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Research Article

High-throughput mRNA-seq atlas of human placenta
shows vast transcriptome remodeling from first to third
trimester!
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Abstract

The placenta, composed of chorionic villi, changes dramatically across gestation. Understanding differences in ongoing pregnancies are essential
to identify the role of chorionic villi at specific times in gestation and develop biomarkers and prognostic indicators of maternal-fetal health. The
normative mMRNA profile is established using next-generation sequencing of 124 first trimester and 43 third trimester human placentas from
ongoing healthy pregnancies. Stably expressed genes (SEGs) not different between trimesters and with low variability are identified. Differential
expression analysis of first versus third trimester adjusted for fetal sex is performed, followed by a subanalysis with 23 matched pregnancies
to control for subject variability using the same genetic and environmental background. Placenta expresses 14,979 polyadenylated genes above
sequencing noise (transcripts per million > 0.66), with 10.7% SEGs across gestation. Differentially expressed genes (DEGs) account for 86.7 % of
genes in the full cohort [false discovery rate (FDR) < 0.05]. Fold changes highly correlate between the full cohort and subanalysis (Pearson = 0.98).
At stricter thresholds (FDR < 0.001, fold change > 1.5), there remains 50.1% DEGs (3353 upregulated in first and 4155 upregulated in third
trimester). This is the largest mMRNA atlas of healthy human placenta across gestation, controlling for genetic and environmental factors,
demonstrating substantial changes from first to third trimester in chorionic villi. Specific differences and SEGs may be used to understand the
specific role of the chorionic villi throughout gestation and develop first trimester biomarkers of placental health that transpire across gestation,
which can be used for future development of biomarkers for maternal-fetal health.

Summary Sentence
Comparison of first versus third trimester human placenta mRNA finds a subset of SEGs as well as significant changes in 86.7% of transcripts,
highlighting the dynamic nature of placental function across gestation.
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Introduction

The placenta consists of chorionic villi that are derived from
the trophoblast cells of the embryo. Following implantation
and maternal signaling, placentation is established in the late
first trimester [1]. Throughout gestation, placenta serves a
dynamic and critical role that impacts both maternal and fetal
outcomes and provides communication between the fetal and
maternal systems while providing the fetus with nutrients and
removing waste [2]. In addition, the placenta has metabolic
and endocrinologic functions which serve to regulate activity
in pregnancy as well as to protect the fetus from exposures
[1-3]. However, molecular features of the placenta in the late
first trimester differ considerably from the third trimester pla-
centa, despite a similar tissue architecture [2]. Gene expression
changes likely correlate with functional changes at different
gestational ages and suggest the placenta undergoes complex
rearrangements to support fetal development, as suggested
by microarray studies [4-8]. Understanding the normative
placental transcriptome signature, including stably and dif-
ferentially expressed genes (DEGs) throughout gestation, may
aid in understanding healthy placental function and serve
as a comparison for alterations that drive pathology [9-
12]. Next-generation sequencing technologies, such as RNA
sequencing (RNA-seq), allows for a more comprehensive view
of the entire placental transcriptome including the identifica-
tion of novel transcripts compared to older methods such as
microarrays [13]. Although there are a few RNA-seq studies
comparing the first trimester placenta to later gestational
ages, the studies are small with only 5-8 subjects at first
trimester and use chorionic villi collected from pregnancy
terminations which may have abnormal placentation, not
reflective of a healthy placenta in ongoing pregnancies [14,
15]. Furthermore, subject variability and underlying maternal
and fetal conditions may contribute to differences that are
not indicative of the normative state. To define the normative
placenta in the first trimester, a large cohort of placenta
from ongoing healthy pregnancies is needed. Furthermore, to
control for environmental and genetic factors, and minimize
subject variability, corresponding third trimester placenta for
the same subjects are needed to define the normative human
placenta transcriptome as pregnancy progresses.

We developed the largest mRNA-seq study that includes
the most first trimester placentas to date (n = 124), including
23 subjects sequenced at both first and third trimester, which
controls for genetic, demographics, and environmental vari-
ability among different subjects. Additionally, first trimester
tissue was obtained from chorionic villus sampling, not termi-
nations, allowing us to confirm normal placenta development
leading to a healthy pregnancy and delivery. Our normative
human placental transcriptome as gestation progresses, with
differentially and stably expressed genes (SEGs) may be used
to develop first trimester biomarkers of placental health that
transpires across gestation, which will be the foundation for
future development of biomarkers in maternal-fetal disease.

Materials and methods
Study population

The study population consisted of 144 singleton spontaneous
pregnancies between 2009 and 2018, including 124 with
first trimester (59 females, 65 males) and 43 with third
trimester (18 females, 25 males) placentas available. Sub-
jects with infertility, pre-existing diabetes, or hypertension
were excluded. All protocols were performed with informed
consent in accordance with the institutional review board’s
guidelines at the Cedars-Sinai Medical Center under IRB
protocols Pro00006806 and Pro00008600. All pregnancies
resulted in the delivery of a viable infant.

Analysis of demographic data

Demographics of pregnancies from the first versus third
trimester placenta sequencing groups were compared. Spec-
ified pregnancy complications included pregnancy-induced
hypertension, gestational diabetes, coagulation disorders,
placenta previa, and placental abruption. Three patients
classified as “placenta other” had either low-lying placenta,
adherent placenta, or velamentous cord insertion. Means and
standard deviations were reported for continuous variables.
Proportions were reported as percentages. Student’s i-test
was used for normally distributed continuous variables, and
the Wilcoxon rank-sum test was used for nonparametric
data. Fisher’s exact test was used when appropriate. For
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comparison of categorical variables, the Chi-square test
was used.

Collection of placenta samples

Placental research samples were collected from tissue which is
normally discarded after clinical visits. First trimester placenta
samples were collected between 70 and 100 days gestation
after chorionic villus sampling procedures for prenatal diag-
nosis. Fetal-derived chorionic villi (first trimester placenta tis-
sue) were cleaned and separated from any maternally derived
decidua (nonplacenta tissue), and 5-25 mg were used for
research. Third trimester placenta samples were collected
between 254 and 290 days gestation, after delivery of a viable
neonate. One centimeter cube of placental tissue samples
were obtained immediately after delivery from the fetal side
of the placenta near the site of cord insertion beneath the
amnion. Tissue samples were kept on ice and submerged in
RNA/ater RNA stabilization reagent (QIAGEN, Hilden, Ger-
many) within 30 minutes of collection and stored at —80°C.

RNA extraction from first trimester placenta

RNA extraction was performed from the first trimester pla-
centa samples utilizing a method optimized for delicate tissue
[16-18]. Briefly, tissue samples were thawed on ice with
600 wul of RLT Plus lysis buffer (QIAGEN) and 1% 8-
mercaptoethanol added to each sample. Tissue was homoge-
nized by passing at least 10 times through needles (22G, 25G,
and 27G) attached to an RNase-free syringe. Homogenates
were loaded onto AllPrep spin columns and further processing
followed manufacturer instructions for the AllPrep DNA/R-
NA/miRNA Universal Kit (QIAGEN). RNA was eluted with
30-50 ul of RNase-free water at room temperature, and the
elution was passed through the column twice to improve
yields, as previously described [16-18]. For the 124 samples
analyzed, the average RNA integrity number was 8.81.

RNA extraction from third trimester placenta

Third trimester placental tissue was thawed on ice, then a
quarter of collected tissue was diced with single use blades
coated in RNAlater buffer. Tissue was sonicated on ice in
lysis buffer (600 wl RLT Plus lysis buffer with 1% beta-
mercaptoethanol buffer) using 5 s pulses on a low setting (#2
on the Branson Sonifier 150D, CT, USA) until tissue fragments
were small enough to pass through needles and continue RNA
isolation with the first trimester method. For the 43 samples
analyzed, the average RNA integrity number was 8.82.

Library preparation and mRNA sequencing

Library construction was performed using the Illumina
TruSeq Stranded mRNA library preparation kit (Illumina,
San Diego, CA). Briefly, total RNA samples were assessed
for concentration using a Qubit fluorometer (ThermoFisher
Scientific, Waltham, MA) and quality using the 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Up to
1 ug of total RNA per sample was used for poly-A mRNA
selection, then cDNA was synthesized from enriched and
fragmented RNA using SuperScript II reverse transcriptase
(Invitrogen, Carlsbad, CA) and random primers. The cDNA
was further converted into double-stranded DNA (dsDNA),
and the resulting dsDNA was enriched with PCR for library
preparation. The PCR-amplified library was purified using
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA).
The concentration of the amplified library was measured
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with a Qubit fluorometer and an aliquot of the library was
resolved on a Bioanalyzer. Sample libraries were multiplexed
and sequenced on a NovaSeq 6000 platform (Illumina) using
75 bp single-end sequencing. On average, about 30 million
reads were generated from each sample.

Data analysis of mRNAs

Raw sequencing data was demultiplexed and converted to
fastq format by using bcl2fastq v2.20 (Illumina, San Diego,
CA). Then reads were aligned to the transcriptome using
STAR v2.6.1 [19] RSEM v1.2.28 [20] with default parame-
ters, using a custom human GRCh38 transcriptome reference
downloaded from http://www.gencodegenes.org, containing
all protein coding and long noncoding RNA genes based on
human GENCODE version 23 annotation. Principal com-
ponents analysis (PCA) was performed with DESeq2 Bio-
conductor package v1.36.0 using expression counts for each
gene in all samples, normalized for sequencing depth, and
transformed with a variance stabilizing transformation. The
500 most variable genes were input into R function prcomp,
plotted with ggplot2 v.3.3.6, and labeled with ggrepel 0.9.1.

Postsequencing quality control and sample
elimination

Initial mRNA-sequencing included 142 first trimester and
50 third trimester placenta samples, but PCA analysis
showed outliers. Diagnostic heatmaps were created with
R package heatmaply v1.1.1 to identify traces of maternal
decidua contamination using genes from our sex differences
analysis of first trimester placenta (NCBI GEO: GSE109082)
[16] and decidua-upregulated genes [false discovery rate
(FDR) < 1072%, FC > 25, Fragments Per Kilobase of transcript
per Million (FPKM) > 5] from our matched placenta versus
decidua RNA-seq (NCBI GEO: GSE131874) [21]. Samples
were removed if they had traces of decidua contamination,
high chromosome Y signal in presumed 46,XX samples,
or other outlier status. The final “full cohort” for analysis
consisted of 124 first trimester and 43 third trimester samples.

Differential expression model

Each gene was fitted into a negative binomial generalized
linear model adjusted for fetal sex, and the Wald test was
applied to assess the differential expressions between first
versus third trimester placenta by DESeq2 [22, 23]. The
Benjamini—-Hochberg FDR procedure was applied to adjust P-
values for multiple hypothesis testing. Differential expression
analysis was performed for the full cohort (124 first versus 43
third trimester samples) and for a subanalysis of 46 matched
samples (23 subjects).

Selection of thresholds

Expressed genes were defined “above sequencing noise” as
determined by Y-linked gene signal from 46,XX female pla-
centa, excluding pseudoautosomal regions. The maximum
transcripts per million (TPM) from female samples was 4.01
on PCDH11Y, an outlier 6 orders of magnitude higher than
the next gene, RPS4Y1 (maximum TPM=0.66). Although
PCDHT11Y is not in the canonical pseudoautosomal regions of
chromosome Y, it is located in a recent human-specific trans-
position from Xq21.3 which retains very high X/Y homology
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[24]. Therefore, PCDH11Y was ignored along with pseu-
doautosomal genes and a study-specific expression threshold
of mean TPM > 0.66 was selected.

DEGs were defined using initial thresholds of FDR < 0.05
and mean TPM > 0.66 in either trimester. “Strict DEGs”
were defined after the full cohort analysis (167 samples) and
matched subanalysis (46 samples) were compared, leaving a
robust set of “strict DEGs” with FDR < 0.001, absolute fold
change (FC) >1.5, and mean TPM > 0.66 in either trimester.

SEGs were defined as genes with expression at both
trimesters, excluding genes with possible differential expres-
sion and and/or high variability. Specifically, thresholds for
SEGs were mean TPM > 0.66 in both groups, unadjusted
P-value > 0.05, absolute FC < 1.5, and coefficient of
variation<0.80 (calculated as standard deviation divided by
mean TPM from combined first and third trimester sample
data).

Pathway enrichment analysis

Genes of interest were analyzed for enrichment in canonical
pathways using Ingenuity Pathway Analysis (IPA) software’s
“Core Analysis” feature (QIAGEN, Redwood City, CA, USA,
www.qiagenbioinformatics.com/IPA) as previously described
[16], run with the Fall 2023 release. For the top 15%
expressed genes and SEGs inputs, the analysis was based
on expression intensity and thus only enrichment P-values
(Fisher’s exact test) were calculated but not activation z-
scores. For DEGs, the analysis was based on DESeq2-derived
logy fold changes and expression intensity (baseMeans) to
calculate both enrichment P-values as well as activation
z-scores to predict pathway directions. QIAGEN suggests
a threshold of z-score>2 either direction for significant
activation or inactivation, with less reliable predictions if
z-scores are 2 to —2.

Single-cell RNA-seq cell clusters

Unique molecular identifier (UMI) values were used from the
Sun et al. single-cell RNA-seq dataset of #n=6 healthy first
trimester placenta samples collected at time of chorionic villus
sampling (NCBI GEO: GSE131696) [21, 25]. The cell cluster
data was compiled into a dot plot for select SEGs and first
trimester-upregulated strict DEGs using R package ggplot2.

Immunofluorescence

Two independent first and third trimester placenta tissue
samples were collected from consenting subjects as described
above. Tissues were embedded in Tissue-Tek O.C.T. Com-
pound (Sakura #4583) and quickly frozen on dry ice, then
stored at —80°C until further processing for immunofluo-
rescence. See detailed methods and antibody information in
Supplemental File S1.

Results

Cohort demographics

Of the 124 first trimester and 43 third trimester placenta
samples analyzed, 23 subjects were overlapped. The demo-
graphics of first versus third trimester cohorts were compared
without these 23 overlapping subjects (Table 1). There were
significantly more Caucasian parents and fetuses in the first
trimester only group. Race and ethnicity did not segregate in
PCA of the mRNA transcriptome (Supplemental Figure S1).
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Maternal pre-pregnancy BMI (21.7 versus 24, P=0.03) and
thyroid disorders requiring thyroid replacement (3 versus 6, or
2.97% versus 30%, P = 0.001) were significantly greater in the
third trimester only group. There were six pregnant women
(30%) who developed hypertension in the third trimester only
group (five required magnesium), compared to none in the
first trimester placenta only group (P < 0.001) (Table 1).

The 23 subjects with matched first and third trimester
placenta were included as a third group for the purposes of
demographics analysis (Supplemental Table S1). Compared to
the first or third trimester only cohorts, paternal age was lower
in the matched group. The percentage of Caucasian mothers
in the matched group was lower than in the first trimester
only cohort. The percentage of Hispanic parents was higher
than both cohorts. The percentage of Caucasian fetuses was
lower than in the first trimester only cohort. There were no
additional cases of thyroid disorders requiring medication.
There were 3 (13%) pregnant women in the matched group
who developed hypertension, which was greater than the first
trimester only cohort; one required antihypertensive medica-
tion and two required magnesium sulfate prophylaxis.

All expressed genes (AEGs) in first and third
trimester placenta

We analyzed high-throughput mRNA-sequencing of 167
placenta samples after quality control (Figure 1A, Supple-
mental Table S2) and observed clustering by trimester on
PCA plots (Figure 1B, Supplemental Figure S1). Sequencing
identified reads from 25,312 polyadenylated genes in human
placenta, with 14,979 genes expressed above sequencing noise
at TPM > 0.66 (Supplemental Figure S2, Supplemental Fig-
ure S3, Supplemental Table S3A). Placenta overall expressed
(in either trimester) 14,132 protein coding genes and 847
long noncoding genes, although mRNA-seq only captured the
portion of long coding genes with polyA tails. Third trimester
placenta showed higher expression extremes in both biotypes
(Figure 1C). The most highly expressed protein coding
genes in both first and third trimesters were the placental
lactogen encoding genes, CSH1 and CSH2; however, their
expression was an order of magnitude higher in third (TPM
182,551 and 82,060, respectively) compared to first trimester
(TPM 17,936 and 13,339) and other genes (Figure 1D).
Expression differences were evident but less drastic among
the next most highly expressed genes: KISS1, CGA, EEF1A1,
TFPI2, ADAM12, HBG2, and TPT1 (Figure 1D). A shift
in predominant gene families across gestation was seen in
Chromosome 19, with higher first trimester expression of
the chorionic gonadotropin subunits (CGBS, CGB8, CGB)
and higher third trimester expression of pregnancy specific
beta-1-glycoprotein genes (PSG4, PSG1, PSG3). PAGE4 on
chromosome X is highly expressed in first trimester with
mean TPM =4517, then reduced in third trimester to mean
TPM =880 (Figure 1D). Ribosomal protein subunit genes
ranked higher within-chromosome and were more likely to be
outliers of high expression in first trimester, compared to third
trimester, suggesting that the placenta transcriptome focuses
more on translation in early pregnancy than later.

Among long noncoding transcripts, the most highly
expressed were three similar transcripts from chromosome
21 (CHS507-513H4.3/CHS507-513H4.4/CHS507-513H4.6),
followed by syncytin family member ERVH48-1/SUPYN (chr
21), active chromatin marker NEAT1 (chr 11), and maternally
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Table 1. Demographics and outcomes, without overlapping pregnancies.

First trimester Third trimester P value

N 101 20
Maternal age (SD) 37.8(2.8) 37.1 (3.4) 0.73
Paternal age (SD) 39.6 (4.7) 39.8 (5.1) 0.59
Maternal race/ethnicity

Caucasian (%) 99 (98.0%) 14 (70%) <0.001

Non-Hispanic (%) 98 (97.0%) 19 (95.0%) 0.52
Paternal race/ethnicity

Caucasian (%) 97 (96.0%) 15 (75%) 0.006

Non-Hispanic 99 (98.0%) 19 (95.0%) 0.42
Fetal race/ethnicity

Caucasian (%) 97 (96.0%) 12 (60%) <0.001

Non-Hispanic (%) 98 (97.0%) 19 (95%) 0.52

Fetal sex: female (%) 50 (49.5%) 9 (45%) 0.71

Maternal pre-pregnancy BMI, kg/m? (SD) 21.7 (3.6) 24.0 (5.1) 0.03
Maternal pre-existing medical conditions

Hypertension 0 0 -

Diabetes 0 0 -

Thyroid disorder 3(2.97%) 6 (30%) 0.001

Other 2 (1.98%) 2 (8.7%) 0.42
Hypertension management in pregnancy

Antihypertensives 0(0%) 3 (15%) 0.004

Any magnesium use (Ante- or postpartum) 0 (0%) 5(25%) <0.001
Pregnancy complications

Hypertension (not pre-existing) 0(0%) 6 (30%) <0.001

Diabetes (not pre-existing) 4 (3.96%) 0(0%) 1.0

Coagulation disorder 0 0 -

Placenta previa 0 0 -

Placental abruption 0 0 -

Placental other 0 (0%) 1(5%) 0.17
Delivery

Mode of delivery: cesarean section 28 (27.7%) 7 (35%) 0.51

Gestational age at delivery (SD), days 276.2 (7.0) 276.3 (8.7) 0.58

Birthweight (SD), grams 3420.8 (441.2) 3599.6 (515.6) 0.10

*Numbers are formatted as “mean (standard deviation)” or “count (percentage)”. This table does not include the 23 subjects sampled at both trimesters, but
they are included as a third group in Supplemental Table S1. SD =standard deviation.

imprinted gene MEG3 (chr 14) (Figure 1E). MALAT1, a long
noncoding partner for NEAT1 [26], was also highly expressed
in human placenta.

The chromosome frequencies of protein coding genes were
similar between first and third trimester (Figure 1F). The
highest numbers of expressed protein-coding genes came
from chromosome 1 and chromosome 19, the longest and
densest chromosomes, respectively [27]. Human placenta
expresses a large proportion of protein-coding genes anno-
tated in the human genome, with similar values for first
and third trimester (average for autosomes 67.7% and
67%, respectively) (Figure 1F). Chromosomes 14 expressed
the lowest proportion among autosomes (55.3%; 54.9%).
Chromosome Y, only present in half the subjects, had an
expected low percent expressed overall (26.4%; 29.2%).
All 13 mitochondria-encoded protein-coding genes were in
the top 15% of placental transcripts (Figure 1F, Supplemen-
tal Figure S4A).

Pathway enrichment analysis was performed to investigate
the biological significance of the top 15% expressed genes
in first and third trimester placenta. The most signifi-
cant five pathways were the same for both trimesters:
eukaryotic translation initiation (P=6.31 x 1073 first
trimester, P=1.26 x 10784 third trimester), SRP-dependent
cotranslational protein targeting to membrane (P=1.58 x
10789, P=1.00 x 1082), eukaryotic translation elongation
(P=1.26 x 10782, P=6.31 x 10~81), eukaryotic translation

termination (P=1.58 x 10777, P=5.01 x 1077¢), and
nonsense-mediated decay (NMD) (P=5.01 x 10-7¢, P=1.00
x 10=74) (Supplemental Table S4A, Supplemental Table S4B).
Following the top five pathways, the next most significant
pathways varied in order between first trimester and third
trimester, but results were overall similar and included
mitochondria-related pathways such as oxidative phos-
phorylation and mitochondrial dysfunction (Supplemental
Figure 4).

Initial differential expression analysis
demonstrated vast changes by gestational age

We performed differential expression analysis on the full
cohort between first and third trimester placenta (adjusted
for fetal sex) and found that the majority of polyadenylated
RNAs significantly changed throughout gestation, with
12,986 DEGs at FDR < 0.05 and TPM > 0.66, representing
86.7% of all 14,979 expressed genes in placenta (Supplemen-
tal Table S3A). This was consistent for protein coding (86.7%;
12,253/14,132) and polyadenylated long noncoding genes
(86.5%; 733/847). To increase confidence that these changes
were due to gestational age differences, we performed a sub-
analysis using the 23 subjects with matched placenta samples
collected at first and third trimester (Supplemental Table S3B).
This subanalysis removes the variables of genetic, demo-
graphic, and environmental differences. The subanalysis
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Figure 1. Expressed mRNAs in first and third trimester placenta. (A) The full cohort includes 124 first trimester and 43 third trimester placenta samples.
(B) Principal components analysis shows separation by trimester with PC1. (C) Violin plots show the expression ranges of protein coding (Protein) and
long noncoding RNAs (LncRNA). Box and whisker plots are superimposed. The dotted line indicates the study-specific expression threshold of

TPM =0.66. Only genes TPM > 0.66 in either trimester are used in this figure. (D) Box and whisker plots of protein coding gene logqo(TPM) expression
values in first trimester and third trimester placenta, side-by-side per chromosome. Points are outliers more than 1.5 times outside the interquartile
range. (E) Box and whisker plots of long noncoding gene logo(TPM) values, similar to D. (F) Bar plot of all expressed protein coding genes at each
trimester, per chromosome. The diamond points and right y-axis indicate the proportion expressed in placenta out of all available protein-coding genes in

the human reference genome (“Expr / Encoded”), per chromosome.

identified 11,608 DEGs (FDR <0.05, TPM > 0.66), repre-
senting 77.0% of 15,071 expressed genes (TPM > 0.66) in the
matched cohort (Supplemental Table S3B). The subanalysis
ratios of DEGs/expressed genes were high for both protein

coding genes (77.3%; 10,968/14,191) and polyadenylated
long noncoding genes (72.7%; 640/880), showing that most
placental mRNAs are also significantly changed from first to
third trimester in a subanalysis controlled for external factors.
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Stricter thresholds identify the most robust
changes across gestation

Subsequently, DEGs (FDR <0.05, TPM > 0.66) from the
full cohort analysis and matched subjects subanalysis were
compared for congruency to identify strict DEG thresholds
that serve to control for any genetic, demographic, and
environmental factors (Supplemental Table S3C). Out of
13,617 total pooled DEGs, most were significantly upreg-
ulated in the same direction in both analyses (10,977 genes;
80.6%) or trended in the same direction but only reached
significance in one analysis (2201 genes; 16.2%). There were
447 genes (3.3 %) that changed direction in the subset analysis
compared to the full cohort analysis, though only eight of
these mismatched genes were significant at FDR <0.05 in
both analyses (only 0.059%), and all were at lower fold
changes. Of these eight, the highest expressed gene was
RHOC (TPM =276 full cohort, TPM = 308 matched cohort),
though fold-change was very low (FC=1.06 third/first full
cohort, FC=1.12 first/third matched cohort). All direction-
switching genes were FC<1.16 except SLPI (FC=3.16
first/third full cohort, FC=7.38 third/first matched cohort)
but SLPI had low expression (TPM =6 full cohort, TPM =1
matched cohort). A linear model shows that the full cohort
and subanalysis logyFC values are highly correlated, with
a Pearson correlation coefficient of Rho=0.978 and P-
value=2.2 x 107'® (Supplemental Figure SSA). To select
genes with more robust differences between first and third
trimester placenta, we filtered to “strict DEGs” using
thresholds of FDR < 0.001, FC > 1.5, and TPM > 0.66 (either
trimester) which resulted in a small increase in correlation
(Rho=0.982, P-value=2.2 x 10716, Pearson correlation)
(Supplemental Figure S5B). There were total 8274 strict DEGs
significant in at least one of the two analyses, with 3836
(46.4%) upregulated in first trimester and 4422 (53.4%)
upregulated in third trimester placenta, and 16 (0.1%) of
inconsistent direction only significant in one analysis, and
none of inconsistent direction significant in both analyses.
Box and whisker plots for each analysis show more genes
upregulated in third trimester than first trimester with either
set of thresholds but this was more pronounced with the
stricter thresholds (Supplemental Figure S5). All subsequent
analyses were performed with strict DEGs thresholds in the
full cohort analysis, resulting in 7508 strict DEGs or 50.1%
of all expressed protein coding genes.

SEGs throughout gestation

We identify SEGs in placenta across gestation, meaning genes
which are expressed in both first and third trimester pla-
centa, not statistically different, and less variable between
samples. Scatter plots of the coefficients of variation for the
full cohort analysis versus matched subset analysis were color-
coded by different variables. High P-values did not correlate
with low variability, demonstrating that high P-value alone
is insufficient to define similar expression between trimesters
(Figure 2A). However, low variability genes did trend towards
low absolute FC values (Figure 2B). Overall expression of
each gene was highly correlated between analyses, with a Pear-
son coefficient of Rho=0.997 and linear model P-value=2.2
x 1071¢ for mean TPM per trimester (Figure 2C). Based
on these analyses, thresholds were selected to remove highly
variable genes and better define SEGs across gestation in the
full cohort: TPM > 0.66 in both trimesters, P-value > 0.05,
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FC < 1.5, and a coefficient of variation < 0.80. Of AEGs,
10.7% are SEGs (1610/14,979).

Pathway enrichment analysis of SEGs in placenta showed
significant enrichment for protein sorting signaling pathway
(P=2.04 x 10~%), generic transcription pathway (P=3.09
x 1078), mitochondrial dysfunction (P=6.31 x 10~7), pro-
tein kinase A signaling (P=6.46 x 107°), and Rho GTPase
cycle (P=8.91 x 107%) pathways (Figure 2D, Supplemen-
tal Table S4C).

The chromosome distributions of SEGs were similar to
AEGs, with most genes from chromosome 1 (141 SEGs), then
chromosome 19 (135 SEGs) (Figure 2E). The fewest SEGs
were from chromosome Y (1 SEG), the mitochondrial genome
(6 SEGs), and chromosome 21 (25 SEGs).

Strict DEGs in the full cohort

The full cohort analysis identified 7508 strict DEGs
(FDR < 0.001, FC> 1.5, TPM > 0.66), composed of 3353
upregulated in first trimester and 4155 upregulated in third
trimester placenta. The volcano plot shows more third
trimester upregulated DEGs with high FC, compared to first
trimester placenta (Figure 3A). The most highly expressed
DEGs were chorionic somatomammotropin hormones 1
and 2, which encode human placental lactogen: CSHI with
TPM increase from 17,936 to 182,551 in first to third
trimester (14.0-fold, FDR 1.24 x 10~*9%) and CSH2 with
TPM increase from 66,113 to 165,274 in first to third
trimester (8.3-fold, FDR 5.36 x 10~24) (Figure 3B). There is
significantly higher first trimester expression for five of the six
genes encoding the beta subunit of chorionic gonadotropin,
with greatest significance and highest expression from
type 2 (CGB/CGB5/CGBS), followed by type 1 (CGB7)
and variant CGB1, and only missing variant CGB2 with
FDR =NA. Conversely, the pregnancy-specific glycoprotein
(PSG) gene cluster is significantly higher in third trimester
placenta. The median fold changes were higher in third
trimester upregulated DEGs across all chromosomes, except
chromosomes 12 and 18 which were higher in first trimester
(Figure 3C). The DEGs with greatest fold increase in the first
trimester includes ANGPT4 with TPM decrease from 10.55
to 0.03 from first to third trimester (219.0-fold, FDR = 5.17
x 10783) and MMP12 with TPM decrease from 33.7 to 0.11
from first to third trimester (186.3-fold, FDR =2.78 x 10~73)
(Figure 3C). The four DEGs with greatest fold increase in
the third trimester placenta are IDO2 with TPM increase
from 0.04 to 11.39 in first to third trimester (463.7-fold,
FDR=4.31 x 10728%), ALPP with TPM increase from 9.39
to 2850 from first to third trimester (434.3-fold, FDR =4.27
x 107297), IL1R1 with TPM increase from 0.27 to 50 from
first to third trimester (223.3-fold, FDR=1.19 x 10-227),
and FABP4 with TPM increase from 1.01 to 134 in first to
third trimester (198.0-fold, FDR =0). All chromosomes were
represented, with DEGs most represented on chromosome 1
(811 genes; 10.8%) and chromosome 19 (559 genes; 7.4%)
(Figure 3D).

Biological functions of the strict DEGs were classified
using pathway enrichment analysis. Genes upregulated in
first trimester placenta were most enriched for cell cycle
checkpoints (P=2.51 x 10~%), eukaryotic translation
elongation (P=7.94 x 10~%3), eukaryotic translation ter-
mination (P=5.01 x 10~*2), selenoamino acid metabolism
(P=1.00 x 1074), and response to EIF2AK4 (GCN2) to
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Figure 2. Variability and selection of stably expressed genes (SEGs). Comparison of the full cohort analysis (124 first versus 43 third trimester samples)
with a subanalysis of only matched first and third trimester samples (first versus third trimester from the same 23 pregnancies). (A-C) Scatter plots
comparing the coefficients of variation (CV) from each analysis, per gene. Genes are plotted if TPM > 0.66 (both trimesters), P-value>0.05, and FC < 1.5
in either analysis. SEGs are defined by those three filters and also CV < 0.80. Dashed lines show CV =0.80. Points are color-coded by different variables
to identify differences between the full cohort value (outline color) and subanalysis value (fill color). Axes are log2-transformed to better visualize low
variability genes. Color coding based on (A) Wald P-value, (B) fold change, (C) log, (TPM) expression, (D) Top 30 enriched canonical pathways among

SEGs from the full cohort, and (E) Bar plot of SEGs from the full cohort.

amino acid deficiency (P=3.98 x 10~*9) (Figure 4A, Sup-
plemental Table S4D). Genes upregulated in third trimester
placenta were most enriched for cardiac hypertrophy signaling
(enhanced) (P = 3.16 x 10~1); hepatic fibrosis/hepatic stellate
cell activation (P=2.09 x 10719); molecular mechanisms

of cancer (P=2.24 x 10719); Rho GTPase cycle (P=2.82
x 10719); and IL-10 signaling (P=1.10 x 10~?) pathways
(Figure 4B, Supplemental Table S4E).

Additionally, we used our previous single cell RNA-
seq of first trimester placenta to identify if SEGs or first
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trimester-upregulated strict DEGs were enriched in specific
cell types (Figure 4C) [21]. The SEGs with high TPM values
were expressed in most placental cell types. For example,
cytokeratin 8 (KRTS) had highest expression in trophoblast
cells but some expression in other cell types. Growth
regulator TINAGL1 was also higher in trophoblast cell types
compared to others, with very low signal from fetal-derived
macrophages (Hofbauer cells). Collagenase gene COL4A1
was expressed in all cell types with reduced expression
in immune cells (antigen presenting cells and Hofbauer
cells). Of the 25 highest expressed SEGs, only integrin
subunit beta 4 (ITGB4) showed strong cell type specificity,
expressed in trophoblast cells. Conversely, genes with high
fold-upregulation in first versus third trimester placenta
showed stronger cell type specificity. LAIR2, SLC27A2,
and CGB7 were exclusively expressed by trophoblast cells.
The extravillous trophoblast marker, HLA-G, was primarily
expressed in the trophoblast cell cluster as expected, with
minor expression from antigen presenting cells. The other
CGB family genes were not represented in single cell RNA-
seq at our expression threshold. Secreted phosphoprotein 1
(SPP1) was highly expressed in all cell types.

Immunofluorescence

Three strict DEGs protein products were validated with
immunofluorescence using independently collected first
and third trimester placenta samples (Supplemental File 1).
HAPLN1 (6.2-fold higher in first versus third trimester,
TPM drops from 124 to 14.9) encodes hyaluronan and
proteoglycan link protein 1. HAPLNT1 protein was observed
in first trimester syncytiotrophoblasts with lighter diffuse
expression in surrounding stroma. No HAPLN1 protein
expression was observed in third trimester placenta. TPPP3
(48.8-fold higher in third trimester, TPM rises from 20.8 to
692.9) encodes tubulin polymerization promoting protein
family member 3. TPPP3 protein was not observed in first
trimester, but third trimester placenta showed low to moderate
expression in syncytiotrophoblasts and stroma, consistent
with previous results. Finally, CGB/CGBS5/CGBS (6.8 to 8.6-
fold higher in first trimester) drop expression from first to
third trimester by an order of magnitude, but they remain
in the top 15% of expressed genes in both trimesters. CGB
family genes were expected in syncytiotrophoblasts [28], the
multinucleated and largest cell type of placenta which tends
to be underrepresented in single cell RNA-seq. Immunofluo-
rescence showed moderate-to-bright CGB protein expression
in first trimester placenta, primarily in syncytiotrophoblasts
with some expression in cytotrophoblasts. Third trimester
placenta showed similar localization with reduced expression
intensity.

Discussion

The main component of the placenta, the chorionic villi,
changes significantly over the course of gestation to meet
its changing roles for the growing fetus. These differences
are seen here with high-throughput transcriptomics of the
normative human placenta, with 86.7% of expressed genes
significantly different between first and third trimester using
the typical significance threshold for RNA-seq (FDR < 0.05)
and over half the transcriptome (50.1%) remains different
at stricter thresholds. These differences provide insight into
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placental function changes across gestation. We also identified
SEGs (10.7% of the placental transcriptome) which sustain
core placental functions. This is the largest sample size of first
and third trimester placentas of female and male singletons
in ongoing and completed healthy pregnancies conceived
without fertility treatments, constituting the normative human
placenta atlas.

At both first and third trimester, human placenta devotes
the top 15% of expressed genes to regulation of translation
at all stages (initiation, elongation, termination), destruction
of RNAs with premature termination codons (NMD), and
metabolic resource sensing and response (including amino
acid deficiency and oxidation pathways). This enrichment
profile highlights the growth environment of placenta. Enrich-
ment of NMD could indicate error correction from rapid
RNA synthesis or perhaps alternative splicing regulation of
protein synthesis [29, 30]. The pathways enriched among
SEGs show more diverse roles and many signaling cascades,
including cancer-like pathways which contribute to maternal
immune tolerance of placenta [31]. One of the most highly
expressed SEGs across gestation was glutamate-ammonia lig-
ase (GLUL), a gene previously suggested as a housekeeping
gene for placenta qPCR using term placenta data [32], which
we confirm here is also stably expressed across gestation and
expressed in all placental cell types.

The high expression of the mitochondrial genes reflects
their vital role in placental utilization of oxygen to generate
energy via oxidative phosphorylation [33, 34] and is
consistent with the described adaptation of mitochondria
to the changing oxygen demand over gestation [335].
Mitochondrial dysfunction is implicated in oxidative stress
gestational disorders including intrauterine growth restriction
(IUGR), preeclampsia, gestational diabetes, and intrahepatic
cholestasis of pregnancy [33, 34, 36, 37]. Studies profiling
the mitochondrial genes associated with these disorders are
sparse. MT-ND6 (2.03-fold upregulated in first trimester,
FDR =9.67x10731) as well as MT-ATP6 (a SEG in our healthy
cohort) were negatively associated with IUGR in a case
control study [38]. Of the four mitochondrial genes associated
with change in regulation in intrahepatic cholestasis of
pregnancy described in the literature [37], three were stably
expressed across gestation in this study: MT-ND4L, MT-
CYB, MT-ND4. An increased copy number of MT-ND1 (a
SEG) was found in early onset preeclampsia (<34 weeks),
suggesting an adaptative response to oxidative stress [39].
Further characterization of the mitochondrial biomarkers
involved in oxidative stress pathologies of gestational
disorders is important in aiding future clinical interventions.

Human placenta gene expression differences between first
and third trimester show how placenta adapts to different
challenges as gestation progresses. The two strict DEGs most
upregulated in first trimester highlight the environmental
challenges of early placenta development in low oxidative
states: angiopoietin 4 (ANGPT4, 218-fold) and matrix met-
allopeptidase 12 (MMP12, 186-fold). ANGPT4 is a secreted
angiogenic factor expressed in a variety of tissue, but there
is little information on its expression in placenta. MMP12
plays a role in low oxygen states and invasive trophoblast
and may play a critical role early in placentation [40, 41].
The two strict DEGs most upregulated in the third trimester
include an isoform of indoleamine 2,3-dioxygenase (IDO2,
463-fold) and placental alkaline phosphatase (ALPP, 434-
fold). Indoleamine 2,3-dioxygenase is an enzyme involved
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in tryptophan catabolism which contributes to immunotoler-
ance of the fetus and other foreign bodies, with isoforms IDO
and IDO2 possibly having distinct functions in cancer and
placenta [42, 43]. Placental alkaline phosphatase (ALPP) is a
marker of syncytiotrophoblasts at term but not first trimester
[21, 44-46] and is associated with regulation of fetal growth
later in pregnancy [47]. Abnormal levels of ALPP have been
implicated in intrauterine growth restricted pregnancies and
preterm deliveries [48]. The expression pattern of ALPP is
well established, and this study supports other evidence that it
increases throughout gestation [49, 50]. Two other genes that
increase dramatically in third trimester are the human placen-
tal lactogen genes (CSH1 and CSH2), which had expression an
order of magnitude higher than the next most highly expressed
genes. Human placental lactogen promotes production of
insulin-like growth factor, thus modulating fetal growth and
metabolism [51, 52]. The high expression of CSH1 and CSH2
in third trimester reflects the increasing metabolic demands
of the placenta and fetus as gestation progresses. CGB fam-
ily genes were higher in first trimester placenta, consistent
with the role of human chorionic gonadotropin (hCG) as
the pioneer molecule of pregnancy, the first hormone that
placenta expresses to begin implantation and placentation,
which peaks at weeks 10-12 of gestation [28]. The pregnancy-
specific B1-glycoproteins (PSG) family genes were higher in
third trimester placenta and may be involved in the regulation
of cell invasion, angiogenesis, and cytokine expression to
promote maternal tolerance [53, 54]. Dysregulation of PSG
genes during pregnancy is associated with preeclampsia and
IUGR, and aberrant expression in other tissues is associated
with cancer [53].

Comparing the pathway enrichment results for DEGs
shows that early human placenta focuses more on cell
division-related pathways (e.g. cell cycle checkpoints, various
mitosis and DNA repair pathways), DNA replication and
protein synthesis regulation, and apoptosis, and self-renewal
control (e.g. regulation of TP53 activity through phosphory-
lation, telomere maintenance). The fourth most significantly
enriched pathway in first trimester is “selenoamino acid
metabolism” which involves selenium-containing proteins
important for placenta’s response to oxidative stress and
prevention of preeclampsia [55]. By third trimester at delivery,
the placenta’s growth is complete and its transcriptional
profile focuses on maintaining oxygen and homeostasis (e.g.
cardiac hypertrophy signaling, molecular mechanisms of
cancer, tumor microenvironment) [31], maintaining maternal
immune tolerance via T-cell modulation (e.g. IL-10 signaling,
Th1 and Th2 activation) [56], stress and wound responses
(e.g. inflammation signaling, hepatic fibrosis signaling), and
IL-15 production which is highest during labor [57].

We also performed immunofluorescence on first and third
trimester placenta to validate protein expression and local-
ization of three gene products. HAPLN1 (upregulated in first
trimester) encodes hyaluronan and proteoglycan link protein
1, a secreted protein involved in cell migration and invasion
in gastric cancer [58]. HAPLN1 expression is observed early
in gestation in day 5 trophectoderm [59] and is not yet
well characterized in placenta but is likely involved in cell
invasion critical for implantation. Our previous single cell
RNA-seq of first trimester chorionic villi found HAPLNT as
a stromal cell marker for first trimester with minor expression
in trophoblast cells, and another study found it expressed
generally in villous fibroblasts (the most common stromal cell
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type) [21, 60, 61]. Here, HAPLN1 protein was observed in
first trimester, but not third trimester, syncytiotrophoblasts
and stroma. TPPP3 (third trimester upregulated) is a protein
which is more studied in the endometrium than placenta, asso-
ciated with endometrial receptivity and implantation [62]. We
previously identified TPPP3 as a syncytiotrophoblasts marker
in first trimester placenta [21, 45] and other researchers have
found TPPP3 gene expression in decidual stromal cells [63].
Here, we observed TPPP3 protein expression in syncytiotro-
phoblasts and stroma from third trimester placenta tissue
facing the fetal surface, showing TPPP3 is also expressed
in third trimester placenta. Lastlyy, CGB/CGBS/CGBS8 are
highly expressed throughout gestation and encode the beta 3
subunit of hCG, a secreted protein essential for maternal-fetal
communication. Consistent with previous studies indicating
that CGB is primarily produced by syncytiotrophoblasts and
peaks in first trimester [64], we observed protein expression in
syncytiotrophoblasts and cytotrophoblasts at both trimesters
but higher expression in first trimester.

The major strengths of this study are the use of first and
third trimester tissue from healthy pregnancies that continued
until delivery, the largest cohort sizes to date, and the use
of high-throughput sequencing. Uniquely, this study contains
chorionic villi from pregnancies sampled at both first and
third trimester, which minimizes subject variability in the full
cohort and reduces the effect of genetic and environmental
differences, with full cohort results highly correlated to the
subanalysis of only matched subjects (coefficient of 0.98).
These strengths allow for a more precise evaluation of human
placental transcriptomes across gestation.

The limitations of this study include some demographic dif-
ferences between the first and third trimester groups, including
race and ethnicity differences. However, the overall differences
were minimal and PCA plots did not demonstrate clustering
based on race and ethnicity. We also identified small dif-
ferences in maternal BMI and thyroid disorders, but PCA
plots did not show clustering or outliers. Although there
was a higher rate of pregnancy complications, specifically
hypertension, subjects were enrolled in the first trimester prior
to development of pregnancy complications. Furthermore, the
subanalysis with only overlapping subjects shows that these
demographic differences have a minimal effect on results, and
differences seen are driven by gestational age.

Overall, this study demonstrates that although the early
and late placenta is composed of a similar structure, the
chorionic villi, these villi change dramatically to support the
pregnancy throughout gestation. As the largest study, and the
only study with matched subjects at both collection times,
this work provides a normative mRNA atlas of first and third
trimester human placenta. This work serves as a reference for
future studies aimed at understanding gestational age-specific
functional mechanisms and development of gestation-specific
biomarkers.
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