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Preeclampsia (PE) adversely impacts �5% of pregnan-
cies. Despite extensive research, no consistent biomark-
ers or cures have emerged, suggesting that different mo-
lecular mechanisms may cause clinically similar disease.
To address this, we undertook a proteomics study with
three main goals: (1) to identify a panel of cell surface
markers that distinguish the trophoblast and endothelial
cells of the placenta in the mouse; (2) to translate this
marker set to human via the Human Protein Atlas data-
base; and (3) to utilize the validated human trophoblast
markers to identify subgroups of human preeclampsia. To
achieve these goals, plasma membrane proteins at the
blood tissue interfaces were extracted from placentas
using intravascular silica-bead perfusion, and then iden-
tified using shotgun proteomics. We identified 1181
plasma membrane proteins, of which 171 were enriched
at the maternal blood-trophoblast interface and 192 at the
fetal endothelial interface with a 70% conservation of
expression in humans. Three distinct molecular sub-
groups of human preeclampsia were identified in existing
human microarray data by using expression patterns of
trophoblast-enriched proteins. Analysis of all misex-
pressed genes revealed divergent dysfunctions including
angiogenesis (subgroup 1), MAPK signaling (subgroup 2),
and hormone biosynthesis and metabolism (subgroup 3).
Subgroup 2 lacked expected changes in known pre-
eclampsia markers (sFLT1, sENG) and uniquely overex-
pressed GNA12. In an independent set of 40 banked pla-
cental specimens, GNA12 was overexpressed during

preeclampsia when co-incident with chronic hyperten-
sion. In the current study we used a novel translational
analysis to integrate mouse and human trophoblast pro-
tein expression with human microarray data. This strategy
identified distinct molecular pathologies in human pre-
eclampsia. We conclude that clinically similar preeclamp-
sia patients exhibit divergent placental gene expression
profiles thus implicating divergent molecular mechanisms
in the origins of this disease. Molecular & Cellular Pro-
teomics 10: 10.1074/mcp.M111.012526, 1–15, 2011.

Preeclampsia (PE)1 is a serious disorder of human preg-
nancy that adversely impacts �5% of pregnancies. Despite
extensive research, no consistent biomarkers of disease, no
well-defined causes, and no cures have emerged. This failure
may indicate that different genetic and environmental insults
can lead to similar clinical outcomes (1). Establishing whether
different molecular mechanisms lead to PE in specific patient
subgroups is therefore an important objective. Subgroup
classification is likely to improve the accuracy of predictions
for individual pregnancy outcomes, and to permit the devel-
opment of targeted treatments. This approach, for example,
has proven effective in individualizing breast cancer prognosis
and care (2).

PE is defined by gestational hypertension and proteinuria,
but can also be found with other clinical features including
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1 The abbreviations used are: AEDF, absence of umbilical end
diastolic flow; BIC, Bayesian Information Criterion; BP, blood pres-
sure; BW, birth weight (adjusted); CHTN, chronic hypertension;
Comp, component; DM, diabetes mellitus; EC, endothelial cell; Gest
HTN, gestational hypertension; GDM, gestational DM; HELLP, Hemo-
lytic anemia elevated liver enzymes low platelet count; HTN, hyper-
tension; IHC, immunohistochemistry; IUGR, intrauterine growth re-
striction; MGI, Mouse Genome Informatics; Mixed, mixed IUGR and
PE phenotype; MudPIT, multidimensional protein identification tech-
nology; OMIM, Online Mendelian Inheritance in Man; PE, preeclamp-
sia; REDF, reversed umbilical end-diastolic flow; SpC, spectral count;
TC, trophoblast cell.
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fetal intrauterine growth restriction (IUGR), chronic prepreg-
nancy hypertension, abnormal uterine and/or umbilical arterial
Doppler blood velocity waveforms, and a variety of charac-
teristic placental pathologies (3). The large variation in clinical
signs and associated pathologies is consistent with PE being
a family of related disorders rather than a single disease (4).
However even among clinically similar groups of PE patients
there is wide variation, leading to the hypothesis that different
genetic, environmental or allelic variations can all lead to
similar clinical outcomes. Further support for this hypothesis
comes from the variety of mechanisms resulting in PE-like
symptoms in mouse models. PE mouse models have been
generated genetically from spontaneous hypertensive mice
(5), by excessive angiotensin pathway activation (6), and by
mutations affecting trophoblast cell cycle regulation (7). Inter-
estingly, the anti-angiogenic factor, sFLT1, is present in ele-
vated levels in the maternal circulation in most human PE
pregnancies, but not all (8), and in some mouse models of PE
(e.g. PAH mouse (6)), but not all (e.g. BPH/5 mouse (9)). Thus
variations in molecular mechanisms of PE in mouse models,
and in the clinical signs in human PE all point to multiple
underlying molecular pathologies.

One common feature is that abnormal placental function is
believed to underlie the majority, if not all, cases of PE (1). The
placenta is a critically important organ essential for a success-
ful pregnancy. It is responsible for maternal-fetal exchange, it
protects the fetus from maternal immune rejection, and it
secretes factors required for maternal physiological adapta-
tions to pregnancy and lactation. It is likely that dysfunction in
one or more of these roles result in PE and its common and
variable clinical phenotypes. During a PE pregnancy the tro-
phoblast is believed to be the source of factors released into
the maternal circulation that damage the endothelium thereby
causing maternal clinical signs of disease (10, 11). Abnormal
trophoblast invasion into the maternal decidua has been in-
tensely studied in PE (11, 12), and there is growing evidence
that trophoblast in the extensive layer in direct contact with
maternal blood in the exchange region of the placenta is also
abnormal (11, 12). In the current study, we focus on tropho-
blast in the exchange region of the placenta. The trophoblast
has an extremely large surface area in contact with maternal
blood and it exhibits abnormalities in PE, but as it has not
been extensively studied it is poorly characterized on the
molecular level.

To understand the molecular mechanisms of PE, two steps
are required. First, the separation of the different cell types of
the placenta or a definition of the molecular signature of the
trophoblast cell type and, second, the application of a model
based approach to identify a hidden (or unknown) number of
patient subgroups using these cell specific gene signatures.

To achieve the first step we utilized the mouse placenta to
label the surface proteomes of the syncytial trophoblast and
the fetal endothelial cells. Although the analysis of maternal
endothelial cells would be of interest, the goal of identifying a

syncytial enriched gene expression profile required compari-
son against the endothelial cells of the placenta. Analysis of
the mouse enabled access to the placenta prior to birth, and
established a launching point for the development of new
mouse models of PE. Investigation of the mouse surface
proteomes identified a large set of genes enriched in expres-
sion to the mouse trophoblast lineage. This was validated in
human by a comparison to the Human Protein Atlas (13)
where a 70% conservation of expression of one-to-one or-
thologs was observed in keeping with previous analyses (14).
In addition, a detailed analysis of the endothelial and tropho-
blast proteomes highlighted the high degree of similarity of
gene expression likely driven by their functional similarities.

To address our second goal, that clinically similar PE may
have diverse molecular causes leading to different, hidden
patient subgroups, we used the syncytial trophoblast signa-
ture identified in mouse and selected these genes from a
human PE patient microarray. We then applied expectation
maximization in combination with the Baysian information
criterion to statistically determine the optimum number of
human patient subgroups. Application of the patient models
to the entire microarray data was used to identify three dis-
tinct subgroups of PE patients, each with different Gene On-
tology and KEGG pathway abnormalities. To validate the ex-
istence of subgroups we analyzed an independent PE patient
cohort. We focused in particular on a subgroup that showed
changes in genes involved in MAPK signaling and was the
only subgroup that did not overexpress FLT1 and ENG. We
confirmed the existence of this subgroup via Western blotting
and found high correlation with pre-existing chronic hyperten-
sion in the mother.

EXPERIMENTAL PROCEDURES

Detailed Experimental Procedures are provided in the sup-
plementary Experimental Procedures.

Vascular Perfusion with Colloidal Silica Beads—Plasma membrane
proteins were isolated using the silica-bead coating strategy as pre-
viously described (15). In brief, we perfused the placentas of 10
pregnant C57BL/6J mice at 17.5 days of gestation with cationic
colloidal silica beads via the maternal aorta or fetal umbilical cord
using published methods (16). Silica beads in the trophoblast lined
maternal blood spaces or the endothelial lined fetal capillaries of the
labyrinth (Fig. 1A) were isolated from each litter’s pooled labyrinthine
tissue (�eight placentas per litter were pooled).

Protein Extraction, In-Solution Digestion, MudPIT Analyses and
Protein Identification—For protein extraction isolated silica-bead pel-
licles from each litter pool (n � 5 pools of �8 placentas/pool) were
resuspended in �300 �l of ice-cold NE buffer (400 mM NaCl, 25 mM

HEPES, pH 7.4, 1% Triton X-100), and incubated at 4 °C with shaking
for 30 min followed by centrifugation at 13,000 rpm. The supernatant
containing the extracted proteins was collected and precipitated
overnight with five volumes of ice-cold acetone with 10% trichloro-
acetic acid at �20 °C. For an independent litter pool (n � 5 pools of
�8 placentas/pool), silica-bead pellicles were resuspended in 60 �l of
8 M urea to extract bound proteins, these were then reduced and
alkylated with 2 mM dithiothreitol and 8 mM iodoacetamide, digested
and purified. A fully automated 9-cycle, 18-h MudPIT procedure was
set up similar as previously described (14, 17, 18). Raw files were
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converted to m/zXML using ReAdW (version 1.1) and searched by
X!Tandem (version 06.06.01) against a mouse (version 3.28) IPI (In-
ternational Protein Index) protein sequence database (51,479 protein
sequences). The search was performed with a fragment ion mass
tolerance of 0.4 Da and a parent ion mass tolerance of 4 Da. Com-
plete tryptic digest was assumed and one missed cleavage site was
accepted. Carbamidomethylation of cysteine was specified as fixed
and oxidation of methionine as variable modification. To estimate and
minimize our false positive rate the protein sequence database also
contained every IPI protein sequence in its reversed amino acid
orientation (target-decoy strategy; total sequences in the database,
102,958 IPI sequences plus bovine trypsin). A conservative false
discovery rate was set to 0.5% on the peptide level, as recently
described (14, 19, 20). Only fully tryptic peptides �7 amino acids
matching these criteria were accepted to generate the final list of
identified proteins. We only accepted proteins identified with two
unique peptides per analyzed sample type. To minimize protein in-
ference, we developed a database-grouping scheme and only report
proteins with substantial peptide information, as recently reported
(14, 19, 20). This resulted in an estimated false discovery rate (FDR) of
�1.6% on the protein level (63 decoy proteins in the final data set).

Machine Learning Algorithm—Machine learning was performed us-
ing the WEKA software package (21). The performance of the train-
ing set was assessed using 10-fold cross validation using, Bayes
Network, Naïve Bayes, Random Forest, and J48 machine learning
algorithms. Algorithm performance was compared using F score,
kappa statistic, True and False positive rates, as well as the ROC
area. The training set was a merge of the current data with our
previously published data set of subcellular factions of the mouse
labyrinth (14). The spectral counts were normalized and scaled as a
ratio of the maximum spectral counts. Next this list was annotated
with the GO cellular component terms, plasma membrane, nuclear,
cytosol, mitochondrion, endoplasmic reticulum, and Golgi bodies.
Only annotations that had evidence codes for inferred from direct
assay and where the cellular component term was unique to a
single component were used as training examples. For the deter-
mination of enrichment to either the trophoblast or endothelial
proteome a table containing the normalized, replicate MudPIT
spectral counts was generated. Spectral counts for the five TX-100
and the five urea extractions replicates were summed. A p value
was calculated and a correction for false discovery rate (Benjami-
Hochberg (22)) was applied.

Statistical Analysis—Data was processed in R (23). MvA scatter
plot and FDR for fold change between the trophoblast and endothelial
compartments were generated using the samr library (24). Expecta-
tion Maximization clustering was performed with the mclust library
(25). Principal component analysis was done using the made4 library
(26). Heat maps were generated using the gplots library. The GNA12,
GPR50 and clinical patho-physiology data correlation plot was made
using the arm library. Gene expression difference between subgroups
and controls were calculated using the limma library (27). Venn dia-
grams were generated using the limma library (27).

Calculation of Functional Enrichment—Tables of KEGG (http://
www.genome.jp/kegg/) (28), Mouse Mutant Phenotype (http://
www.informatics.jax.org/) and Gene Ontology (http://geneontolo-
gy.org/) data were downloaded from online sources. OBO style files
were re-formatted into flat files using a Java program (available
upon request). The hypergeometric distribution and corrected p
values were calculated using the Bingo plug-in (29) for Cytoscape
(30).

Human Patient Sample Collection—Human specimens and their
associated clinical data were obtained from the archive of the
Research Centre for Women’s and Infants’ Health BioBank program
of Mount Sinai Hospital (http://biobank.lunenfeld.ca) in accordance

with the policies of the Mount Sinai Hospital Research Ethics
Board. Specimens contained 4 villous cores (one from each patient
quadrant) that were flash-frozen and stored in liquid nitrogen.

RESULTS

Selective Enrichment of Surface-associated Proteins—To-
ward our goal of developing better mouse models of PE, we
built on our comparison of human and mouse molecular ex-
pression in the placenta (14) by studying the membrane spe-
cific expression of TC (trophoblast cells exposed to maternal
blood) versus EC (endothelial cells exposed to fetal blood) in
the labyrinth, the placental exchange region in mice (31). We
used a silica-bead coating strategy as previously described
(15) followed by proteomic analysis. Briefly, colloidal silica-
beads were perfused into the placenta through the maternal
or fetal vascular systems to reach the blood-tissue mem-
brane interface of fetal TC or EC, respectively (Fig. 1A). The
surface-associated silica-bead pellicles were then isolated
using ultracentrifugation in Nycodenz density gradients, re-
sulting in enrichment for plasma membrane proteins (15).
Western blots against the plasma membrane proteins Nos3
(eNOS), Pecam-1, and caveolin-1 all showed enrichment to
the membrane fraction. Conversely, Western blots of pro-
teins localizing to other intracellular organelles (endoplas-
mic reticulum, calreticulin; cytosol, �-transketolase; mito-
chondria, cytochrome-c; nucleus, nuclear transportin-1)
showed a marked depletion of the membrane fraction
(supplemental Fig. S1). In summary, this suggests both a
successful enrichment of membrane proteins and a deple-
tion of non-membrane proteins. We then employed shotgun
proteomics (17, 18) to systematically analyze, for the first
time, the similarities and differences in the surface pro-
teome of cells at the maternal blood-TC and the fetal
blood-EC interfaces (Fig. 1A).

MudPIT-based analysis of five individual isolates (biological
replicates), extracted with either nonionic detergent (Triton-X-
100; TX-100) or urea resulted in the confident identification of
3917 proteins (see Experimental Procedures; supplemen-
tal Tables S1–S5; for protein and peptide-centric information).
To further increase our stringency, we only accepted proteins
also detected by our recent mRNA microarray analysis of the
same tissues (14), resulting in a panel of 3444 (sup-
plemental Table S6) surface-enriched proteins of the mouse
labyrinth. Interestingly, direct comparison of the surface pro-
teomes identified 3087 proteins at the blood-TC tissue inter-
face and 2497 proteins at the blood-EC interface with the
majority of proteins (�62%) in common (supplemen-
tal Table S6). Next, we compared the abundance of measured
proteins between both tissue interface proteomes using a
table of normalized spectral counts (SpC) for all maternal side
and fetal side replicates. A Benjamini-Hochberg corrected p
value (22) was used to determine if there was a significant
difference in protein expression level between the two com-
partments. The log2-transformed ratio of the mean EC over
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mean TC SpCs for these proteins were plotted versus the
average SpC to visually inspect the separation of known EC
and TC markers (Fig. 1B). We found that marker proteins with
known cell-type expression were appropriately localized (Fig.
1B). However there were numerous EC markers that did not
have a significant difference in expression between the two
membranes. This result suggested that selective enrichment
of surface-associated proteins at the maternal versus fetal
blood-tissue interface was successful and reveals an overlap
of the biology of the EC and TC.

Prediction of Plasma Membrane Proteins Using Machine-
learning Algorithms—The silica-bead coating technology en-

ables the isolation of enriched membrane-associated proteins
(supplemental Fig. S1) although some contamination from other
subcellular compartments was noted in the current work and
previous publications (15). To compensate for this, we utilized a
machine-learning approach as in our previous report (17). First,
a smaller subset of our data (472 proteins) containing only highly
annotated proteins with known subcellular locations were used
as a training set to build a model of subcellular localization (see
Experimental Procedures) and the remaining proteins with poor
or mixed annotation were used for prediction. Multiple machine
learning algorithms were tested and BayesNet gave the best
overall performance as measured by precision and recall.

FIG. 1. Proteomics strategy to iden-
tify novel proteins at the fetal and ma-
ternal blood-tissue interfaces in the
mouse placenta. A, Scheme of our ap-
plied workflow. Cationic silica-beads
were perfused via the maternal aorta to
reach trophoblast lined maternal blood
spaces or via the umbilical cord to reach
fetal endothelial-lined vessels in the pla-
cental labyrinth. Silica-beads were iso-
lated from labyrinth tissue to obtain in
vivo surface-associated proteins. Pro-
teins isolated from beads were analyzed
by MudPIT-based proteomics. B, A
zoomed-in scatter plot representation of
the entire dataset highlighting known
markers of endothelial cells (EC; blue
text) and trophoblast cells (TC; red text).
Green data points were significantly as-
sociated with either the EC or TC sur-
faces (FDR p value �0.1), whereas gray
data points did not significantly differ
(FDR p value �0.1).
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BayesNet assigns a probability that a protein belongs to one of
the classes represented in the training data. We set a false
positive rate cutoff of �10%. At this level only those proteins

with a �75% probability of being plasma membrane were in-
cluded. This generated a set of 1181 known and predicted
plasma membrane-associated proteins.

FIG. 2. Plasma membrane markers of the blood-tissue interface in the mouse placenta. A, A plot of the log2 transformed ratio of SpC
in the EC over the TC versus the mean SpC of the EC and TC of proteins predicted to be plasma membrane associated by BasesNet machine
learning. Proteins are color coded to represent those that were significantly enriched to the TC fraction (n � 171; red), EC fraction (n � 191;
blue), or not statistically enriched (n � 891; gray). The plot is annotated with the same known markers presented in Fig. 1B. B, A chart showing
selected significantly enriched annotation terms in the membrane predicted data set. Represented are the percentages of genes linked to an
enriched term. C, Box plot showing that the predictive membrane data set was enriched for annotation terms CD antigen and surfaceome (36)
significantly better than random sampling of the entire dataset. D–G, Heat map displays of selected, significantly over-represented functional
classes in the plasma membrane enriched proteins showing differences in expression between TC and EC fractions. Heat maps are sorted in
order of highest to lowest expression in TC. Although there is a high degree of similarity between the trophoblast (TC) and endothelial (EC)
compartments there are some key differences in protein expression.
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Of the 1181 predicted and known plasma membrane pro-
teins, we identified 171 proteins enriched in the TC and 192
enriched at the EC surface (p � 0.1; supplemental Table S7;
Fig. 2A). EC-enriched proteins included numerous markers for
EC cells such as Ace, Ace2, Aqp1, Cav1, Cd34, Cd36, Eng,
Icam1, Icam2, Lyve1, Mcam, Pecam1, Tek, and Tie1. Many
other well-known EC surface markers were expressed at both
surfaces such as Flt1, Cdh5, Ece1, Esam, Lipg, Cd151, Cd47,
Cd81, Gpc1, Ncam1, Aoc3, as well as many other known
plasma membrane markers, annexins, G-proteins, integrins,
and solute carriers (supplemental Table S7). The maternal-
exposed TC surface is relatively poorly annotated, and only a
few markers are currently known. These markers include
Aqp3 (32), Cts6 (33), Lepr (34), and Tbc1d10a (35), all of which
were preferentially detected in the TC surface proteome (Fig.
2A and supplemental Table S7). Systematic analysis of the
1,181 plasma membrane-enriched proteome revealed signif-
icant enrichment for a variety of functional annotation terms
with expected plasma membrane expression (Figs. 2B, 2C).
Given the common and unique expression of the known
markers we next determined if these represented common
and distinct biological roles of the two cell types.

Functional Enrichment of Endothelial and Trophoblast Sur-
faces—To assess the functional similarities and differences
between the TC and EC we first tested the entire data set for
enriched protein functional classes (see Experimental Proce-
dures). First, we assessed annotation terms associated with
plasma membrane localization and found that they were
highly enriched as predicted (p � 0.05; Fig. 2B). However
these terms were used in model building so we made a more
independent assessment by testing for enrichment of the CD
(cluster of differentiation) antigens and members of the sur-
faceome (36). We tested for enrichment against a random
draw of the same size as the predicted set of membrane
proteins. In both cases our final filtered data set was enriched
in CD antigens and known surfaceome proteins (Fig. 2C). We
next tested for enrichment of Gene Ontology Biological proc-
ess terms. Among the significantly enriched terms we identi-
fied Receptor tyrosine kinase signaling (Fig. 2D), Blood vessel
development (Fig. 2E), Endocytosis (Fig. 2F), and Exocytosis
(Fig. 2G) as being of immediate interest as they involve the
primary function of these tissues in the transport of biomol-
ecules between the maternal and fetal blood systems and the
signaling mechanism involved. We generated heat maps of
the SpC information for each of the proteins of these enriched
functional groups to visually identify differences in their ex-
pression between TC and EC (Figs. 2D–2G). Although many
proteins were expressed in common, there were some key
differences in expression in each group.

Proteins of interest were Pnpla6, Rapgef1 and Lepr, which
are all detected uniquely in TC (Fig. 2E). Rapgef1 is involved in
regulation of Fgf signaling (37) and its expression implies a
unique role in the trophoblast, although Fgf signaling is also
involved in some aspects of endothelial development (38). In

contrast, Eng, Psen1, Ppap2b, Reck, and Cav1 were all de-
tected uniquely in EC (Fig. 2E). Eng is involved in artery versus
vein specification of endothelial cells (39). However, human
data indicates ENG protein is expressed in the TC (www.pro-
teinatlas.org/ENSG00000106991/normal/placenta), but pub-
lished mouse data supports EC only expression (40) and this
is in accord with our current proteomics results. The unique
expression of Lepr (34) in TC and Cav1 (41) in EC, has been
previously observed in the human placenta.

In the subset of receptor tyrosine kinase signaling pathway-
enriched proteins, we observed Cam1, Frs2 and Rapgef1 in
TC and Igfr1, EphB4 and Tek uniquely in the EC (Fig. 2D). As
noted above, Rapgef1 (37) is involved in Fgf signaling, as is
Frs2 (42). The presence of both proteins uniquely at the TC
surface highlights a potentially stronger role of Fgf signaling in
trophoblast development at this developmental stage. Cam1
is involved in Egfr recycling and Egfr has previously been
noted at the trophoblast surface (14). EphB4 is involved in
artery versus vein differentiation (39, 43) and similar to Eng
was found only in the EC.

We noted enrichment for the functional terms endocytosis
and exocytosis (Figs. 2F, 2G). These processes play impor-
tant roles in transport of products from blood plasma into cells
and the secretion of factors from cells into blood plasma. Of
interest is the unique detection of Lrp8 (Apoer2) and Vldlr in
the TC (Fig. 2F). These two proteins are independent recep-
tors for the extracellular protein Reelin (44). This suggests a
role for the Reelin signaling pathway in TC although no pla-
cental phenotype has been described in either the Reelin,
Lrp8 or Vldlr mouse mutants (45, 46). Lrp8 (Apoer2) and Vldlr
are also involved in very low-density lipoprotein endocytosis
(47) and triglyceride homeostasis (46). Scrib (Scribbled) was
uniquely detected on EC cells (Fig. 2F) where it is important
for maintenance of planar cell polarity (48).

In summary, shotgun proteomics in combination with com-
putational machine-learning algorithms resulted in the assign-
ment of 1181 proteins to the plasma membrane compartment
of the mouse placental blood-tissue interfaces. Comprehen-
sive analysis of both blood-tissue surfaces enabled us to
distinguish the TC (i.e. maternal) and the EC (i.e. fetal) sur-
faces, based on the expression of identified plasma mem-
brane proteins. This has revealed differences in the cell po-
larity organization, signaling pathways (Egfr, Fgf) as well as
functional differences in the transport of nutrients (Vldlr and
Lrp8). This resource will be of future use in the delineation of
the functional similarities and differences between these two
important cell types involved in blood transport and nutrient
exchange.

Validation of Markers of the Maternal Blood-Trophoblast
Tissue Interface—There are currently few published markers
of the placental trophoblast. Using our extensive mouse pro-
teomics data we directly addressed this shortcoming and
identified a panel of 171 proteins enriched at the TC interface
(Fig. 2A). We translated our mouse model findings to human
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biology using immunohistochemistry (IHC) available the Hu-
man Protein Atlas (13). As shown in Fig. 3A, 41% (70/171
proteins) had an antibody available at Human Protein Atlas
(version: June 2010). Next, we downloaded all placental IHC
images associated with these proteins and evaluated their
histological expression. Antibodies were scored according to
four categories: “strongest staining in the fetal trophoblast
cells ” (TC � EC), “staining equally strong in endothelium and
trophoblast cells ” (TC � EC), “staining stronger in the fetal
endothelium ” (TC � EC), or “no staining observed ” (Fig. 3B).
For proteins with available IHC placental images, �70% could
be validated in humans with a similar differential expression
pattern between the EC and trophoblast compartments. This
was considered an excellent correspondence given differ-
ences in methods and species. There are notable caveats to
this approach because antibody staining can be nonspecific,
possibly because of high expression of Fc receptor in the
syncytial trophoblast. However, a similar correspondence
(70%) was obtained in our recent direct organellar proteomics
comparison of human villus and mouse labyrinth tissues (14),
which suggested that the 70% concordance observed be-
tween mass spectrometry and IHC images is highly signifi-
cant. As examples we present the IHC results from Human
Protein Atlas for the trophoblast enriched genes ALG5,
SLC39A14, and TGM1 and EC enriched genes ACE, ICAM1,
and GNG2 (Fig. 3C). In our study we also identified GPR50 as
a novel TC marker and show specific expression in the TC

using IHC staining (supplemental Fig. S2). Thus the mouse
and human show a high concordance in expression between
our mouse proteomic data and the human IHC images form
the Human Protein Atlas database.

Molecular Models of Preeclampsia—Toward our second
goal of identifying patient subgroups we use this dataset of
171 TC enriched genes as our starting point. The TC is be-
lieved to be the source of factors that impair maternal EC
function in PE (10). We therefore hypothesized that molecular
heterogeneity in TC may directly correlate with different etiol-
ogies or subgroups of PE. To examine this, we selected a
microarray cohort study of PE (n � 16) and normal placentas
(n � 22) (49). This provided a relatively large number of
patients with severe PE pathologies, all analyzed on a single
array platform and performed by the same group. As men-
tioned in the introduction, mRNA may not predict protein
expression therefore we linked our mouse protein data to the
human microarray via a table of orthologs (www.ensembl.org;
data not shown) to establish a set of microarray probes that
had supporting evidence for protein expression.

With this translated and integrated data in hand we set out
to assess if there are different molecular groups in this phe-
notypically similar set of human PE patients. We could link the
171 TC enriched mouse plasma membrane proteins to 143
probes on the human array. We applied an expectation max-
imization (EM) clustering method to build data models ranging
from 1 to 9 patient clusters using 143 high confidence TC

FIG. 3. Immunohistochemistry vali-
dation of mass spectrometry-based
proteomics data using the Human
Protein Atlas database. A, Availability
of antibodies in the Human Protein Atlas
for 171 trophoblast enriched plasma
membrane proteins identified in the
mouse placenta. B, Systematic scoring
results from all IHC images available at
the Human Protein Atlas. Images were
scored as “strongest staining in the fetal
trophoblast” (TC�EC), “staining equally
in the endothelium and trophoblast
cells” (EC � TC), “no staining observed”
or “staining stronger in the fetal endothe-
lium” (TC�EC). C) Representative im-
ages from Human Protein Atlas (Protein-
Atlas.org) for proteins enriched to either
the trophoblast (ALG5, SLC39A14,
TGM1) or endothelial (ACE, ICAM1,
GNG2) cells.
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FIG. 4. Classification of human PE patient mRNA expression data into molecular-based subgroups. A, Plot of Bayesian Information
Criterion (BIC) scores versus models with increasing numbers of subgroups using gene expression data of human preeclamptic placentas (49)
based on 143 trophoblast enriched proteins. B, Strip chart of BIC scores for the optimal model solution for the 143 trophoblast enriched
proteins (red filled square) and 1150 random draws of 143 probes (black open squares) and the top 143 differentially regulated probes on the
arrays (blue filled square). C, 3D plot of first three principal components of patient samples colored based on their subgroup membership (1
is red, 2 is blue and 3 is green). Plot shows strong segregation between subgroups and clustering within subgroups. D, Venn diagram of the
overlap of differentially regulated genes in each group. Of note is the higher degree of overlap between groups 1 and 3. E, Strip charts of the
microarray probe signal for individual patient samples showing four known markers of PE (FLT1, ENG, PAPPA2, ADAM12). Note that in each
case the samples in subgroup 2 have a signal that is in the range of the controls. Subgroups 1 and 3 have a mean expression that is significantly
higher (p � 0.01) than controls for all PE markers, whereas for subgroup 2 these markers are not significantly different than controls.
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enriched probes (see Experimental Procedures). We calculated
the Bayesian Information Criterion (BIC) to estimate the fit of
each of the nine models and found that a model with 3 clusters
was optimal (Fig. 4A). This three-cluster model had a signifi-
cantly better (p � 0.001) fit as determined by BIC score (Fig. 4B,
red square) than models generated from a random draw of 143
probes (n � 1100; Fig. 4B, black squares) or the selection of the
top 143 differentially regulated probes between all samples (Fig.
4B, light blue square). The latter comparison is critical as it
validates our assumption that focusing on the TC cells lead to
robust modeling of PE subgroups. Similar data could not be
obtained when using data from multiple cell types of the pla-
centa, such as in the published microarray study (49). A three-
dimensional plot of a principal component analysis of the top
model for the patient samples shows good separation of the
three identified subgroups (Fig. 4C).

We next applied the patient model classification to the
entire microarray data set (�18,000 probes) and used linear
mixed models (27) to assess the differences in gene expres-
sion between the patient subgroups and the controls (see
Experimental Procedures). Greater than 50% of genes with
significantly different expression in a subgroup compared
with controls were also uniquely enriched to a single sub-
group (Fig. 4D).

Finally, we assessed the genes that were unique and in
common to the three subgroups. First we compared expres-
sion levels of the known PE markers (50). Of those on the array
FLT1, ENG, APPAP2, and ADAM12 all showed significant
change (p � 0.01) in expression in subgroups 1 and 3. Sub-
group 2 did not have significantly different expression in these
known PE markers compared with the controls (Fig. 4E).
Clearly subgroup 2 represents a unique patho-physiology of
PE. To assess these differences, we calculated enrichment of
Gene Ontology terms, KEGG pathways and mouse mutant
phenotypes in each subgroup using the Bingo plug-in for
Cytoscape (see Experimental Procedures) (29, 30).

Results showed that each subgroup had many unique func-
tional enrichment categories, and unique associations with
mouse mutant phenotypes (Table I). Subgroup 1 has dis-
regulation of genes involved in angiogenesis (Fig. 5B), vascu-
lar morphology, and development, VEGFR signaling, Jak-
STAT signaling and regulation of the circulating levels of
estrogen and progesterone. Subgroup 2 is enriched in genes
with roles in actin binding, actin regulation, and signaling
pathways of PDGF, MAPK (Fig. 5B), and TGF-beta signaling.
Subgroup 3 is enriched for genes involved in both peptide and
steroid hormone biosynthesis and metabolism (Fig. 5B). Of
additional interest was the enrichment of phenotype terms

TABLE I
Selected functionally related gene sets with enrichment (p � 0.05, FDR corrected) to one or more PE patient subgroups. Blank cell is a p value

of �0.05

Term Subgroup 1 Subgroup 2 Subgroup 3

Gene Ontology
Angiogenesis 0.0002
Blood vessel morphogenesis 0.0002
Regulation of vascular endothelial growth factor

receptor signaling pathway
0.0000

Morphogenesis of a branching structure 0.0003
Circulatory system development 0.0003 0.0003
Platelet-derived growth factor binding 0.0003
Actin binding 0.0004
Hormone biosynthetic process 0.0000
Hormone metabolic process 0.0000
Regulation of hormone levels 0.0000

KEGG
Cytokine-cytokine receptor interaction 0.0032
Hedgehog signaling pathway 0.0140
Jak-STAT signaling pathway 0.0456
Regulation of actin cytoskeleton 0.0004
MAPK signaling pathway 0.0080
TGF-beta signaling pathway 0.0239 0.0354
Steroid hormone biosynthesis 0.0071
Galactose metabolism 0.0201
Glutathione metabolism 0.0227
Arachidonic acid metabolism 0.0367

Mouse Mutant Phenotypes (MGI)
Abnormal placenta morphology 0.0006
Abnormal placenta vasculature 0.0020
Abnormal placenta labyrinth vasculature morphology 0.0036
Increased trophoblast giant cell number 0.0006
Abnormal cardiovascular system morphology 0.0000 0.0000 0.0000
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FIG. 5. Differential enrichment of gene functional categories among human PE subgroups. A, Distribution of the 94 genes
deregulated in the PE patient mRNA expression dataset annotated with the mouse mutant phenotype term abnormal cardiovascular
systems morphology. Fewer than 30% show overlap with at least one other patient group although each group was independently
assessed as enriched in this functional category. This suggests different molecular pathways are affected in each subgroup leading to a
similar phenotypic outcome. B, Specific functional categories are enriched in each subgroup. Heat maps show similar expression for some
members of each category across PE subgroups, but the majorities are uniquely deregulated in a single subgroup. Red intensity is
increasing and blue is decreasing fold change of a subgroup versus controls. Numbers in the individual cells of the heat map indicate if
the observed change is significant at a FDR corrected p value � 0.05: �1 significantly down-regulated, 0 no significance and 1 significantly
up-regulated.
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involving abnormal placenta vasculature in subgroup 2. This
may indicate that reassessment of these mouse mutant mod-
els may be warranted to identify PE like phenotypes.

Interestingly even when functional terms were in common,
they had low levels of overlap in the specific genes affected
within these terms. For example, of the 94 genes annotated to
the mutant phenotype term Abnormal cardiovascular system
morphology (Table I; Fig. 5A) 69% were misexpressed
uniquely by one subgroup, 20% by subgroups 1 and 3, 6% by
subgroups 2 and 3 and 5% by all three subgroups. This
indicates that each group has alterations in a largely unique
underlying set of genes anticipated to lead to Abnormal car-
diovascular system morphology. A similar situation was ob-
served for other functional enrichment categories (Table I).
Thus even when a functional term was found to be enriched to
more than one subgroup the associated deregulated genes
were largely unique to each subgroup.

Protein extracts were prepared for Western blotting from
human placental samples obtained at similar gestational ag-
es; 10 PE, 21 with PE and IUGR, and 10 controls
(supplemental Table S8). For our initial validation, we chose
GNA12 because this protein had higher expression in subgroup
2 versus controls, whereas subgroups 1 and 3 showed no
significant difference compared with controls. GNA12 and its
mouse homologue Gna12 are expressed at the maternal blood-
trophoblast tissue interface in both species (Human Protein
Atlas and current study) and it has an available antibody that
was highly rated for Western blotting (Human Protein Atlas). As
a control we also tested the expression of the G-coupled protein
receptor GPR50, which was identified in our study as a novel
trophoblast membrane protein but did not show significant
change in expression in any PE subgroup.

Boxplots of the signal intensity of protein expression for PE,
mixed PE pathology and control placentas showed that the
abnormal samples had significantly higher levels of GNA12
expression compared with controls (Figs. 6A) (p � 0.05; Wil-
coxson test). The control protein GPR50 did not show signif-
icant differences in expression (Fig. 6B and supple-
mental Fig. S3).

We generated a correlation matrix of the expression of
GNA12 and GPR50 by Western blot versus clinical measure-
ments of the mother and fetus, as well as detailed placental
pathology and co-morbidity data for the mothers (Fig. 6C). We
noted that there was a correlation between the level of GNA12
expression and the presence of chronic hypertension (CHTN)
in the mothers (Figs. 6C; Pearson � 0.55, p � 0.001). There
was also a correlation between GNA12 and abnormal umbil-
ical artery Doppler wave-forms in the fetus, however this
correlation was because of the much stronger association of
abnormal umbilical Doppler with PE as only 4/24 PE cases
had normal umbilical Dopplers reported. A strip chart of indi-
vidual sample values for GNA12 (Fig. 6D) shows that PE
samples with CHTN (Fig. 6D, red triangles) have higher levels
of GNA12 expression (p � 0.01) versus PE samples without

CHTN (Fig. 6D, black squares). GPR50, which was used as a
control for these experiments, had no significant associations
(Fig. 6E). We observed that there are several samples without
CHTN that also show a high level of GNA12 expression similar
to those with CHTN. It is important to note that the data of
Sitras et al. (49), from which we built our model, specifically
excluded patients with CHTN from their study. Our data would
suggest that it may be difficult to accurately assess CHTN or
that many women with CHTN are undiagnosed prior to enter-
ing into prenatal care of an OBGYN or midwife.

DISCUSSION

Patient classification is critical for prognosis and for design-
ing diagnostic and treatment regimes. However, to date pre-
eclampsia studies have sought sensitive and specific molec-
ular markers to predict later onset of disease rather than
focusing on markers for patient classification. In the current
study, we successfully subclassify PE patients into three dis-
tinct patient subgroups, each with a strongly unique molecu-
lar difference. We did this using a translational analysis inte-
grating TC enriched proteins identified in mice with microarray
data from human PE placentas. Selecting microarray probes
based on protein enrichment in TC was critical for successful
classification and it out-performed selecting probes based on
high differential mRNA expression in PE samples. Our trans-
lational analysis successfully identified distinct molecular sub-
groups of PE patients in a published microarray data set. By
focusing our microarray data analysis on proteins significantly
enriched at the TC surface, we focused our analysis on the
putative primary source of disease in PE, the trophoblast and
effectively only included microarray probes validated at the
level of protein expression. Numerous genes are regulated by
post-transcriptional and post-translational mechanisms and
as such the array signal for the mRNA may not directly cor-
relate with protein expression levels (17, 51, 52).

Using this novel analysis strategy, we identified three PE
subgroups that contained numerous genes not previously
linked to this disease. Previous studies may have missed
these genes because prior microarray analysis of gene ex-
pression in PE has assumed that all patients with similar
clinical signs have similar molecular pathologies. We show for
the first time that this assumption is incorrect. This was even
true for PE patients that had similar deregulated expression
of know PE markers. Interestingly, even for functional terms
enriched to two or all three subgroups, there was low over-
lap of the associated deregulated genes, indicating that
different molecular pathologies lead to similar systemic
phenotypes (i.e. abnormal placenta or cardiovascular sys-
tem morphology).

An important aspect of the current work was the creation of
a large resource of proteins expressed in common between
mouse and human at the trophoblast maternal blood inter-
face. Using Human Protein Atlas, we found that �70% of
proteins identified as preferentially expressed at the maternal
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blood-trophoblast interface in mouse also showed preferen-
tial expression at this interface in humans. This high correla-
tion was observed despite differences in methods, species,
and anatomy of the trophoblast interface (31, 53). Knowledge
of mouse-human similarities at this interface is important for
creation of clinically-relevant mouse models of PE. There are
over 200 genes with a placental phenotype when deleted in
mice (MGI). These include seven genes involved in human
placental pathologies (OMIM), which we have observed with

conserved placental expression between humans and mice in
a previous study (14). We note that we observed many human
homologues of mouse genes associated with mouse placen-
tal phenotypes enriched in specific patient subgroups (Table
I). These mouse models are good candidates for re-evalua-
tion, to seek PE-like phenotypes. As well, generation of novel
gain of function mouse mutants targeting the many genes
identified here may reveal PE-like phenotypes and novel dis-
ease models.

FIG. 6. Correlation of GNA12 expression with human PE and chronic hypertension. A–B, Box plot representation of densitometry
readings from Western blot results for two selected trophoblast surface markers identified in the current study versus the patient groups:
Control, IUGR-preeclampsia (Mixed) and preeclampsia without IUGR (PE). Statistical differences between groups were calculated using the
Wilcoxson test for nonparametric data. Significant differences between controls and either Mixed or PE patients were observed for GNA12.
A control protein GPR50, for which we did not observe any significant difference by microarray, had no significant difference by proteins. p
values are reported at the 95% confidence level. C, Pair wise correlation plot of GNA12 and GPR50 protein expression and mother/fetus/child
clinical data showing significant correlation of GNA12 with chronic hypertension (CHTN; green box bottom row on right). Also of note is the
correlation with other signs of PE such as abnormal umbilical Doppler (green box bottom row on left). D–E, strip chart of GNA12 and GPR50
protein expression of individual patients colored by presence of (red triangles) or absence (black boxes) of chronic hypertension. GNA12
expression was statistically higher in the chronic hypertension group (p � 0.05) versus the non-chronic hypertension group in either the mixed
or PE groups. None of the controls had chronic hypertension.
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Analysis of these three subgroups differed in genes misex-
pressed within specific GO, KEGG and Mouse Mutant Phe-
notype categories. For example, enrichment of altered angio-
genesis genes in subgroup 1, MAPK signaling and vascular
morphology in subgroup 2 and hormone synthesis and metab-
olism in subgroup 3. Yet all patients were clinically classified as
severe preeclamptic. We infer that different molecular etiologies
can elicit similar preeclampsia signs in humans as observed
previously in animal models of this disease. Our findings further
support this concept of divergent molecular etiologies causing
similar disease phenotypes that within the enriched gene cate-
gory of abnormal cardiovascular system morphology, common
to all subgroups, there was little overlap of the specific genes
affected in the three observed PE subgroups.

The combination of TC-enriched surface proteins with hu-
man PE gene expression data suggested GNA12 as a marker
for PE subgroup 2. When we examined GNA12 protein ex-
pression in an independent human cohort, we found signifi-
cantly increased expression at the protein level, specifically
within a subset of PE patients with chronic hypertension
(CHTN). Interestingly, we observed a higher percentage of PE
patients with high GNA12 protein expression in our indepen-
dent cohort than in the microarray study of Sitras et al. (49).
This is likely because of our inclusion of chronic hypertension
patients whereas the previous study had attempted to ex-
clude them. However like the study of Sitras et al. (49), we
found several PE cases with high levels of GNA12 but no
reported CHTN in their records. Possibly, CHTN existed but
was not indicated in the clinical record. Alternatively, factors
other than CHTN may also elevate expression of this gene in
the placenta in PE. The reduced incidence of GNA12 elevation
in Sitras et al. (49) may also be because increased GNA12
protein may be caused by other means than increased mRNA
expression. Future studies examining both protein and mRNA
expression of GNA12 in PE placentas would be necessary to
resolve this issue.

A role for GNA12 in the placenta, or its relationship to PE,
has not been previously reported. GNA12 is a guanine nucle-
otide-binding protein (G protein), an important class of regu-
latory molecules that signal via transmembrane receptors
(www.uniprot.org). GNA12 has been implicated in many bio-
logical processes including blood pressure regulation (54), as
GNA12/GNA13 double knockout mice have a hypotensive
phenotype (54). We infer that increased GNA12 expression
may be associated with hypertensive phenotype but this re-
mains to be shown. It is interesting that GNA12 expressed in
fetal-derived trophoblast correlated with a maternal pre-preg-
nancy disorder. It remains to be seen if the increased level of
GNA12 is a predictor or a result of CHTN in the mother. This
maybe explained by two possibilities, one the increased pla-
cental GNA12 generates or is a result of a signal feedback
between the maternal cardiovascular system and placenta
trophoblast. A second possibility is that shedding of mem-
brane vesicles from the trophoblast into the maternal blood

may contain activated GNA12 signaling complexes that fuse
with endothelial cells thus activating the pathway.

In future research it will be interesting to determine whether
the 3 PE subgroups identified here on the basis of placental
gene expression can be identified using blood biomarkers.
Higher rates of trophoblast shedding are observed in PE as
compared with normal pregnancies (11, 55). Trophoblast
plasma membrane proteins shed into the maternal blood sys-
tem may provide useful biomarkers. These vesicles can con-
tain mRNA and miRNAs (11, 56), thus misexpressed genes
identified here in placental tissue may be measured in vesicles
isolated from maternal blood. Our observation of altered ex-
pression of four enzymes involved in steroid hormone biosyn-
thesis (CYP11A1, HSD17B1, CYP11B2, and HSD11B1) in
subgroup 3 would be interesting to study in more detail given
that lower circulating levels of 17-beta-estradiol are observed
in some preeclampsia patients (57). An important next step
will be to devise methods to classify PE patients with different
placental molecular pathologies using blood biomarkers or
other clinically applicable approaches.

In summary, this study suggests different molecular pathol-
ogy in the placenta can cause similar clinical phenotypes in
the mother. This may explain why large linkage analysis stud-
ies have shown conflicting loci between studies and have not
revealed many new biomarker candidates to date (50). Fur-
thermore, diversity in PE etiology may explain the general
failure of two large controlled clinical treatment trials (56, 58).
We have also shown that different molecular pathologies can
be used to classify patients with PE. We predict that, as in
cancer, such classification will prove valuable for defining
prognosis, and for individualizing diagnostic and treatment
regimes. Our results show that there is a strong similarity
between the mouse and human trophoblast surface pro-
teome. This suggests that it may be possible to generate
mouse models of the three identified human subgroups of PE.
The mouse models may be useful in longitudinal studies to
identify candidate blood biomarkers for human PE, similar to
a recent strategy in prostate cancer biomarker discovery (59),
as well as serving as models to study disease progression,
understand mechanisms and test new therapies. Ultimately,
knowledge of the unique proteins at the interface between
maternal blood and fetal trophoblast reported here will help
propel discovery of novel biomarkers to stratify disease by
etiology, and may lead to novel targeted treatments based on
a greater understanding of the molecular basis of placental
pathology in this common and life-threatening disease of
pregnancy.
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