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Placenta‑derived proteins across gestation 
in healthy pregnancies—a novel approach 
to assess placental function?
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Abstract 

Background:  Placenta-derived proteins in the systemic maternal circulation are suggested as potential biomarkers 
for placental function. However, the identity and longitudinal patterns of such proteins are largely unknown due to 
the inaccessibility of the human placenta and limitations in assay technologies. We aimed to identify proteins derived 
from and taken up by the placenta in the maternal circulation. Furthermore, we aimed to describe the longitudinal 
patterns across gestation of placenta-derived proteins as well as identify placenta-derived proteins that can serve as 
reference curves for placental function.

Methods:  We analyzed proteins in plasma samples collected in two cohorts using the Somalogic 5000-plex plat‑
form. Antecubital vein samples were collected at three time points (gestational weeks 14–16, 22–24, and 30–32) 
across gestation in 70 healthy pregnancies in the longitudinal STORK cohort. In the cross sectional 4-vessel cohort, 
blood samples were collected simultaneously from the maternal antecubital vein (AV), radial artery (RA), and uterine 
vein (UV) during cesarean section in 75 healthy pregnancies. Placenta-derived proteins and proteins taken up by the 
placenta were identified using venoarterial differences (UV-RA). Placenta-derived proteins were defined as placenta-
specific by comparison to the venoarterial difference in the antecubital vein-radial artery (AV-RA). These proteins were 
described longitudinally based on the STORK cohort samples using a linear mixed effects model per protein. Using a 
machine learning algorithm, we identified placenta-derived proteins that could predict gestational age, meaning that 
they closely tracked gestation, and were potential read-outs of placental function.

Results:  Among the nearly 5000 measured proteins, we identified 256 placenta-derived proteins and 101 proteins 
taken up by the placenta (FDR < 0.05). Among the 256 placenta-derived proteins released to maternal circulation, 101 
proteins were defined as placenta-specific. These proteins formed two clusters with distinct developmental patterns 
across gestation. We identified five placenta-derived proteins that closely tracked gestational age when measured in 
the systemic maternal circulation, termed a “placental proteomic clock.”
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Background
A well-functioning, healthy placenta is necessary for a 
successful pregnancy. In healthy pregnancies, the pla-
centa produces and releases hormones and other sign-
aling molecules that have major impacts on maternal 
physiology by promoting the endocrine, metabolic, car-
diovascular, and immune changes that occur as an adap-
tation to pregnancy. A dysfunctional placenta, which is 
evident in several of the “great obstetrical syndromes” 
[1], have altered release of substances due to hypoxia, 
oxidative stress, or inflammation [2–4]. This may affect 
the circulating levels of substances, including proteins, in 
the maternal systemic circulation.

Development of minimally invasive approaches to 
monitor placental function across gestation would rep-
resent a paradigm shift in terms of early diagnosis and 
monitoring of placenta-related pregnancy complications, 
as well as provide critical knowledge necessary to develop 
intervention strategies targeting placental function. 
Efforts to test clinical relevance of biochemical markers 
of placental function have not been successful thus far, 
and such studies have only included a very limited num-
ber of placenta-derived proteins (such as human placen-
tal lactogen (hPL), placental growth factor (PGF), and 
pregnancy-associated plasma protein A (PAPP-A)) [5, 6]. 
Thus, no biomarker for placental function is universally 
accepted and implemented in the clinic. Aghaeepour 
et al. suggested the establishment of a proteomic clock of 
healthy pregnancy by use of proteins with precisely timed 
changes across gestation, so that pregnancies with devia-
tions from this proteomic pattern could be identified as 
“at risk” [7]. However, whether the placenta was the ori-
gin of the identified “clock proteins” was unknown.

Placenta-derived biomarkers have been associated with 
disturbance in placental vascularization, metabolism, 
inflammation, and immunological responses observed 
in common pregnancy complications [8, 9]. For exam-
ple, the placenta releases PGF and soluble Fms-like 
tyrosine kinase 1 (sFlt-1) [3]. PGF is important for nor-
mal angiogenesis by promoting proliferation, migration, 
and survival of endothelial cells through binding to the 
transmembrane receptors vascular endothelial growth 
factor receptor 1 (VEGFR 1) and VEGFR 2. The soluble 
VEGFR receptor, sFlt-1, can bind PGF and thus inhibit its 

angiogenic effects. Higher sFlt-1/PGF ratio is associated 
with increased risk of preeclampsia [3, 10, 11]. However, 
the identity and longitudinal pattern of all placenta-
derived proteins in the maternal circulation has not been 
fully explored both due to the inaccessibility of the human 
placenta and technical challenges in measuring large 
numbers of proteins. Thus, it is plausible that currently 
unknown proteins may be identified and are relevant as 
biomarkers for placental function.

The current understanding of which proteins the 
human placenta releases into the maternal circulation is 
largely based on studies of human ex vivo perfusion stud-
ies, placental explants, isolated primary human tropho-
blasts, and immortalized trophoblast cell lines as well as 
indirect evidence showing transient increased levels of 
maternal proteins during pregnancy [12]. According to 
the Human Protein Atlas, transcriptome analysis shows 
that 65% (n = 13074) of all human proteins (n = 20090) 
are expressed in the placenta, and 288 of these genes 
show an elevated expression in the placenta compared 
to other tissue types [13, 14]. These data indicate that the 
placenta, like other tissues, relies on the expression of 
“housekeeping” genes to ensure basic cellular functions 
but that several genes are especially important in the pla-
centa and probably some are “placenta-specific” as their 
expression is enriched. These findings are based on RNA 
sequencing of placental tissue samples (which is a mix-
ture of cell types, trophoblasts, endothelial and immune 
cells) collected at birth. To identify placenta-derived pro-
teins, we used the 4-vessel sampling method, allowing 
blood sample collection from the human placental cir-
culation in vivo [15]. Blood samples are drawn from the 
incoming and outgoing vessels on the maternal (radial 
artery and uterine vein) side of the placenta while in situ 
during elective cesarean section, enabling calculation 
of differences across the maternal arterial and venous 
circulation.

We have previously published exploratory data from 
a pilot study (n = 35) of the 4-vessel cohort using a pre-
vious SomaLogic platform with 1310 protein specific 
aptamers [16]. This study indicated that 34 proteins were 
significantly released into the maternal circulation from 
the placenta. Further analysis of these 34 proteins in a 
small longitudinal cohort (n = 8, measurements at 3 time 

Conclusions:  Together, these data may serve as a first step towards a reference for the healthy placenta-derived 
proteome that can be measured in the systemic maternal circulation and potentially serve as biomarkers of placental 
function. The “placental proteomic clock” represents a novel concept that warrants further investigation. Deviations 
in the proteomic pattern across gestation of such proteomic clock proteins may serve as an indication of placental 
dysfunction.
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points across gestation) showed that the abundance (rel-
ative fluorescence units (RFUs)) of 8 out of 34 proteins 
changed significantly during gestation, including PGF 
which increased with advancing gestation in accordance 
with previous reports.

In this study, we included more participants, used a 
larger proteomic platform, the 5000-multiplex SomaS-
can, and expanded the scope of the analysis. First, we 
aimed to identify placenta-derived proteins and pro-
teins taken up by the placenta on the maternal side using 
in  vivo 4-vessel plasma samples from 75 healthy preg-
nancies. Second, we characterized longitudinal patterns 
of placenta-derived proteins in the maternal circulation 
across gestation using antecubital vein samples from 70 
healthy pregnant women in the prospective, longitudinal 
STORK cohort. Last, we identified placenta-derived pro-
teins in the maternal circulation that tightly track with 
gestational age: a “placental proteomic clock” of healthy 
pregnancy, inspired by the work of Aghaeepour et al. [7]. 
The latter involves a novel concept that may provide a 
basis to assess placental function through repeated blood 
samples and measurement of placenta-derived proteins 
across gestation.

Methods
Design and study population
Four vessel cohort
The 4-vessel cohort is a cross-sectional study of healthy, 
non-smoking pregnant women with uncomplicated sin-
gleton pregnancies scheduled for elective cesarean sec-
tion at Oslo University Hospital, Rikshospitalet, between 
October 2012 and June 2016. Pre-labor cesarean deliv-
ery was performed under spinal anesthesia. We sampled 
from the maternal radial artery, antecubital vein, and 
uterine vein on the anterolateral surface of the uterus 
immediately before uterine incision. After delivery of the 
infant and before detachment of the placenta, we col-
lected blood samples from the umbilical artery and vein. 
In this study, we focus only on maternal samples. All 
blood samples were immediately transferred to EDTA 
vacutainers, kept on ice, centrifuged within 30 min (6 °C, 
2500g, 20 min), and stored at − 80 °C. The method has 
been described in detail elsewhere [15].

We applied Liu and Hwang’s “quick calculation for 
sample size” [17] and corresponding R package [18] to 
estimate the required sample size to achieve at least 80% 
statistical power for large-scale screening to identify pro-
teins with non-zero log2 RFU maternal venoarterial dif-
ferences (|UV - RA|) by paired t-tests, while adjusting 
for multiple testing by controlling the false discovery rate 
at a fixed level 0.1. We estimated the expected distribu-
tions of the |UV - RA| values from the pilot study [16] 
and found that a sample size of 75 achieves the required 

power, assuming that the proportion of differential pro-
teins is at least 5%.

Consequently, proteomic analysis was performed on 
a subsample of 75 out of 179 recruited healthy women 
(based on complete collected data according to the 
study protocol: (i) plasma from 5 vessels, (ii) ultrasound 
measures on the maternal side of placenta, (iii) placen-
tal homogenate, (iv) fetal ultrasound data, and (v) new-
born caliper data collected at birth, in ranked order) 
[19]. Among the 75 participants in the current study, 
28 women were included in the pilot study since these 
women were among the participants with most complete 
data. Due to practical challenges and time constrains, 
some samples (from some of the vessels) were not col-
lected (Additional file 1: Table S1).

STORK cohort
The prospective, longitudinal STORK cohort recruited 
1031 healthy women at Oslo University Hospital, Rik-
shospitalet, with uncomplicated singleton pregnancies 
during the first trimester of pregnancy between 2002 and 
2008. Details about inclusion and study design have pre-
viously been published [20]. Exclusion criteria were mul-
tiple pregnancies, known pre-gestational diabetes, and 
severe chronic disease (lung, cardiac, gastrointestinal or 
renal). Proteomic analysis was performed on antecubital 
vein plasma samples obtained at three time points across 
gestation (gestational weeks 12–18, 21–26, and 29–33) in 
a random subsample of 70 healthy women.

Protein quantification by SomaLogic
Four-thousand-nine-hundred-seventy nine (4979) 
unique SOMAmer reagents (aptamers) were used to 
quantify proteins in 4-vessel and STORK plasma samples 
with a microarray-based platform called SomaScan assay 
version 4.0. The SomaScan assay is widely employed 
in high impact human proteomics studies [21–23]. In 
brief, EDTA-plasma was mixed with aptamers, and only 
aptamer- and protein–complexes with specific bind-
ings were left in the dilution after several elution steps. 
Aptamers from these complexes were then isolated and 
added to microarrays where they hybridize to specific 
probes. Hybridized probes give a fluorescence signal and 
the total fluorescence signal per aptamer-specific probe 
results in the relative fluorescence units per protein [24]. 
Calibrators were included so that the degree of fluores-
cence represented a relative quantitative reflection of 
protein concentration measured in relative fluorescent 
units (RFU). See Additional file 1: S1.1 for more details. 
Samples were randomly allocated across 10 plates, while 
ensuring that samples from one individual were analyzed 
on the same plate to minimize intra-comparison vari-
ation. To account for variability in different steps in the 
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SomaScan process, SomaLogic performed standard data 
normalization procedures. However, we did not include 
normalization based on SomaLogic’s biological reference 
population (“Adaptive Normalization by Maximum Like-
lihood”) because our pregnant Scandinavian women are 
expected to deviate from the American general popula-
tion. After excluding proteins that did not pass Soma-
Logic’s quality control, we used 4564 proteins in further 
analyses, of which 3008 were expressed in the placenta 
according to the Human Protein Atlas [14]. Median intra- 
and interassay coefficients of variation were ~5% [25], 
and assay sensitivity was comparable to typical immuno-
assays, with a median lower limit of detection in the fem-
tomolar (10−15 moles per liter) range [22].

Statistical analyses
Preprocessing and description of samples
Data processing and analyses where performed in R 
version 4.1.1 [26] and IBM SPSS Statistics version 26 
[27]. All RFU values were log2 transformed to mini-
mize any deviation from normal distribution. Extreme 
outlier proteins among STORK samples (proteins with 
mean abundance across the three time points above 

the 98th quantile) were subjected to winsorization, i.e., 
shifted so that the mean across the time points corre-
sponded to the 98th quantile. In this way, the extremes 
were reduced without removing the dynamic changes 
in protein abundance pattern across gestation. One 
participant’s samples showed an un-typical distribu-
tion of RFU values across all proteins, and we therefore 
excluded these.

Identification of proteins released and taken up by placenta
To identify proteins as released or taken up by the pla-
centa, we used paired t-tests between the uterine vein 
and radial artery (UV - RA) (Fig. 1A)1. A positive venoar-
terial log2 RFU difference on the maternal side of the 
placenta indicated placental release of proteins, whereas 
a negative venoarterial log2 RFU difference indicated 
uptake by the placenta (Table 1).

Fig. 1  The four main aspects of our analysis (A–D). A Using paired t-tests, we compared levels/abundance (log2 RFUs) of proteins between the 
uterine vein (UV) and radial artery (RA) in 4-vessel samples to define placental uptake and release on the maternal side of the placenta. B A machine 
learning algorithm (the variable selector elastic net with stability selection) identified placenta-derived proteins that can predict gestational age, 
a “placental proteomic clock.” C We performed another set of comparisons to define placenta-specific released proteins (AV = antecubital vein). D 
Placenta-specific released proteins (based on C) were further characterized by the gestational changes in maternal protein levels (log2 RFU) using 
samples from the STORK cohort. Created with BioRe​nder.​com

1  Script can be found at https://​github.​com/​trond​mic/​Omics_​in_​pregn​ancy_​
OUS/​blob/​main/​Prote​omics_​healt​hy_​place​nta/​Prote​ins_​relea​sed_​and_​taken_​
up.R

http://biorender.com
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Proteins_released_and_taken_up.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Proteins_released_and_taken_up.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Proteins_released_and_taken_up.R
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Results were transformed from log2 RFU differences to 
percentage higher RFU in vein compared to artery for read-
ability, see Equation 1. False discovery rate (FDR) was con-
trolled by the method of Benjamini-Hochberg [28], and we 
inspected p-value histograms to diagnose experimental bias 
and false positives (Additional file 1: S1.2, and Fig. S1).

Median normalization of differences in protein abundance
There is evidence of a change in plasma water content 
from the uterine artery to the uterine vein due to a net 
movement of water from the mother to the fetus [29]. 
Thus, the protein concentration in the vessels with less 
water will be higher than vessels with more water. To 
account for possible biases between veins and arter-
ies, mainly due to this “water shift,” we normalized 
the venoarterial differences across pairs of vessels per 
participant with median normalization2. Median nor-
malization [30, 31] is based on the assumption that the 
majority of proteins are not taken up or released by 
the placenta, meaning that levels (log2 RFUs) of most 
proteins are similar in the arteries and the veins and 
that any bias affects all protein log2 RFU differences in 
each sample similarly.

Placenta‑specific released proteins
Proteins with significantly higher positive venoarterial 
difference in the placenta as compared to the systemic 
circulation are defined as “placenta-specific released 
proteins” (Fig.  1C). The venoarterial difference in the 
arm was considered a proxy for any systemic venoar-
terial difference in the mother. To narrow in on pro-
teins with specific relevance as placental proteins, 
we performed another set of t-tests comparing the 
venoarterial log2 RFU difference in the placenta (uter-
ine vein-radial artery) with the arm (antecubital vein – 
radial artery) (see Additional file  1: S1.3 and Table  S2 

(1)
(

mean
(

2log2 RFU differences protein i
)

− 1
)

∗ 100 = %higher RFU in vein than artery

for detailed explanation). Proteins were defined as 
“placenta-specific released proteins” if they had statisti-
cally significant higher positive venoarterial log2 RFU 
difference in the placenta as compared to the arm or if 
the log2 RFU difference in the arm was negative or not 
significantly different from zero3.

Gene ontology enrichment analysis of placenta‑specific 
released proteins
We performed gene ontology (GO) enrichment analy-
sis using R-package clusterProfiler version 4.2.2 among 
the placenta-specific released proteins (101 proteins) 
[32]4. The enrichment analysis used was a competi-
tive overrepresentation analysis performed on the list of 
placenta-specific released proteins against a background 
list including all proteins on the Somascan platform. We 
present results for human GO biological processes with 
FDR-adjusted p-value below 0.05 and a RichFactor above 
0.15 to improve readability. RichFactor is the number of 
placenta-specific released proteins mapping to GO term/
number of proteins measured by SOMAscan (back-
ground list) within the GO term.

Placenta‑specific released proteins across gestation 
in the maternal circulation
Placenta-specific released proteins were described longi-
tudinally based on antecubital vein samples collected in 
the prospective STORK cohort using linear mixed effects 
models per protein3. We modeled gestational age by cubic 
polynomial B-splines functions with the splines R pack-
age [26], and we included these functions as fixed effects 
in the model together with a fixed intercept. In addition, 
we included a random intercept for each participant. The 
mixed models predicted a mean curve per protein and we 

Table 1  Criteria for defining protein released or taken up by the placenta on maternal side

UV uterine vein, RA radial artery

Definition of class Type of statistical test per protein Criteria per test

Placental release Two-sided paired t-test for H0:
log2(RFUUV) −  log 2(RFURA) = 0

• FDR-adjusted p-value < 0.05
• t statistic > 0

Placental uptake • FDR-adjusted p-value < 0.05
• t statistic < 0

2  Script can be found at https://​github.​com/​trond​mic/​Omics_​in_​pregn​ancy_​
OUS/​blob/​main/​Prote​omics_​healt​hy_​place​nta/​Median_​norma​lizat​ion.R

3  Script can be found at https://​github.​com/​trond​mic/​Omics_​in_​pregn​ancy_​
OUS/​blob/​main/​Prote​omics_​healt​hy_​place​nta/​Place​nta_​speci​fic_​across_​gesta​
tion.R
4  Script can be found at https://​github.​com/​trond​mic/​Omics_​in_​pregn​
ancy_​OUS/​blob/​main/​Prote​omics_​healt​hy_​place​nta/​GO_​of_​speci​fic_​prote​
ins.R

https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Median_normalization.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Median_normalization.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Placenta_specific_across_gestation.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Placenta_specific_across_gestation.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Placenta_specific_across_gestation.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/GO_of_specific_proteins.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/GO_of_specific_proteins.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/GO_of_specific_proteins.R
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clustered these mean curves using hierarchical clustering 
with complete linkage by Pearson correlations (Fig. 1D). 
The number of clusters were determined using silhouette 
analysis through the cluster R-package version 2.1.0 [33].

Placental proteomic clock
To narrow in on placenta-derived proteins in Fig.  1A 
that could predict gestational age at sampling time point 
in the longitudinal STORK cohort, we used a machine 
learning algorithm (the variable selector; elastic net with 
stability selection (ENSS) through R-package c060 0.2-8 
[34]); see Fig.  1B5. Two thirds of participant samples 
were defined as training cohort and the rest were vali-
dation cohort (1/3), and the clinical variables age, BMI, 
and nulliparity were included in the elastic net models 
as mandatory variables. Due to the dependence between 
repeated measurements, we used leave-one-participant-
out cross validation to obtain prediction performance 

of a linear model including the proteins selected by the 
ENSS in the training cohort. The linear model resulting 
from the selected proteins was defined as a “placental 
proteomic clock.”

Results
Demographics
Seventy-five healthy women from the 4-vessel cohort and 
70 healthy women from the STORK cohort participated 
(Table  2). The 4-vessel cohort participants had a mean 
(standard deviation, SD) age of 36.1 (3.8) years and 87.1% 
had higher education (> 15 years), whereas the STORK 
women had a mean (SD) age of 32.1 (3.6) years and 82.9% 
had higher education.

Proteins released to and taken up from the maternal 
circulation by the placenta
Among the 4565 proteins, 256 proteins were released 
and 101 were taken up on the maternal side of the 
placenta. The results for all 4565 proteins are given in 
Additional file 2: Table S3.

Placental growth factor (PGF) showed a 76% higher 
level in the uterine vein as compared to the radial artery 

Table 2  Demographic and clinical characteristics of the 4-vessel and the STORK cohort

GA gestational age in weeks
a 4-vessel: based on self-reported pre-pregnancy weight and height, STORK: based on measured weight and height at first visit
b First trimester measurement
c 4-vessel: no smoking during pregnancy vs. stopped smoking in first trimester. No women continued smoking once they were aware of their pregnancy, STORK: self-
reported “no smoking during pregnancy” vs. “smoking”
d University college/university education (> 15 years)
e Missing data: 4 vessel cohort: pre-pregnancy BMI n = 72; STORK cohort: GA 1st sampling n = 64, placental weight n = 66

4-vessel (n = 75) STORK (n = 70)

n % Mean (SD) Min Max n % Mean (SD) Min Max

Mothers
  Age (years) 36.0 (3.8) 28.0 44.0 32.1 (3.6) 24 41

  Pre-pregnancy BMIa (kg/m2) 23.7 (4.8)e 17.0 47.6 24.1 (2.9) 18.5 31.1

  Systolic blood pressure (mmHg)b 109.9 (10.7) 90 135 110.0 (9.7) 90 130

  Diastolic blood pressure (mmHg)b 68.1 (8.6) 48.0 83.0 66.3 (8.1) 45 80

  No smoking during pregnancyc 71 94.7 69 98.5

  Higher educationd 66 88.0 58 82.9

  Married/partner 71 94.7 70 100.0

  Nulliparity 17 22.7 35 50.0

  GA, 1st sampling 15.7 (1.2)e 12.1 18.1

  GA, 2nd sampling 23.4 (1.0) 21.6 26.4

  GA, 3rd sampling 31.3 (1.0) 29.4 33.6

Infants
  Sex (boys) 43 57.3 40 57.0

  GA at birth 38.8 (0.6) 37.0 41.0 40.3 (1.2) 37.6 42.6

  Placental weight (g) 617.7 (124.7) 310.0 900.0 699.2 (147.5) e 470 1030

  Birthweight (g) 3579.2 (424.4) 2297.0 4520.0 3549.5 (463.2) 2325 4760

5  Script can be found at https://​github.​com/​trond​mic/​Omics_​in_​pregn​ancy_​
OUS/​blob/​main/​Prote​omics_​healt​hy_​place​nta/​Place​ntal_​prote​omic_​clock.R

https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Placental_proteomic_clock.R
https://github.com/trondmic/Omics_in_pregnancy_OUS/blob/main/Proteomics_healthy_placenta/Placental_proteomic_clock.R
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(Table 3) and was among the ten placenta-released pro-
teins with the smallest FDR adjusted p-values. Also, on 
this list of placenta-derived proteins were pleiotrophin 
(PTN), the Wnt antagonist secreted frizzled-related 
proteins 1 and 3 (SFRP 1 and FRZB), and fatty-acid 
amide hydrolase 2 (FAAH2). Vascular endothelial 
growth factor receptor 1 (interpreted as sFlt-1), quanti-
fied by two SOMAmers, was also released from the pla-
centa to the maternal circulation, with a 33–35% higher 
level in the uterine vein as compared to the radial artery 
(Additional file 2: Table S3).

Among the ten proteins taken up by the placenta 
on the maternal side with the smallest FDR adjusted 
p-values (Table  3), we found the antimicrobial agent 
β-defensin 1 (DEFB1) and parathyroid hormone (PTH) 
with a 14% and 10% lower level in the vein compared 
to the artery, respectively. Among proteins with the 
highest uptake from the maternal circulation to the 
placenta, phosphoglycerate mutase 1 (PGAM1) had 7% 
lower level in the uterine vein as compared to the radial 
artery.

The difference in protein levels between the vein 
and artery indicated higher relative (%) venoarterial 

difference for the proteins released as compared to 
taken up by the placenta.

Placenta‑specific released proteins to the maternal 
circulation
Two-thousand nine-hundred and forty-nine (2149) 
proteins were significantly different (both negative and 
positive) between the antecubital vein and the radial 
artery (arm vessels, proxy for the systemic venoarterial 
difference) (FDR < 0.05). To narrow in on placenta-spe-
cific released proteins, we compared the venoarterial 
differences between the uterine vein-radial artery (pla-
centa) and the antecubital vein–radial artery (the arm) 
(Additional file 1: S1.3 and Table S2 for further explana-
tions). We found 101 placenta-specific released proteins 
(Additional file 2: Table S3). Gene ontology enrichment 
analysis showed that enriched biological processes 
with a richFactor above 0.15 included labyrinthine 
layer morphogenesis, regulation of the WNT pathway, 
regulation of gliogenesis, regulation of coagulation and 
hemostasis, and the vascular endothelial growth factor 
signaling pathway (Fig. 2). The full enrichment result is 
available in Additional file 3: Table S4.

Table 3  Placental release and uptake. The ten proteins with the smallest FDR adjusted p-values

* Paired t-tests of log 2 RFU venoarterial difference using Benjamini-Hochberg false discovery rate

Protein name Entrez gene 
symbol

FDR adjusted 
p-value*

Proteins released by the placenta to the maternal circulation % higher RFU in uterine vein

  Pleiotrophin PTN 7.57E−17 33.68

  Fatty-acid amide hydrolase 2 FAAH2 2.90E−16 97.85

  Secreted frizzled-related protein 3 FRZB 2.90E−16 56.58

  Secreted frizzled-related protein 1 SFRP1 2.90E−16 22.62

  Signal peptide, CUB and EGF-like domain-containing protein 3 SCUBE3 4.08E−16 23.77

  Placenta growth factor PGF 1.17E−15 76.17

  Urokinase-type plasminogen activator PLAU 2.68E−14 55.37

  Tubulin polymerization-promoting protein family member 2 TPPP2 2.49E−13 32.90

  Noggin NOG 2.49E−13 14.44

  Transgelin TAGLN 8.36E−13 38.39

Proteins taken up by the placenta from the maternal circulation % lower RFU in uterine vein

  Beta-defensin 1 DEFB1 3.14E−11 14.51

  Insulin INS 3.06E−07 6.53

  Parathyroid hormone PTH 5.95E−07 9.92

  Urokinase plasminogen activator surface receptor PLAUR​ 2.13E−06 6.19

  Corticotropin-releasing factor-binding protein CRHBP 7.53E−05 5.60

  Trefoil factor 2 TFF2 8.12E−05 5.41

  Vascular endothelial growth factor A, isoform 121 VEGFA 1.11E−04 4.19

  Trefoil factor 1 TFF1 1.89E−04 6.09

  Steroidogenic acute regulatory protein, mitochondrial STAR​ 2.10E−04 6.25

  Complexin-2 CPLX2 2.40E−04 3.05
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Placenta‑specific released proteins across gestation 
in the maternal circulation
The models of longitudinal changes of the 101 placenta-
specific released proteins estimated 101 curves summa-
rizing each protein’s mean development across gestation 
(Additional file  4: Fig. S2). The mean curves were clus-
tered based on Pearson correlation. Silhouette analysis 

indicated that the optimal number of clusters was two 
(Fig. 3A). Figure 3B shows the changes in abundance in 
the maternal circulation across gestation of all proteins 
per cluster after scaling so that all proteins within each 
cluster have the starting log2 RFU at zero.

The largest cluster (cluster 1) consisted of 85 pro-
teins and displayed a steady increase in levels across 

Fig. 2  Gene ontology enrichment analysis of placenta-specific released proteins to the maternal circulation with a richFactor above 0.15
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gestational age. Among proteins in this cluster were PGF, 
FLT1 (interpreted as sFlt-1), FRZB, PTN, TFPI2, and 
FAAH2. These results indicate that the majority of the 
placenta-specific proteins increase with gestational age. 
Proteins in cluster 2 showed a more heterogenous lon-
gitudinal pattern, with both decreasing and increasing 
trends across gestation.

Placental proteomic clock
A machine learning algorithm, the variable selection algo-
rithm elastic net with stability selection (ENSS), identified 

five placenta-derived proteins that could predict gestational 
age at the time of sampling in the same model. We termed 
the linear model including these proteins a “placental pro-
teomic clock.” The placental proteomic clock consisted of 
chorionic somatomammotropin (CSH1/2, also known as 
placental lactogen), biglycan (BGN), glypican 3 (GPC3), 
inter-alpha-trypsin inhibitor heavy chain H5 (ITIH5), and 
lysosomal alpha-glucosidase (GAA) (Fig.  4). The Pearson 
correlation for the predicted versus the true gestional age 
at sampling was > 0.9 (Fig. 5). The final trained linear model 
equation was GA in weeks =​ ​−10​1.9​30​2​8 +​ CS​H1/​2*​0​.40​

Fig. 3  A Dendrogram and B longitudinal patterns for placenta-specific released proteins in the maternal circulation. A The horizontal dotted line 
indicates where the dendrogram was cut to create the two clusters. B Protein development over the three time points was scaled to start at zero 
within each cluster after cutting, and proteins from the same cluster were plotted in the same plots
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Fig. 4  Line plots of placental proteomic clock proteins that tightly track gestational age based on STORK longitudinal samples; 4-vessel antecubital 
vein samples were added to the line plots only for visualization purposes and were not included in the analyses

Fig. 5  Performance of placental proteomic clock proteins in a linear model together with the clinical variables nulliparity, maternal BMI, and 
maternal age. Plot A shows performance based on leave-one-participant-out cross validation in the training cohort (2/3 of all STORK participant 
samples). Plot B shows performance of the trained linear model on the validation cohort (1/3 of STORK participant samples)
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874​ + ​B​GN*​2.0​4161​ ​+ G​PC3​*1.​2​8​050​ + ​ITI​H​5*2​.83​024​ ​+ G​
AA*​2.​6​016​3 +​ BM​I*−​0.9​889​ + Age*0.9807 + Nullipari​ty*​
−0.​20379.

Discussion
Using our 4-vessel sampling method combined with 
a 5000-multiplex proteomic platform, we found evi-
dence of significant exchange of a large number of pro-
teins between the maternal and placental compartments 
in vivo in healthy pregnancy near term. Furthermore, we 
narrowed in on proteins that exhibited enhanced release 
from the placenta (placenta-specific released proteins), 
by testing venoarterial difference in the placenta as com-
pared to the systemic circulation. These proteins are 
interesting both in terms of placental and maternal physi-
ology during pregnancy and as biomarkers of placental 
function since their abundance in the systemic circula-
tion may be influenced by placental release. To the best of 
our knowledge, no other research groups have been able 
to perform such a detailed analysis of placenta-derived 
proteins in human pregnancy.

Due to our robust study design that combines the 
4-vessel cohort and the STORK cohort, we were able 
to create longitudinal protein curves across gestation 
for the identified placenta-specific released proteins 
(Additional file  4: Fig. S2). These curves may serve as 
a first step towards a reference for the expected physi-
ological longitudinal pattern of placenta-derived pro-
tein across gestation. However, there is large variation 
in abundance across gestation in the systemic circula-
tion between the pregnant women. These inter-indi-
vidual differences in protein abundance may indicate 
that establishment of absolute cut-off values for normal 
abundance of placenta-derived proteins can be difficult. 
Instead, we hypothesize that development of reference 
curves for protein abundance for a selected group of 
placental proteins may serve better as biomarkers of 
placental function. Such reference curves would allow 
each pregnant woman to be her own control using 
repeated measures of proteins, tracking protein devel-
opment across gestation.

Using a machine learning algorithm, elastic net with 
stability selection, we identified five placenta-derived 
proteins (CSH, BGN, GPC3, ITIH5, and GAA) that fol-
lowed a tight chronological profile across gestation when 
measured in the antecubital vein. The resulting placen-
tal proteomic clock, inspired by the work of Aghaeepour 
et  al. [7], represents a novel concept where deviations 
from the expected gestational pattern of these placenta-
derived proteins may serve as indication of placental 
dysfunction. The identified five placental proteomic 
clock proteins showed promising predictive ability when 

combined in a linear model, evident by prediction per-
formance above 90% in both the training and the valida-
tion cohort. The abundance of these five placenta-derived 
proteins increased linearly with gestational age, possibly 
reflecting placental maturation or size. However, there 
was no correlation between placental weight and placen-
tal release (VA difference) for these five proteins (data 
not shown). Furthermore, even if the observed linear 
increase in abundance of these proteins is a reflection of 
placental maturation or size, the placental clock proteins 
may still be of value to track placental well-being and 
function. Interestingly, GPC3, BGN, and CSH1/2 were 
identified as clock proteins in both Aghaeepours and the 
current study [7]. Furthermore, Romero et al. also found 
that the proteoglycans GPC3 and BGN had a 26.04 and 
2.62-fold increase across gestation, respectively [35]. 
Inter-alpha-trypsin inhibitor heavy chain H5 is involved 
in the dynamics of the extracellular matrix and has been 
linked to pregnancy and uterine development in animal 
studies [36]. Lysosomal alpha-glucosidase is an enzyme 
that breaks down glycogen in the lysosome with known 
expression in the placenta [14].

Several proteins identified in the current study as 
released from the placenta into the maternal circulation 
have ample evidence in the literature to suggest placental 
origin. Placental growth factor (PGF) was confirmed to 
be significantly released to the mother, which is consist-
ent with our pilot study [16] and a former study from our 
group using ELISA for protein determination [3]. Fur-
thermore, our longitudinal data show that the abundance 
of PGF in the maternal circulation increases over gesta-
tion until gestational week 30, similar to previous studies 
[37]. We believe that the placenta-derived protein identi-
fied by Entrez Gene Symbol FLT1 is the soluble fms-like 
tyrosine kinase-1 (sFlt1), based on aptamer binding to the 
extracellular amino acid sequence that is similar between 
FLT1 and sFlt1. Placental release of the soluble form of 
FLT1 to the maternal circulation in preeclamptic preg-
nancies has previously been shown by our group [3, 38] 
and in healthy pregnancies by others [39]. These observa-
tions validate the approach used in the current study.

Compared to our pilot study that showed 34 proteins 
significantly released into the maternal circulation using 
4-vessel samples on a 1310 multiplex SomaScan plat-
form [16], we now identified 256 proteins as released to 
the mother on the 5000 multiplex SomaScan platform. 
Among the 256 placenta-derived proteins released in the 
current study, 30 of the 34 identified placenta-derived 
proteins in the pilot study were confirmed (Additional 
file  1: Fig. S3). Thus, we identified 226 novel placenta-
derived proteins. Several of the proteins listed as released 
by the placenta have not previously been described in 
humans to best of our knowledge (for example FAAH2, 
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Heat shock 70 kDa protein 1A (HSPA1A) and Heat shock 
protein beta-6 (HSPB6)).

One-hundred and one proteins were taken up by the 
placenta according to the current study, whereas nine 
proteins were taken up in the pilot study [16]. Three of 
the nine proteins in the pilot study, including VEGFA 
(vascular endothelial growth factor A, isoform 121), tre-
foil factor 1 (TFF1), and urokinase plasminogen activator 
surface receptor (PLAUR), were confirmed in the current 
study. Two of the nine proteins identified as taken up in 
the pilot study were not included in the analysis based on 
the 5000-plex platform. Thus, the current study identi-
fied 92 novel proteins as taken up by the placenta as com-
pared to the pilot study.

Differences in proteins identified as released and 
taken up in the current study as compared to our pilot 
study originates both from differences on the platform 
(more proteins included in 5000-plex platform) and 
more statistical power in the current study due to larger 
sample size, as well as data preprocessing steps. In the 
current study, we used “median normalization” [30] 
on the venoarterial differences to adjust for movement 
of water across the placenta and other potential biases 
influencing the data, whereas a fixed global factor was 
used to correct for any water shifts in the pilot study as 
described by Holm et al. [16, 19].

It is well known that the maternal plasma proteome 
changes across gestation [7, 35]. When interpreting our 
findings, it is important to take into consideration the 
cross-sectional nature of the 4-vessel sampling. Thus, the 
proteins we have defined as being released or taken up by 
the placenta are a reflection of physiology at the time of 
the cesarean section near term gestation. Our longitu-
dinal analysis of the antecubital vein levels of placenta-
specific released proteins across gestation showed two 
clusters with distinct patterns of change across gesta-
tion. We hypothesize that proteins with high abundance 
in early pregnancy have the most impact on physiology 
at an early stage, whereas the proteins that increase in 
abundance towards term play a larger role at the end of 
pregnancy. Some changes in abundance may reflect pla-
cental mass or maturation. Among the placenta-specific 
released proteins, the Wnt regulation was prominent 
(Fig.  2). This finding is in accordance with data show-
ing that Wnt signaling plays important roles in normal 
physiology and abnormal trophoblast function [40]. 
Interestingly, GO biological function labyrinthine layer 
morphogenesis was enriched. Rinkenberger and Werb 
stated “the labyrinth in the mouse and the floating cho-
rionic villi in human are homologous structures, both 
characterized by extensive branching” [41]. Thus, this 
GO term is also used in humans, and our finding may 

indicate active morphogenesis in the human placenta 
close to term.

This study has some strengths and limitations. We have 
used the term “placenta” being well aware that the uterine 
vein, from which samples were taken, also drains non-
placental tissues like decidua, myometrium, and chorion. 
Furthermore, we use the radial artery as a proxy for the 
uterine artery. The reason we use “placenta” is partly that 
the conceptual aim is placental functions, partly for the 
sake of simplicity. We acknowledge that proteins may 
enter the circulation in different ways, including exo-
cytosis, or by random shedding or apoptosis of cells. 
Thus, some proteins found to be released by the placenta 
could be due to non-secretory processes. Within the pla-
centa, there are a variety of cells that may contribute to 
the proteins released, including syncytiotrophoblasts, 
cytotrophoblasts, mesenchymal stem cells, fibroblasts, 
and immune cells. Twenty-three percent (3008 /13074) 
of proteins expressed in the placenta according to the 
Human Protein Atlas are measured by the SomaLogic 
5000 multiplex platform (Additional file  1: Fig. S4A). 
Furthermore, 37.5% (108/288) proteins that have been 
shown to have elevated expression in the placenta as 
compared to other tissues in the Protein Atlas database 
are measured by the 5000-mulitplex platform. Additional 
file  1: Fig. S4B shows that most of the placenta-derived 
and placenta-specific proteins overlap with the 13074 
proteins expressed in the placenta from Human Protein 
Atlas. Additionally, 19 of our 256 placenta-derived pro-
teins overlap with the 108 elevated expressed proteins 
according to the Human Protein Atlas (data not shown). 
Mapping of placenta-derived proteins and placenta-spe-
cific released proteins in our study to genes with elevated 
expression in syncytiotrophoblasts, cytotrophoblasts, 
and extravillous trophoblasts according to the Proteins 
Atlas show considerable overlap (Fig. 6).

Traditional proteomics has shortcomings in terms of 
the need to remove highly abundant proteins as well as 
limited capacity to identify a broad range of proteins. The 
SOMAscan protein-binding technology offers the pos-
sibility to investigate protein expression on a platform 
with high sensitivity and dynamic range for a large num-
ber of specific proteins, although the quantification is in 
relative fluorescence levels. Absolute quantification of 
the proteins could have provided additional information, 
but the use of the relative protein levels is sufficient when 
comparing vessels. However, absolute quantification may 
improve the clinical relevance of longitudinal reference 
curves for placenta-derived proteins. The proteins have 
been selected to include human proteins associated with 
disease, and the aptamer technology therefore lacks the 
unbiased discovery approach character.
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We performed a median normalization [30, 31] of 
venoarterial differences in the placenta (uterine vein-
radial artery) based upon the assumption that most pro-
teins are not different between the vein and artery. This 
assumption takes advantage of the power of the nearly 
5000 proteins measured and adjusts for any movement 
of water across the placenta and other possible biases 
that may affect venoarterial differences (see methods). 

However, there is a risk that this method resulted in too 
many venoarterial protein differences set to zero, exclud-
ing biologically relevant proteins from our findings.

The SomaScan was performed on the antecubital 
vein samples in the 4-vessel cohort with the inten-
tion of using the venoarterial differences in the arm 
(antecubital vein vs radial artery) as a negative con-
trol of venoarterial differences in “the placenta” (radial 

Fig. 6  Overlap between proteins defined as released by the placenta and placenta-specific released in the current study mapped against proteins 
identified as elevated in three types of trophoblast cells in The Human Protein Atlas data. Placenta spec release = placenta-specific release
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artery vs uterine vein). We used this negative control 
to define proteins especially released from the placenta 
as “placenta-specific proteins.” Interestingly, we found 
that a large number of proteins had different levels in 
the antecubital vein and radial artery, possibly reflect-
ing protein exchange in musculoskeletal tissues or 
systemic differences between veins and arteries. We 
are well aware that strictly all venoarterial differences 
in any maternal tissues or organs should have been 
tested as negative controls before concluding that pro-
teins released by placenta are specific [3]. However, 
our method is, to the best of our knowledge, the only 
feasible one. Additionally, our definition of proteins 
released by the placenta as “placenta-specific” com-
bined with a false discovery rate of 5% mean that our 
analysis followed strict criteria.

Conclusions
Using a human in vivo study, we identified 256 proteins 
released and 101 proteins taken up by the placenta that 
may guide future studies investigating placental physi-
ology and pathology. The identified placenta-derived 
proteins can be measured in the systemic maternal cir-
culation and may serve as biomarker candidates of pla-
cental function. Among the placenta-derived proteins, we 
identified five “placental proteomic clock” proteins that 
were tightly linked to gestational age. We introduce the 
novel concept where deviating developmental patterns of 
placenta-derived proteins across gestation may be used to 
indicate placental dysfunction. This “placental proteomic 
clock” concept warrants further investigation.

Abbreviations
AV: Maternal antecubital vein; FDR: False discovery rate; GO: Gene ontology; 
PGF: Placental growth factor; RA: Radial artery; RFUs: Relative fluorescence 
units; sFlt-1: Fms-like tyrosine kinase 1; UV: Uterine vein; VEGFR: Vascular 
endothelial growth factor receptor; Wnt: Wingless-related integration site.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​022-​02415-z.

Additional file 1: Table S1. The number of plasma samples included in 
the analyses from both cohorts. Figure S1. P-value histogram from t-tests 
between uterine vein and radial artery (maternal side of the placenta) 
showing an overabundance of very low p-values along with a uniform dis‑
tribution of higher p-values, indicating that statistical testing assumptions 
are met, experimental bias is minimal and that we can expect true positive 
results. Table S2. Criteria 1 or 2 define placenta-specific release of proteins 
to the maternal circulation. Figure S3. Proteins released to the maternal 
circulation according to the pilot study (1310 proteins measured) and the 
current study (4979 proteins measured). In the current study, 226 novel 
placenta-derived proteins were identified. Figure S4. A. Overlap between 
proteins measured on the current SomaScan (5000 plex) and the former 
SomaScan (1310 plex) with Human Protein Atlas data on proteins that 
are either expressed in the placenta or have elevated expression in the 
placenta. B. Overlap between results from current study; the 256 proteins 

released from the placenta and the 101 placenta-specific released pro‑
teins, and proteins expressed in the placenta tissue in general based on 
Human Protein Atlas data.

Additional file 2: Table S3. Complete overview of test results for all pro‑
teins, including placenta-derived proteins and placenta-specific released 
proteins.

Additional file 3: Table S4. Table of all enrichment results using placenta-
specific released proteins.

Additional file 4: Figure S2. Longitudinal patterns of placenta-specific 
released proteins.

Acknowledgements
We would like to thank the participating women for contributing to our study. 
We would also like to acknowledge the great efforts made by Ane Moe Holme, 
Maia Blomhoff Holm, Oddrun Kristiansen, and Hildegunn Horne in collecting 
the 4-vessel samples, as well as the Section of specialized endocrinology, Oslo 
University Hospital, for the collection of the longitudinal STORK samples.
Furthermore, we thank Ina Jungersen Andresen for valuable feedback on the writ‑
ten manuscript and for assisting with the gene ontology enrichment analysis.

Authors’ contributions
MHLD, ACW, MZ, MCPR, TH, and TMM designed the study. MHLD and ACW 
performed the analysis and wrote the first draft of the manuscript. MZ 
provided guidance on statistical analyses. MHLD, ACW, MZ, TLP, TJ, TH, MCPR, 
and TMM interpreted the results and critically revised the manuscript for intel‑
lectual content. All authors read and approved the final manuscript.

Funding
MHLD, ACW, and MCPR received a research grant from The South-Eastern 
Norway Regional Health Authority, and the project was supported by The 
Research Council of Norway. The funders had no role in designing the study, 
analyzing the data, writing the paper or the decision to publish the paper.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All participants in the 4-vessel cohort signed a written informed consent 
using a protocol approved by the Regional Committee for Medical and Health 
Research Ethics of Southeast Norway with references S-07174a, 2419/2011, 
and 13885. Participants in the STORK cohort signed a written informed con‑
sent based on the protocol approved by the Regional Committee for Medical 
and Health Research Ethics, Southern Norway, Oslo, Norway, with reference 
number S-2014/224-0119a.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Obstetrics, Division of Obstetrics and Gynecology, Oslo Uni‑
versity Hospital Rikshospitalet, Oslo, Norway. 2 Department of Biostatistics, Oslo 
Centre for Biostatistics and Epidemiology, University of Oslo, Oslo, Norway. 
3 Division of Reproductive Sciences, Department of Obstetrics and Gynecol‑
ogy, University of Colorado Anschutz Medical Campus, Aurora, CO, USA. 
4 Section of Neonatology, Department of Pediatrics, University of Colorado 
Anschutz Medical Campus, Aurora, CO, USA. 5 Institute of Clinical Medicine, 
Faculty of Medicine, University of Oslo, Oslo, Norway. 6 National Research Cen‑
tre for Women’s Health, Oslo University Hospital, Rikshospitalet, Oslo, Norway. 

Received: 14 January 2022   Accepted: 25 May 2022

https://doi.org/10.1186/s12916-022-02415-z
https://doi.org/10.1186/s12916-022-02415-z


Page 15 of 15Degnes et al. BMC Medicine          (2022) 20:227 	

References
	1.	 Brosens I, Puttemans P, Benagiano G. Placental bed research: I. The 

placental bed: from spiral arteries remodeling to the great obstetrical 
syndromes. Am J Obstet Gynecol. 2019;221(5):437–56.

	2.	 Staff AC, Benton SJ, Dadelszen PV, Roberts JM, Taylor RN, Powers RW, et al. 
Redefining preeclampsia using placenta-derived biomarkers. Hyperten‑
sion. 2013;61(5):932–42.

	3.	 Holme AM, Roland MC, Henriksen T, Michelsen TM. In vivo uteropla‑
cental release of placental growth factor and soluble Fms-like tyrosine 
kinase-1 in normal and preeclamptic pregnancies. Am J Obstet Gynecol. 
2016;215(6):782.e781–9.

	4.	 Cuffe JSM, Holland O, Salomon C, Rice GE, Perkins AV. Review: Placental 
derived biomarkers of pregnancy disorders. Placenta. 2017;54:104–10.

	5.	 Heazell AE, Hayes DJ, Whitworth M, Takwoingi Y, Bayliss SE, Davenport 
C. Biochemical tests of placental function versus ultrasound assessment 
of fetal size for stillbirth and small-for-gestational-age infants. Cochrane 
Database Syst Rev. 2019;5(5):CD012245.

	6.	 Heazell AE, Whitworth M, Duley L, Thornton JG. Use of biochemical tests 
of placental function for improving pregnancy outcome. Cochrane 
Database Syst Rev. 2015;2015(11):Cd011202.

	7.	 Aghaeepour N, Lehallier B, Baca Q, Ganio EA, Wong RJ, Ghaemi MS, 
et al. A proteomic clock of human pregnancy. Am J Obstet Gynecol. 
2018;218(3):347.e341.

	8.	 Gomes J, Au F, Basak A, Cakmak S, Vincent R, Kumarathasan P. Maternal 
blood biomarkers and adverse pregnancy outcomes: a systematic review 
and meta-analysis. Crit Rev Toxicol. 2019;49(6):461–78.

	9.	 Doherty A, McLaughlin K, Kingdom JC. Hemodynamic complica‑
tions in pregnancy: preeclampsia and beyond. Clin Perinatol. 
2020;47(3):653–70.

	10.	 Hendrix MLE, Palm KCM, Van Kuijk SMJ, Bekers O, Spaanderman MEA, 
Bons JAP, et al. Longitudinal changes in placental biomarkers in women 
with early versus late placental dysfunction. Hypertens Pregnancy. 
2019;38(4):268–77.

	11.	 Zeisler H, Llurba E, Chantraine F, Vatish M, Staff AC, Sennström M, et al. 
Predictive value of the sFlt-1:PlGF ratio in women with suspected preec‑
lampsia. N Engl J Med. 2016;374(1):13–22.

	12.	 Costa MA. The endocrine function of human placenta: an overview. 
Reprod BioMed Online. 2016;32(1):14–43.

	13.	 Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu 
A, et al. Proteomics. Tissue-based map of the human proteome. Science. 
2015;347(6220):1260419.

	14.	 The Human Protein Atlas. [http://​www.​prote​inatl​as.​org]. Accessed 
20.02.2022

	15.	 Holme AM, Holm MB, Roland MCP, Horne H, Michelsen TM, Haugen G, 
et al. The 4-vessel sampling approach to integrative studies of human 
placental physiology in vivo. J Vis Exp. 2017;(126):55847.

	16.	 Michelsen TM, Henriksen T, Reinhold D, Powell TL, Jansson T. The 
human placental proteome secreted into the maternal and fetal 
circulations in normal pregnancy based on 4-vessel sampling. FASEB J. 
2019;33(2):2944–56.

	17.	 Liu P, Hwang JT. Quick calculation for sample size while controlling false 
discovery rate with application to microarray analysis. Bioinformatics. 
2007;23(6):739–46.

	18.	 Orr M, Liu P. Sample size estimation while controlling false discovery rate 
for microarray experiments using ssize.fdr package. R J. 2009;1:47–53.

	19.	 Holm MB, Bastani NE, Holme AM, Zucknick M, Jansson T, Refsum H, et al. 
Uptake and release of amino acids in the fetal-placental unit in human 
pregnancies. PLoS One. 2017;12(10):e0185760.

	20.	 Roland MC, Friis CM, Voldner N, Godang K, Bollerslev J, Haugen G, et al. 
Fetal growth versus birthweight: the role of placenta versus other deter‑
minants. PLoS One. 2012;7(6):e39324.

	21.	 Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw 
J, et al. Genomic atlas of the human plasma proteome. Nature. 
2018;558(7708):73–9.

	22.	 Williams SA, Kivimaki M, Langenberg C, Hingorani AD, Casas JP, Bouchard 
C, et al. Plasma protein patterns as comprehensive indicators of health. 
Nat Med. 2019;25(12):1851–7.

	23.	 Apps R, Kotliarov Y, Cheung F, Han KL, Chen J, Biancotto A, et al. Multi‑
modal immune phenotyping of maternal peripheral blood in normal 
human pregnancy. JCI Insight. 2020;5(7):e134838.

	24.	 Gold L, Ayers D, Bertino J, Bock C, Bock A, Brody EN, et al. Aptamer-based 
multiplexed proteomic technology for biomarker discovery. PLoS One. 
2010;5(12):e15004.

	25.	 Candia J, Cheung F, Kotliarov Y, Fantoni G, Sellers B, Griesman T, et al. 
Assessment of variability in the SOMAscan assay. Sci Rep. 2017;7(1):14248.

	26.	 R Development Core Team. R: a language and environment for statistical 
computing. Vienna: R Foundation for Statistical Computing; 2021.

	27.	 IBM. SPSS Statistics for Windows. 26.0 ed. Armonk: IBM Corp; 2019.
	28.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 

and powerful approach to multiple testing. J R Stat Soc Ser B Stat Meth‑
odol. 1995;57(1):289–300.

	29.	 Damiano AE. Review: Water channel proteins in the human placenta and 
fetal membranes. Placenta. 2011;32(2):207–11.

	30.	 Bolstad BM, Irizarry RA, Åstrand M, Speed TPJB. A comparison of normali‑
zation methods for high density oligonucleotide array data based on 
variance and bias. Bioinformatics. 2003;19(2):185–93.

	31.	 Parmigiani G, Garrett ES, Irizarry RA, Zeger SL. The analysis of gene expres‑
sion data: an overview of methods and software. In: Parmigiani G, Garrett 
ES, Irizarry RA, Zeger SL, editors. The Analysis of Gene Expression Data: 
Methods and Software. New York: Springer New York; 2003. p. 1–45.

	32.	 Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a 
universal enrichment tool for interpreting omics data. Innovation. 
2021;2(3):100141.

	33.	 Maechler M, Rousseeuw P, Struyf A, Hubert M, Hornik K. Cluster: cluster 
analysis basics and extensions. R package version 2.1.2. https://​CRAN.R-​
proje​ct.​org/​packa​ge=​clust​er; 2021.

	34.	 Sill M, Hielscher T, Becker N, Zucknick M. c060: extended inference with 
lasso and elastic-net regularized Cox and generalized linear models. J Stat 
Softw. 2014;62(5):1–22.

	35.	 Romero R, Erez O, Maymon E, Chaemsaithong P, Xu Z, Pacora P, et al. 
The maternal plasma proteome changes as a function of gestational 
age in normal pregnancy: a longitudinal study. Am J Obstet Gynecol. 
2017;217(1):67.e61–21.

	36.	 Morcel K, Watrin T, Jaffre F, Deschamps S, Omilli F, Pellerin I, et al. Involve‑
ment of ITIH5, a candidate gene for congenital uterovaginal aplasia 
(Mayer-Rokitansky-Küster-Hauser syndrome), in female genital tract 
development. Gene Expr. 2012;15(5-6):207–14.

	37.	 Romero R, Nien JK, Espinoza J, Todem D, Fu W, Chung H, et al. A longitu‑
dinal study of angiogenic (placental growth factor) and anti-angiogenic 
(soluble endoglin and soluble vascular endothelial growth factor recep‑
tor-1) factors in normal pregnancy and patients destined to develop 
preeclampsia and deliver a small for gestational age neonate. J Matern 
Fetal Neonatal Med. 2008;21(1):9–23.

	38.	 Paasche Roland MC, Lorentzen B, Godang K, Henriksen T. Uteroplacental 
arterio-venous difference in soluble VEGFR-1 (sFlt-1), but not in soluble 
endoglin concentrations in preeclampsia. Placenta. 2012;33(3):224–6.

	39.	 Clark DE, Smith SK, He Y, Day KA, Licence DR, Corps AN, et al. A vascular 
endothelial growth factor antagonist is produced by the human 
placenta and released into the maternal circulation. Biol Reprod. 
1998;59(6):1540–8.

	40.	 Knöfler M and Pollheimer J. Human placental trophoblast invasion 
and differentiation: a particular focus on Wnt signaling. Front Genet. 
2013;4:190. https://​doi.​org/​10.​3389/​fgene.​2013.​00190.

	41.	 Rinkenberger J, Werb Z. The labyrinthine placenta. Nat Genet. 
2000;25(3):248–50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

http://www.proteinatlas.org
https://cran.r-project.org/package=cluster
https://cran.r-project.org/package=cluster
https://doi.org/10.3389/fgene.2013.00190

	Placenta-derived proteins across gestation in healthy pregnancies—a novel approach to assess placental function?
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Design and study population
	Four vessel cohort
	STORK cohort
	Protein quantification by SomaLogic

	Statistical analyses
	Preprocessing and description of samples
	Identification of proteins released and taken up by placenta
	Median normalization of differences in protein abundance
	Placenta-specific released proteins
	Gene ontology enrichment analysis of placenta-specific released proteins
	Placenta-specific released proteins across gestation in the maternal circulation
	Placental proteomic clock


	Results
	Demographics
	Proteins released to and taken up from the maternal circulation by the placenta
	Placenta-specific released proteins to the maternal circulation
	Placenta-specific released proteins across gestation in the maternal circulation
	Placental proteomic clock

	Discussion
	Conclusions
	Acknowledgements
	References


