetes and inflammation57,58 or chronic

kidney disease.59,60 Several of the MAPK/ERK signaling path-

way factors, namely Fas ligand, TNFa, TNFa receptor, and

Akt2, are critical for apoptotic signaling by both the extrinsic

and intrinsic pathways.61,62 Increased gene expression of these

factors suggests an increase in apoptosis of the programmed

kidney, possibly by inflammatory signaling. Other upregulated

inflammatory signaling genes include Rac, which regulates

cell�cell adhesion and migration in renal epithelial cells63 and

is regulated by the GTP exchange factor Tiam1,31 which was

strongly induced by MUN. Cathepsin L, an upregulated immu-

nity and defense gene, has additional functions as a lysosomal

protease, which can be produced by podocytes during inflam-

matory responses, again suggestive of an MUN-elicited inflam-

matory response.34,35 Interestingly, relatively few mRNAs

appeared to be downregulated by MUN. One downregulated

factor was interleukin 12 receptor b2 (Il12rb2), a cytokine

receptor that interacts with Jak, and leads to phosphorylation

of multiple signal pathways including the MAPK/ERK signal-

ing pathway.64 Due to the anti-inflammatory effects of IL-12,65

it is possible that reduction of this receptor’s expression contri-

butes to an increased inflammatory response.

Alterations in genes participating in Wnt signaling were not

unexpected in MUN offspring kidneys based on our previous

findings,20 Sfrp2 is a secreted glycoprotein molecule that can

inhibit Wnt binding to its receptor.66 This family of proteins

has been implicated in organ development and cell fate.67

C-terminal binding protein 1 (Ctpb1) is a corepressor mediat-

ing beta-catenin/TCF transcriptional activities.68 Additionally,

Axin2 and Ctbp1, both of which were highly upregulated by

MUN, repress the Wnt pathway at separate points.42 The pleio-

tropic ErbB signaling pathway genes were augmented in MUN

kidneys; this pathway impacts cell proliferation, survival, dif-

ferentiation, and angiogenesis. Excessive synthesis of pathway

members results in abnormal growth factor responses. We

identified increased mRNA for EGF receptor ligands, and these

are known to be critical nephrogenic morphogens.46 Of these,

epiregulin stimulates proliferation and migration of renal prox-

imal tubular cells in cell culture69 and TGFa has been impli-

cated in the development of the metanephros.70

Finally, Notch signaling pathway members were dysregu-

lated, one of the most intriguing effects of MUN. Ctbp1, a

co-repressor of Rbpj (Csl), the transcription factor mediating

Notch ligand activity, was upregulated in mRNA expression

while coactivators were reduced, suggesting inhibition of

Notch signaling. Additionally, Notch2, a key Notch receptor

involved in nephrogenesis, showed reduced mRNA expression.

The Notch signaling pathway is highly conserved across

Magee et al 571



Figure 1. Protein expression of Notch signaling pathway factors as determined by Western blotting. Five to six Control versus MUN kidney
lysates; each protein probed with a specific primary antibody. b-actin represents a housekeeping protein that is not affected by maternal
undernutrition (MUN) and was used for normalization of protein loading. Representative bands for the target protein and b-actin are depicted.
*P � .05, ** P � .01.
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species regulating cell proliferation, differentiation, fate, and

death. Notch signaling molecules are expressed throughout

nephron development with the Notch2 receptor identified in

pretubular aggregates, comma and S bodies, immature glomer-

ular epithelial cells, and tubular and collecting duct cells.71 The

Notch2 ligand, Jagged 1 (Jag1), is expressed in a similar pro-

file.71,72 While Notch1 and 2 are found in developing mamma-

lian kidneys, Notch2 activity is essential for patterning of the

proximal regions of the nephron development.36-38 Disruptions

of Notch signaling is associated with developmental syn-

dromes,72-77 in humans and animal models. For example, muta-

tions or absence of Jag1 and Notch2 cause Alagille syndrome,

an autosomal dominant disorder affecting several organs,

including the kidney.37,71,78-81

There are several developmental stages during which decre-

ments in Notch2 may impact nephron formation. Maternal

undernutrition downregulates Notch2 and a downstream effec-

tor, Hey1. Reduction in Notch2 activity results in abnormal

glomerulogenesis and small kidneys, while Notch2-deficient

kidneys also have abnormalities of distal and proximal tubular

development.72 Early in metanephric development, the Notch

signaling pathway interacts with Gdnf and Ret to participate

in primary ureteric budding and subsequent branching,38,75 and

subsequent interactions with Gdnf and Maml impact further

branching.42 Hey1 might play a role in determining the precise

timing of renal vesicle transformation to comma-shaped bodies

since it is expressed abundantly in the S-shaped body, from pre-

cursor cells of the loop of Henle to podocytes.72 Our previous

study of E20 MUN kidneys demonstrated dysregulation of

Wnt4, Wnt11, Bmp4, Bmp7, and Fgf2, some of which may

cross-signal with the Notch pathway.20,82-84 Notch signaling

pathway co-activators and co-repressors also are shared with

other pathways, i.e. Ctbp1 and Wnt signaling, and their dysre-

gulation may have effects on gene expression, affecting kidney

development beyond the Notch pathway.36,71,82,85

In summary, MUN leads to >1.5-fold altered expression

of 479 mRNA transcripts in the E20 MUN kidney, suggest-

ing that gestational programming has a large impact on

nephrogenesis. There are a number of signaling pathways

disrupted by MUN, some expected and some novel. Not all

dysregulated processes will be identified by microarray

analysis; nevertheless, this type of analysis affords a means

to survey developmental disruption in the fetal kidney due

to MUN. Microarray analysis identified the Notch pathway

as one with significant alterations, and we further analyzed

this pathway to validate the microarray data. We found

reductions in Notch2, co-activators and a downstream target

as well as upregulation of a co-repressor. Dysregulation of

the Notch signaling pathway, which is critical for determina-

tion of cell fate in the developing kidney, is likely to be an

important target of gestational programming leading to

nephron reduction.
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