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Abstract

We have recently demonstrated that the human placenta exhibits a unique genomic
architecture with an unexpectedly high mutation burden(Coorens et al. 2021) and it is
also well recognized that the placenta uniquely expresses many genes(Gong et al.
2021). However, the placentais relatively understudied in systematic comparisons of
gene expression in differentorgans. The aim of the present study was to identify
transcripts which were uniquely absent or depleted, comparing the placenta with 46
other human organs. Here we show that 40/46 of the other organs had no transcripts
which were selectively depleted and that of the remaining six, the liver had the largest
number with 26. In contrast, the term placenta had 762 depleted transcripts. Gene
Ontology analysis of this depleted set highlighted multiple pathways reflecting known
unique elements of placental physiology. However, analysis of term samples
demonstrated massive over representation of genes involvedin mitochondrial
function (P=5.8x10-19), including PGC-1a - the master regulator of mitochondrial
biogenesis, and genes involved in polyamine metabolism (P=2.1x10-4). We conclude

that the term placenta exhibits a unique metabolic environment.

Introduction

The placenta has a key role in the pathogenesis of many major complications of
pregnancy, such as preeclampsia (PE) and fetal growth restriction (FGR), termed,
collectively, the “Great Obstetrical Syndromes”(Brosens et al. 2011) and which
accountfor a substantial burden of global morbidity and mortality. Progress on
predicting and preventing these complications is hampered by lack of mechanistic
understanding of normal and abnormal placental function and we and others have
applied multiple studies using omic methods to try and address this knowledge gap.
Published studies of the placenta transcriptome tend to focus on identifying genes
differentially regulated in complicated pregnancies. Other studies have compared the
placental transcriptome across species(Armstrong et al. 2017) and across
gestation(Buckberry et al. 2017) but there are fewer studies comparing the placental
transcriptome with the transcriptomes of other organs(Kimet al. 2012; Gong et al.
2021). RNA-Seq enables transcriptome profiling of tissues or single cellsand there
are a number of studies characterizing so-called the transcriptome ‘landscape’ of
tissues of interest. It is now an essential part of large-scale multi-omics studies, such
as the Encyclopedia of DNA Elements (ENCODE)(ENCODE Project Consortium
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2012), the RoadMap Epigenomics Project(Roadmap Epigenomics Consortium et al.
2015), and the Functional Annotation of Mammalian Genome (FANTOMS5) project(de
Rie et al. 2017). However, the human placenta transcriptome is relatively
understudied and absent from large-scale “omic” analyses such as the Genotype-
Tissue Expression (GTEX) project(GTEx Consortium 2020).

Pan-tissue comparative analyses generally focus on identifying transcripts that are
abundantin atissue of interest while being absentor depleted in others. Indeed, there
are a number of tools and databases that enable “tissue-specific” gene enrichment
analysis(Jain and Tuteja 2019; Watanabe et al. 2019; Papatheodorou et al. 2020).
Studying “tissue-specific” genes provides information about specific functions that
define aunique set of characteristics or “identity” of a tissue of interest. Transcripts
that are ubiquitously expressed in multiple tissues, such as house-keeping
genes(Eisenberg and Levanon 2013) can be identified and this gives insightto the
functionsthatall tissue share. In contrast, little attention has been paid to the
identification of transcripts that are less abundant, or even absent, in one tissue
compared to all others. Here we report transcripts depleted or absent in the human
placenta at term and in early gestation compared with 46 other tissues studied in the
GTEx project. Functional enrichmentanalysis of depleted transcripts highlighted
pathways which reflectknown aspects of placental physiology, such as lack of
nervous tissue and unique immunological features. However, these analyses also
generated evidence thatthe term human placenta has unique metabolic
characteristics, as evidenced by multiple absenttranscripts involved in mitochondrial

function and polyamine metabolism.

Results

Tissue-wide comparison of depleted transcripts

We carried out mMRNA sequencing (RNA-seq) using 59 human term placentas from
the POP study cohort(Pasupathy etal. 2008; Gaccioli et al. 2016; Gong et al. 2018b)
and 14 human placentas from earlier in gestation (n=8, 7-8 weeks (8wk); n=6, 13-14
weeks (14wk))(Prater et al. 2021). We obtained approximately 38 million reads from
each sample (Supplementary Table 1). We compared the placental transcriptome
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91 profile at 8wk, 14wk and term with that of 46 tissues from 11,803 samples of GTEx
92  Consortium datasets(GTEx Consortium 2020) and investigated which transcripts are
93  absentor depleted in the placenta while being reasonably abundantin othertissues
94  (Supplementary Table 2). To adjust for differences in the RNA composition across
95 tissues, we applied the following two normalization methods: 1) the median ratio
96 method (DESeq(Anders and Huber2010)) and 2) the trimmed mean of M-values
97  (TMM(Robinson and Oshlack 2010)) (see Methods for details). For 19,170 eligible
98 protein-coding transcripts, we ranked tissues by their normalized count per million
99 (nCPM) andidentified 5,632 and 5,727 transcripts for which the term placenta was
100 ranked 47 (i.e. bottom) based on DESeqand TMM normalization methods,
101  respectively. Then we selected the 762 transcripts which satisfied the following three
102 conditions: (1) nCPM>1 for the tissue of rank 46, (2) NnCPM(rank=46)/n CPM(rank=47) > 3,
103 and (3) fulfilling these conditions both in DESeq and TMM normalization methods
104 (Supplementary Table 3) — these transcripts are described as being “depleted”
105 hereafter. For early gestational age datasets (8wk and 14wk placenta) we identified
106 215 and 112 such depleted transcripts respectively (Supplementary Tables 4 and
107 5).
108
109  Usingthe same criteria we applied to the placenta, we soughtto identify mRNAs
110  depleted in each of the 46 other tissues. Surprisingly, we found thatthere were ~30
111  times more transcripts depleted in the placenta than in the liver (26 depleted
112 transcripts), which was the highestamong the 46 non-placental tissues. Besides the
113 placenta, only six tissues had one or more depleted transcript: liver, spleen, brain
114 (cerebellar hemisphere), muscle, testis and adrenal gland (Figure 1A and
115 Supplementary Table 6). We then used five external placenta RNA-Seq datasets
116  generated independently (two early gestational placenta datasets: (1) Lim et al.(Lim et
117 al.2017) (n=4) and (2) Huang et al.(Huang etal. 2018) (n=3) and three term placenta
118 datasets: (38) Verheecke et al.(Verheecke et al. 2018) (n=66), (4) Ashley et al.(Ashley
119 etal. 2021) (n=4), and (5) Awamleh et al.(Awamleh et al. 2019) (n=21)). These
120  analyses confirmed that the placenta had the most depleted transcripts among the
121  othertissues studied -132 (Lim), 55 (Huang), 237 (Verheecke), 340 (Ashley), and
122 123 (Awamleh) (Figure 1A and Supplementary Table 7). All the datasets described
123  above had variable depth of coverage. So, to investigate any possible effect of

124 sequencing depth, we down-sampled the reads to 20 million for all samples. We then


https://doi.org/10.1101/2022.07.01.498408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.01.498408; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

125 repeated the analysis with the same methods and criteria as described above. In

126  down-sampled datasets, we obtained consistentresults that the placenta had many
127  more depleted transcripts than other tissues (Supplementary Figure 1 and

128  Supplementary Table 8). The number of depleted transcripts that were shared

129 among our dataset and other term placenta datasets (Figure 1B) or other first

130 trimester datasets (Figure 1C) was highly significant (P<1x10-3'4forthe term placenta
131 and P=7.4x10299 for the early placenta; both Fisher’'s exact test). In our term and

132 early gestation placental datasets, there was a total of 883 transcripts depleted at any
133 gestational age and among these, 58 were depleted in all three trimesters

134  (Supplementary Table 9 and Figure 1D). Figure 1E shows the 58 genes for which
135 the transcripts are depleted in our three placental datasets ranked by their fold

136 change, with the top 10 genes being annotated, compared to 46 tissues from the

137 GTEx dataset (see Supplementary Table 9).

138

139  Amongthe 762 transcripts depleted in our term placenta dataset, we did not detect
140  anytranscripts encoding PRSS2 (serine protease 2 also known as Trypsin 2) whilst
141  MT-ND6 (mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 6)
142 hadthe highestlevel of expression (nCPM=123), but was still three-fold lower than in
143 allthe othertissues studied (Supplementary Table 3). Interestingly, the 762

144 transcripts depleted in our term placenta were also less abundant in our early

145  gestation placenta samples and other placenta data sets studied (Figure 1F).

146  Moreover, the 426 transcripts uniquely depleted in our term placenta data (Figure 1B)
147  were also less abundantin external term placenta datasets and majority of them were
148 ranked bottom in the Ashely (335; 79%), Verheecke (245; 58%), and Awamleh (179;
149  42%) datasets (Supplementary Figure 2).

150
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152  Figure 1. The number of absent or depleted transcripts in various tissues. A, The number of
153  depleted transcripts are shown in the placenta samples (our and other studies) and other somatic
154  tissues. The term, 8wk and 14wk placentas are from this study. Tissues with open circles represent
155  zero depleted transcripts. B-D, Venn diagrams showing the number of transcripts, and their overlaps,
156 depleted in early gestational placentas (B), term placentas (C) and three gestational stages of the
157 placenta datasets from this study (D). The lists of transcripts depleted in the non-placental and the
158 external placental tissues are available in Supplementary Tables 6 and 7, respectively. Ver.

159  (Verheecke), Ash. (Ashley), Awa. (Awamleh), Hua. (Huang). E, Abundances of the transcripts (x-axis)
160 relatively depleted in all three trimesters are shown along with their fold change (y-axis, calculated as
161 follows: NCPM(rank=46)/NCPM(rank=47;placents)). The counts (per million) on x-axis are normalized by TMM
162 method and the data is available in Supplementary Table 9. To avoid fold change being infinite

163 values, a small number (0.001) was added to nCPM of the term placenta. The transcripts with the 10
164  highest fold change (PRSS2 being the top one) are shown with their gene names. The size of circle
165  represents the effect size (i.e. NCPM rank=46) - NCPM\(rank=47; placenta)). F, The range of transcript

166  abundances forthe 762 genes in the placental tissues and 26 representative somatic tissues out of 46
167  we studied. Dot: median; line: interquartile range (IQR). For display, non-placental tissues shown in F,
168  were manually selected if there are at least two subregions from the same tissue. For example, we
169  analyzed a total of 13 brain subregions in this study and the cerebellar hemisphere is shown here to

170 represent the brain. The representative sub-regions are shown in Supplementary Table 2.
171

172 Dynamic changes of depleted transcripts during pregnancy

173  We furtherinvestigated the 883 transcripts depleted in the placenta at any trimester of
174  pregnancy (Figure 1D) to see how they change overtime. Among the 215 transcripts
175 depleted in the first trimester placenta, 83 transcripts were notshared with other

176  gestational ages (T1 in Figure 2A) and their abundances increased as gestation

177  progressed (Supplementary Figure 3A). A number of gene ontology (GO) terms

178  were significantly enriched (P<0.05) in these 83 transcripts (T1 in Figure 2B),

179  including MHC protein complex (HLA-A, HLA-DPA1and HLA-DPB1) andion channel
180 inhibitor activity (ANKRD36, CAMKZ2D, LYNX1,and SCN1B), suggesting a limited role
181 forthese functionsin the firsttrimester.

182

183  We foundthe second trimester placenta sample had the smallest number of depleted
184  transcripts (n=112) compared to those from the first timester (n=215) and the term
185 placenta (n=762). Indeed only 3 transcripts (cilia and flagella associated protein 91

186 (CFAP91, also known as MAATS1), myomesin 2 (MYOMZ2), and neurotrophic

187  receptor tyrosine kinase 3 (NTRK3)) were uniquely depleted in the second trimester


https://doi.org/10.1101/2022.07.01.498408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.01.498408; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

188 (T2 in Figure 2A). However, they all were ranked bottom (i.e. the least abundant
189  compared to non-placental tissues) in the firsttrimester and close to bottom in the
190 term placenta. However, they were not sufficiently low enough to satisfy the 3-fold
191 thresholdforboth TMM and DESeq normalization methods. For example, for MYOMZ2
192  the foldchanges based on TMM and DESeq were 2.9 and 2.8 fold respectively.

193

194  Amongthe 883 transcripts depleted in any of the three trimesters, 58 are depleted in
195 allthree (Supplementary Table 9 and T1+T2+T3 in Figure 2A) and they are

196  associated with various GO terms (T1+T2+T3 in Figure 2B). It is unsurprising that
197 genes annotated with the GO terms “astrocyte development, “gliogenesis” and

198  “skeletal muscle adaptation” are absentin the placenta. However, as the placentais
199 a steroidogenic organ the depletion of genes associated with “positive regulation of
200 steroid hormone metabolic process” is more surprising. The genes annotated with this
201  term include aldo-keto reductase family members (AKR1C1and AKR1C2). Thisis
202  consistentwith the requirement for placental steroid production as these reductases
203 inactivate steroid hormones(Penning etal. 2015), specifically progesterone in the
204 case of AKR1C1.Peroxisome Proliferator Activated Receptor Gamma (PPARG) is
205 abundantand is essential for placental development(Valle etal. 2005) and function.
206  However, the depletion of PPARG Coactivator 1 Alpha (PPARGC1A)transcripts (also
207 known as PGC-1a) suggests that the usual coordination between PPARG and PGC-
208 1a does notoccurin the placenta(Hondares etal. 2006). Of note, PGC-1a is also
209  directly implicated in regulating mitochondrial biogenesis(Wu etal. 1999) and the
210  regulation of mitochondrial genes (see below).

211

212 Several depleted transcripts are annotated with the GO term “extracellular matrix
213 organization”. Trypsins 1 and 2 (PRSS1 and PRSS2) are notable as these were

214  essentially absentfrom the placenta. As these proteins are key activators of multiple
215  matrix metalloproteases this suggests that initiation of matrix remodeling is mediated
216 by other proteases. Transcripts encoding two type IV collagen genes (COL4AS,

217  COL4A4) were depleted. These collagens are components of basement membranes
218 andform atriple helix (with COL4A5). Mutation or loss of any of these three genes
219  causes Alport's syndrome(Hudson etal. 2003). However, the lack of the

220 a3. a4. a5(lV) collagen protomer is without effectin the placenta, in contrast to the

221 otherorgans affected in Alport's syndrome. It is likely that the a1. a1. a2(IV) collagen
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222  protomer is sufficientandin factthe placenta has the highest expression of COL4A1
223 amongthe GTEXx tissues from our previous study(Gong et al. 2021). Keratin filament
224 transcripts (KRT4, KRT5, KRT13) are also depleted and annotated with the GO term
225  “extracellular matrix organization”. These keratins are characteristic of stratified

226  epithelial surfaces(Moll etal. 2008) (such as the esophagus in which the expression
227 levelis >10,000 times higher) and this difference likely reflects the syncytial nature of
228  the trophoblastepithelial surface.

229

230  We identified 762 depleted transcripts in the term placenta and this was the highest
231  numberamong three trimesters, and 649 of them (85%) were uniquely depleted at
232 term (T3 in Figure 2A). GO analysis showed these genes are predominantly

233  associated with mitochondria-specific processes, suggesting thatthe term placenta
234 hasdiminished capacity for these functions (T3 in Figure 2B). They include genes
235 encoding 12 mitochondrial ribosomal proteins, ATP synthase, H* transporting,

236  mitochondrial F1 complex, delta subunit (ATP5D), succinate dehydrogenase complex
237  assembly factor 1 (SDHAF1), NADH:ubiquinone oxidoreductase complex assembly
238  factors (NDUFAF3, NDUFAF8) and subunits (NDUFB7, NDUFS7, NDUFS8), and
239  mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit6 (MT-ND6).
240  Even though these transcripts were not sufficiently low to be classified as being

241 depleted in earlier gestations, most of them were also less abundantthan somatic
242 tissues (Supplementary Figure 3B). Using KEGG (Kyoto Encyclopedia of Genes
243  and Genomes) pathway analysis of the 649 transcripts depleted only at term, we also
244  noted that genes for arginine and proline metabolism and hence the polyamine

245  (putrescine, spermidine, and spermine) metabolic pathway were also significantly
246  over-represented (Supplementary Textand Supplementary Figure 4).

247

248  Having observed significantly over-represented mitochondria-related GO terms in the
249  list of depleted transcripts, we examined the proportion of RNA-Seqreads from the
250 19,170 protein-coding genes that mapped to mitochondrial DNA. The term placenta
251 hasthe lowest percentage (3.4%), followed by the aorta (4.5%), and the 8wk placenta
252 (4.6%) (Supplementary Figure 5A). In contrast, the heart (left ventricle; 39.7%), the
253  kidney (cortex; 31.3%) and the liver (21.1%) expressed the most mitochondrial

254  protein-coding transcripts. We also examined the extent of mitochondrial transcripts

255 including both the protein-coding and non-coding transcripts, such as mitochondrial
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rRNA andtRNA, and found the term placenta also showed the lowest proportion of

reads mapped to mitochondrial DNA (3.7%, Supplementary Figure 5B).
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Figure 2. Abundance and GO analysis of transcripts depleted in the placenta during pregnancy. A,
A heatmap representation of the abundance of 883 placenta-depleted transcripts (rows) across 29 tissues
including our placenta datasets, i.e. 8wk (T1), 14wk (T2), and term (T3). nCPM (log1o scale) is color-
coded from red (higher) to blue (lower) and their values across the 883 transcripts are shown as a boxplot
in the bottom. 26 non-placental tissues are shown in descending order of the median CPM and the
placenta samples are ordered by gestational age. The 883 transcripts are ordered in descending order of
the average CPM across the placental samples. B, A summary of the gene ontology (GO) and KEGG
pathway analysis. Significantly (adjusted P<0.05) overrepresented GO terms and KEGG pathway are
shown with the following three sources: biological process (blue); molecular function (green); cellular
component (orange); KEGG (red). The black and grey square represent being depleted and not being
depleted, respectively, at the corresponding gestational age. To note, GO terms with at least the depth of
5 or more from the root and the intersection size of 3 or more (i.e. the number of overlaps between the
query and the number of annotated genes belong to the GO terms in question) were plotted. For KEGG
pathways, those with the intersection size of 5 or more were plotted. The full list of significantly
overrepresented GO terms is shown in Supplementary Table 10. For A and B, the 883 transcripts are
divided by their depleted status among the placenta samples at 8wk, 14wk, and term as shown by the
following: T1: depleted at 8wk only; T1+T2: depleted at 8wk and 14wk; T1+T2+T3: depleted at 8wk, 14wk
and term; T1+T3: depleted at 8wk and term; T2: depleted at 14wk only; T2+T3: depleted at 14wk and
term; T3: depleted at term only. For display, non-placental tissues, shown in A, were manually selected if
there are at least two subregions from the same tissue. For example, we analyzed a total of 13 brain
subregions in this study and the cerebellar hemisphere is shown here to represent the brain. The
representative sub-regions are show in Supplementary Table 2. nCPM: normalized count per million;

wk: week of gestation.
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Abundance of nuclear-encoded transcripts localized in the mitochondria

Mitochondria contain proteins encoded by nuclear DNA and subsequently imported to
the mitochondria as well as those directly encoded by mitochondrial DNA (mtDNA).
MitoMiner(Smith and Robinson 2016) is a database of protein coding genes with
strong support for mitochondrial localization and hence function. Having observed
association of mitochondria-related GO terms in the 762 transcripts depletedin the
term placenta, we furtherinvestigated how many of these encode mitochondrial
proteins defined in MitoMiner and found 84 (P=5.1x10-10, Fisher's exact test). For the
234 transcripts depleted earlier in gestation (eitherfirst or second trimester, Figure
1D), the number overlapping with MitoMineris only 9 (P= 0.382, Fisher’'s exact test).
We then examined the abundance of transcripts encoding the 1,042 genesin
MitoMiner across non-placental tissues from GTEx and placentas obtained in all three
trimesters (8wk, 14wk and at term). We foundthatthe 3 placental tissues clustered on
a single branch and were distinct from the other tissues (Figure 3A). The transcript
abundance of the 1,042 MitoMiner genes were lowestin the term placenta, followed
by the 14wk placenta, while they were the most abundantin the muscle, followed by
the liverand the heart (Supplementary Figure 6). However, the term placenta also
had 9 transcripts whose abundance levels were higherthan any other somatic tissues
we compared (Figure 3B) — two of them (KMO and ARMS2) were measured using
RT-gPCR (discussed further below). Interestingly multidimensional scaling of all
11,876 samples showed a profound clustering of all 49 tissues, indicating tissue-
specific expression of the 1,042 genes (Figure 3C and Supplementary Figure 7). All
placental samples were clustered closely together. Next, using whole-genome
sequencing (WGS) datasets, we examined mtDNA copy numbers of the term
placental tissue (n=80) and compared those of four healthy tissues
(endometrium(Moore et al. 2020) (n=398), blood(Lee-Six et al. 2018) (n=199),
colon(Lee-Six et al. 2019) (n=568), and liver(Brunneretal. 2019) (n=517); see
Supplementary Table 11, Supplementary Figure 8) and 21 non-placental tissues
from the Cancer Genome Atlas Pan-Cancer Analysis of Whole Genomes (PCAWG)
Consortium(Yuan etal. 2020). We found thatmtDNA copy numberwas not
substantially lowerin the placenta than othertissues we compared (see
Supplementary Text).
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Figure 3. Nuclear-encoded mitochondrial transcripts. A, A heatmap representation of the
abundance of 1,042 genes in MitoMiner (rows) across 29 tissues (columns). nCPM (log 10 scale) of a
transcript is color-coded from red (higher) to blue (lower). B, A heatmap showing the abundance (log1o
scale) of 9 highly enriched MitoMiner transcripts in the placenta. C, A multidimensional scaling plot
(tSNE) of 11,876 samples from 49 tissues using nCPMs (calculated by TMM method) of 1,042 genes in
MitoMiner. Each dot represents one of 11,876 samples (i.e. 11,803 samples from GTEx and 73 from
the placenta of the following gestational ages: 8 at 8wk, 6 at 14wk and 59 at term) and each color
represents a tissue and the full color-coding is shown in Supplementary Figure 7. For display, non-
placental tissues, shown in A, were manually selected if there are at least two subregions from the
same tissue. For example, we analyzed a total of 13 brain subregions in this study and the cerebellar
hemisphere is shown here to represent the brain. The representative sub-regions are show in
Supplementary Table 2. nCPM: normalized count per million; wk: week of gestation; tSNE: t-

distributed stochastic neighbor embedding.

Validation of placental transcript abundances

To confirmthe transcript abundance levels of the placenta and other somatic tissues
that we identified based on RNA-Seq dataset, we performed RT-gPCR assays in
independent samples. We selected a total of 13 transcripts (11 depleted and 2
mitochondria-associated transcripts enriched in the term placenta) and measured
their mMRNA levels in eighthuman tissues: placenta (term), aorta, heart, breast, lung,
stomach, small intestine and colon (see Methods for details). For each of the 11
depleted transcripts, we confirmed that their abundances were significantly lowerin
the placentathan the other tissues (P=1.7x10-°, Mann-Whitney test) and the placenta
was ranked lowest (Figure 4). We also confirmed that the mRNA level of KMO, one
of the enriched transcripts in the placenta, was the highestin the placenta and it was
significantly higher (P=2x10-°, Mann-Whitney test) than the other tissues tested
(Figure 4). For ARMS2, another enriched target, 19 of the 24 non-placental tissue
samples used were not assayable by gPCR, (below the limit of detection), whereas all
5 of the placental samples were measurable — this is consistent with the RNA-Seq
data showing enrichmentin the placenta (Figure 3B). Overall, the 13 transcripts
selected for validation of either being depleted (11) or enriched (2) from RNA-Seq

datasets were confirmed using RT-gPCR.
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Figure 4. qPCR validation assays for 14 transcripts. The transcript abundance levels (x-axis) were

measured in 8 tissues (y-axis) which were ranked from the lowest to highest level using the median

abundance for each transcript. Each dot represents an individual sample (by taking the mean of the

technical triplicate) and each of the boxes shows the median and interquartile range (IQR). The

horizontal lines (whiskers) extended from the box represent a range of 1.5*IQR from both ends. The P-

values (Mann-Whitney test) are shown between the placenta and the rest of non-placental tissues. The

gPCR data used forthe graph are available in Supplementary Table 12.
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346  Discussion

347  The key finding of the present study is that the human placenta has a unique

348 transcriptome architecture compared to all of the organs studied in the GTEX project.
349  More than 80% of the organs studied in the GTEx project lack even a single uniquely
350 depleted transcript. Of the organs studied in the GTEXx project, the liver had the

351 largest number of uniquely depleted transcripts, with 26 depleted or absent. Strikingly,
352 the transcriptome of term placenta had almost 30 times more depleted or absent

353  transcripts than the liver. Gene Ontology analysis indicated that some of the absent
354  transcripts reflect known unique qualities of placental function. For example, the

355 placentahasnoinnervation and this likely reflects the identification by Gene Ontology
356 analysis of multiple transcripts involved in formation of elements of the nervous

357 system. Similarly, recognition of the allo-immune placenta is essential for normal

358 pregnancy(Moffettet al. 2017) and this is reflected in unique expression of MHC

359 antigens,which was another Gene Ontology analysis pathway identified. However,
360 Gene Ontology analysis identified other pathways which we did not anticipate.

361

362  The most striking example was that many transcripts related to mitochondrial function
363  were far less abundantin the term placenta than other somatic tissues. Interestingly,
364 the mRNA for PPARGC1A (Peroxisome proliferator-activated receptor gamma

365 coactivator 1-alpha;also known as PGC-1a), a transcriptional master regulator of

366 mitochondrial biogenesis, was depleted in the placentain all three trimesters, as well
367 asinfourexternal placenta datasets (Supplementary Table 7). Ppargcia-null mice
368 have decreased expression of mitochondrial genes, especially those encoding

369 various subunits of the electron transport chain (Austin and St-Pierre 2012; Vernier
370 and Giguere 2021), suggesting a possible link between its low abundance and the
371 diminished content of mitochondrial transcripts in the placenta. PGC-1a interacts with
372  avery wide range of transcriptional co-activators and is a key regulator of metabolic
373  homeostasis(Milleret al. 2019) and protects cells against oxidative damage by

374  inducing the expression of several ROS (reactive oxygen species) detoxifying

375 enzymes such as superoxide dismutase 2 (SOD2). Interestingly, our RNA-Seq

376  analysis showed that SOD2 mRNA was the lowest in the early gestation placentas as
377 wellas havingalow rank (45/47) in the term placenta. As ectopic expression of PGC-
378 1areduced levels of ROS(Valle et al. 2005; St-Pierre et al. 2006), it has been

379 suggested that PGC-1a ensures high energy metabolism and removal of its toxic by-
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380 products at the same time. We recently reported that the placenta has a unique

381 somatic mutation profile(Coorens etal. 2021), predominantly the SBS18 signature
382  which is associated with oxidative stress. This could be explained, at least in part, by
383 accumulation of ROS possibly due to lower level of PGC-1a and SOD2 transcripts in
384 the placenta.

385

386  The syncytiotrophoblast (STB) is a multinucleated epithelium covering the outer layer
387  of chorionic villi and it differentiates from cytotrophoblast (CTB). The STB

388 mitochondria have different morphological properties compared to CTB, specifically,
389 they are smaller with irregular spherical cristae and a dense matrix(Holland et al.

390 2017; Fisheret al. 2020) and it has been suggested that these changes are related to
391 steroidogenesis of STB(Martinez et al. 1997; Martinez et al. 2015). Functional studies
392 have shown that STB mitochondria have reduced membrane potential, increased

393 levels of hydrogen peroxide, lower antioxidantlevel and are more sensitive to

394 ROS(Watson et al. 1998; Bustamante et al. 2014; Schoots et al. 2018). These

395 characteristics are due to the complement of mitochondrial proteins presentand again
396 reflect the features of placental biology that are not found in othertissues.

397

398  We have previously reported that placental polyamine metabolism is implicated in

399 placentally related complications of human pregnancy(Gong et al. 2018b). In the

400 currentstudy we found thatgenes associated with the KEGG pathway “arginine and
401  proline metabolism” were over-represented among the depleted transcripts. Within
402  this group were transcripts from five genes (SRM, SAT2, SMOX, AZIN2, and PAOX)
403  involvedin polyamine metabolism;these were depleted at term but were also less
404  abundantearlierin gestation (see Supplementary Text and Supplementary Figure
405  4). Interestingly, expression levels of some genesin the polyamine pathway (e.g.,

406 SAT1,AZIN1, SMS, and AMD1) were higherin the placentathan non-placental

407  tissues. Kajander et al.(Kajander et al. 1989) reported enzymatic activities of

408 spermidine synthase (SRM) and spermine synthase (SMS) in seven human tissues,
409 andthe SMS-to-SRM ratio was the highestin the placenta (~5) followed by the kidney
410  (~3.7). In our comparative analysis of RNA-Seq datasets, we confirmed that the SMS-
411 to-SRM ratio at their transcript level was also the highest at the term placenta (48.7),
412  followed by the 14wk placenta (5.4), and the 8wk placenta (5.3). The kidney cortex

413  (2.5) appeared to have the highestratio among 46 non-placenta tissues we
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414  compared, with the pancreas (0.17) being the lowest — it was also the lowest from the
415 protein ratio (0.4) reported by Kajander. This demonstrates that our tissue-wide

416  comparison of transcripts parallels previous analyses based on measurement of

417  proteins level.

418

419  The mechanisms underlying the reduced expression of the selectively depleted

420  transcripts in the placentaremainsto be determined. One we considered was

421 differential methylation of the promoter regions of such genes. While it has long been
422  recognizedthat placental DNA is globally hypomethylated compared to other

423  tissues(Ehrlich etal. 1982; Fuke et al. 2004), it varies in locus-specific

424  manner(Chatterjee et al. 2016; Gong et al. 2018a). We previously reported 71 protein-
425  coding transcripts specifically enriched in the placenta(Gong etal. 2021), and we

426  compared their promotor methylation levels(Gong et al. 2018a) with those of the

427  transcripts depleted in the placenta we report here. However, we did notobserve any
428  significantdifference in DNA methylation between the enriched and depleted

429 transcripts in the CPG islands associated with these genes (Supplementary Figure
430 9). Moreover, when we studied the promoter regions of the two sets of genes, the

431  median promoter methylation of enriched transcripts (36.9%) was actually higherthan
432  that of depleted transcripts (10.2%, P=3.4x10-"). This observation runs counterto the
433 typical “high-methylation - low-expression” relationship and suggests that other

434 mechanisms may be involved, and thisis an area for future study. We considered

435 possible differences in the number of mitochondria per nucleus butthe placenta was
436  notan outlierin mitochondrial DNA copy number (Supplementary Figure 8) and

437  some mitochondrial genes actually had higher levels of expression in the placenta
438 thanin othertissues.

439

440  We noted that the proportion of genes encoding depleted transcripts from

441  chromosome 19 was higherthan expected by chance (Odds Ratio=3.18, P=1.5x10-25;
442  Fisher's exact test) (Supplementary Figure 10). This chromosome hasthe highest
443  genedensity of allhuman chromosomes and the highest GC and CpG content. It is
444  unusualinthatnearly a quarter of its genesfall in 20 tandemly arranged gene

445  families(Grimwood et al. 2004; Harris et al. 2020). Several of these families have

446 direct roles in pregnancy —for example, the beta subunit of chorionic gonadotropin

447  (CGB, 6 functional genes), the pregnancy specific glycoproteins (PSG, 10 functional
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448 genes)and the large imprinted cluster of mMiRNAs which are largely placenta

449  specific(Donkeret al. 2012) (C19CM, 46 genes). These genes are all highly

450 expressed in the placenta(Gong et al. 2021). However, chromosome 19 encodes

451 otherunusual gene families. Natural killer cells play an important role in human

452 pregnancy(Colucci 2019) and their receptors (killer cellimmunoglobulin-like receptors,
453  KIRs.) are highly polymorphic and are in a cluster within the 1 Mb leukocyte receptor
454  complex in Chromosome 19.

455

456  Finally,transposable elements or their remains accountfor a surprisingly large

457  fraction of the human genome and hostorganisms have evolved numerous strategies
458 to defendthemselves againstthe threat posed by functional endogenous

459  retroelements. One such mechanisminvolves the very large and rapidly evolving

460 family of transcription factors, the Krippel-associated box domain zinc finger proteins
461 (KRAB-ZFPs)(Brunoetal. 2019). There are an estimated 352 genes encoding KRAB-
462  ZFPsinthe human genome, and 209 of these are located within six clusters on

463 chromosome 19(Yang et al. 2017). Thus chromosome 19 has many unusual features
464 and many of these are related to placental or reproductive function. We now add to its
465 list of unusual features —that of having an over representation of depleted transcripts
466 inthe human placenta.

467

468 Clearly, there is a risk that apparent differences in expression could be observed due
469  to batch effects and this could occurat any of a range of levels, including RNA

470  extraction, the sequencing platform employed, the transcriptome size, and the

471  normalization method employed. For example, the results of long RNA-seq are

472  profoundly affected by whether RNA was size selected or selected by oligo dTs for
473  selective extraction of mMRNA through its polyadenylated tail (Gong et al. 2021). We
474  mitigated these risks using multiple approaches. First, we ensured comparable

475  methods of RNA extraction and sequencing between ourown samples (mirVana

476  miRNA isolation Kit, Ambion) and GTEx (Tissue miRNA Kit, PreAnalytix®and

477  miRNeasy Mini Kit, Qiagen). Second, we analyzed multiple distinct placental RNA-
478  seq datasets, including those we generated and using other publicly available

479  sources. Third, we compared multiple bioinformatic approaches to determine that the
480  results were robust to definitions using different pipelines. Finally, we externally

481 validated some of the key results using qPCR and a separate group of placental
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482 samples andtissue samples obtained from a local tissue bank. We conclude that

483  these data support a unique transcriptomic void in the human placenta. We speculate
484  thatthis void might identify transcripts that are dispensable in atransientorgan — but
485 notin others. Moreover, the neglectof the placentain a large-scale international

486  consortiumresulted in the exclusion of one of the human body’s most interesting

487  transcriptional landscapes.

488

489 Materials and Methods

490 Placenta samples

491  Allthe full-term placenta samples were obtained from the Pregnancy Outcome

492  Prediction (POP) study, a prospective cohort study of nulliparous women attending
493  the Rosie Hospital, Cambridge (UK) for their dating ultrasound scan between January
494 14,2008, and July 31, 2012. The study has been previously described in

495 detail(Pasupathy etal. 2008; Gaccioli et al. 2016). Ethical approval for the study was
496  given by the Cambridgeshire 2 Research Ethics Committee (reference number

497 07/H0308/163) and all participants provided written informed consent. A total of 128
498  unique placental samples were analysed in this study - 60 samples were used for

499 RNA-Seq (Supplementary Table 1) and 80 for WGS (Supplementary Table 11).
500 One of the RNA-Seq samples was dropped from the analysis due to the presence of
501 decidual contamination(Gong etal. 2021) and 12 placentas were analyzed using both
502 methods.

503

504  First and second trimester tissue samples were collected with informed written patient
505 consentand approval of the Joint University College London/University College

506  London Hospital Committees on the Ethics of Human Research (05/Q0505/82) from
507 7-8 wGA (n=8) and 13-14 wGA (n=6) uncomplicated pregnancies. Gestational age
508 was confirmed by ultrasound measurement of the crown -rump length of the embryo.
509  Allsamples were collected from patients undergoing surgical pregnancy termination
510 undergeneral anesthesia for psycho-social reasons. Villous samples were obtained
511 undertransabdominal ultrasound guidance from the central region of the placenta

512 usingachorionic villus sampling (CVS) technique. All samples were snap-frozen
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immediately in liquid nitrogen and stored at —80°C until analysis. These samples have

previously been described in full(Prater et al. 2021).

RNA sequencing and data processing

The POP study placental biopsies were collected within 30 minutes of delivery and
flash frozen in RNAlater (ThermoFisher). For each biopsy, total placental RNA was
extracted from approximately 5 mg of tissue using the “mirVana miRNA Isolation Kit”
(Ambion) which efficiently isolates all RNAs longerthan 10 nucleotides in length,
followed by DNase treatment (‘DNA-free DNA Removal Kit’, Ambion). RNA quality
was assessed with the AgilentBioanalyzerand all the samples with RIN values=7.0
were used in the downstream experiments. RNA-libraries were prepared from 1ug of
total placental RNA with the TruSeq Stranded mRNA Library Prep Kit (lllumina) which
captures polyA-tailed transcripts by oligo-dT beads, then pooled and sequenced
(single-end, 50bp) using a Single End V4 clusterkit and lllumina HiSeq2500. RNA
was also extracted from human firstand second trimester placental villiusing the
RNeasy Plus Universal Mini Kit (Qiagen). Libraries were made using the lllumina

TruSeq Stranded mRNA Library Kit according to the manufacturer’s instructions.

The adaptor sequences and poor-quality bases were trimmed using cutadaptvi1.16
(with python v3.6.1) with the following command:

cutadapt -j 32 -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -q20-O 8 -m
20 -0 $TRIMMED _FASTQ $INPUT_FASTQ

The quality-assured trimmed short reads were mapped to the GRCh38 version of
human genome reference using TopHat2 (v2.0.12):

tophat2 -p 32 --library-type fr-firststrand --outout-dir $OUTPUT _DIR --max-multihits 10
--prefilter-multihits -transcriptome-index=$TR_INDEX $BOWTIE2INDEX
$TRIMMED_FASTQ

The transcriptome index above was built using transcript annotation from Ensembl
v88 (equivalentto Gencode v26). We applied so-called two-pass (or two-scan)
alignment protocol to rescue unmapped reads from the initial mapping by re-aligning

unmapped reads toward the exon-intron junctions detected in the first-mapping:
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546  tophat2 -p 32 --library-type fr-firststrand --output-dir §OUTPUT _DIR --raw-juncs

547  $MERGED_JUNCTION $UNMAPPED FASTQ

548

549  For each sample, the initial and second mapped reads were merged by samtools
550 (v1.2-24-g016c62b):

551 samtools merge SMERGED _BAM $FIST_MAP_BAM $SECOND_MAP_BAM

552

553 Before gene-level quantification of read counts, we pre-processed the transcript

554  annotation file (Gencode v26) using the ‘collapse annotation.py’ python script

555 available from the following GTEX github site: https:/github.com/broadinstitute/gtex-

556  pipeline/tree/master/gene model.

557  python3 collapse annotation.py $§GENCODE 26 GTF

558 $PROCESSED GENCODE 26 GTF

559

560  Finally,we quantified sequencing reads at the gene-level using featureCountstool of

561  subread package (v1.5.1):

562  featureCounts -T 32 -a $PROCESSED GENCODE 26 GTF-Q10-s2-p -C -0
563 $GENE _COUNT OUTPUT $MERGED BAM

564

565  Tissue collection for RT-qPCR analysis

566  Placental tissues for gPCR validation were collected from healthy women with normal
567 term pregnancies and scheduled fordelivery by elective cesarean section.

568  Participants were consented for research sample collection as part of the surgical
569  procedure, with further permission for storage and transfer of materials to the biobank
570  given under approval 07/MREO05/44. Analysis was performed as part of the

571  Cambridge Blood and Stem Cell Biobank REC ID 18/EE/0199. Human aorta, lung
572  andleft ventricle usedin the research study was obtained from the Papworth Hospital
573  Research Tissue Bank. Written consentwas obtained for all tissue samples using
574  Papworth Hospital Research Tissue Bank’s ethical approval (East of England -

575 Cambridge East Research Ethics Committee) under approval 18/EE/0269. Human
576  colon, stomach and small bowel were obtained from Cambridge University Hospitals
577 Human Research Tissue Bank under approval 04/Q1604/21 and breast tissues from

578 the Institute of Metabolic Sciences.
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Approximately 35 mg of frozen tissues were homogenized by bead beating for 20 s at
a speed of 4.5 ms™' on a FastPrep24 sample disruption system with Lysing Matrix S
tubes (MP Biomedicals, Santa Ana, CA). Total RNA was isolated with the RNeasy
Plus Mini Kit (Qiagen) and 200 ng of total RNA from each sample was reverse
transcribed using the High-capacity RNA-to-cDNA kit (ThermoFisher Scientific). The
gPCR reactions were prepared using TagMan Multiplex Master Mix (ThermoFisher
Scientific).

Whole genome sequencing and data processing

The whole genome sequencing dataset of the placenta (n=80) was from ‘cohort1’
(babies delivered by pre-labor Caesarean section) described in our previous report(de
Goffau et al. 2019), which was also based on the POP study. Detailed description of
the experimental protocol is available in the original paper.

The sequencing files were converted from CRAM format to FASTQ using samtools
(v1.7-15-g9ce8c64):
samtools fastq -F 0x200 $INPUT_CRAM -1 $FASTQ R1-2 $FASTQ R2

The adaptor sequences and poor-quality bases were trimmed using cutadaptvi1.16
(with python v3.6.1) with the following command:

cutadapt -j 32 -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTA
TCATT-g20-O8-m 20 -0 $TRIMMED R1-p $TRIMMED R2 $FASTQ R1
$FASTQ R2

The quality-assured trimmed short reads were mapped to the GRCh38 version of
human genome reference using bwa (v0.7.17-r1188):
bwa mem -M -t 32\
-R
"@RG\D:$ID\tPL:illumina\tPU.:run\tLB:$ID\tSM.$Barcode\tCN.CamObsGynae" |
$GRCh38 _GENOME_FASTA $TRIMMED _R1$TRIMMED_R2\
| samtools view -Sb - > $BAM_FILE
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612

613 The whole genome sequencing dataset of the 1,682 healthy normal tissues (the
614 endometrium, blood, colon, and liver) was generated at the Wellcome Trust Sanger
615 Institute(Moore et al. 2020).

616

617  GTEx data processing

618 We compared our placenta RNA-Seq datasets with 46 somatic tissues from GTEXx
619 (v8.p2). To select eligible samples from GTEx RNA-Seq datasets, we used the same
620 filtering conditions applied to our previous study(Gong et al. 2021): (a) RNA integrity
621  number (SMRIN) 26, (b) mapping rate (SMMAPRT) 20.9, (c) exonic mapping rate
622 (SMEXNCRT) 20.75, and (d) 220 qualifying samples per tissue. Five tissues (out of
623  54) were dropped after applying the aforementioned filters: the kidney (medulla), the
624  fallopian tube, the cervix (endocervix), the cervix (ectocervix), and the bladder. We
625 furtherremoved the following three non-solid tissues: the whole blood, cultured

626 fibroblast cells, and EBV-transformed lymphocytes cells. Finally, a total of 11,803
627 samples were selected from 46 somatic tissues. Supplementary Table 2 shows the
628 number of samples across the 46 tissues we considered. In our initial analysis, we
629 used4,454 samples from 20 somatic tissues from GTEx with the following modified
630 criteria: (a) the RNA integrity number (SMRIN) [J6, (b) mapping rate to genome

631 (SMMAPRT) >0.8, (c) mapping rate to exon (SMEXNCRT) >0.8, (d) =210 qualifying
632 samples of both sexes (i.e. at least 20 samples per tissue), and (e) manual selection
633  of tissue sub-types if two or more were available for the same tissue. We considered
634 56,156 genes from the gene-level quantification information available from the

635 following file: GTEx_Analysis 2017-06-05_v8 RNASeQCv1.1.9 gene reads.gct.gz.
636

637  Identification of absent or depleted protein-coding transcripts

638 We made a countmatrix of 56,156 genes by 11,876 samples (i.e. 11,803 samples
639 from GTEx and 73 from the placenta of the following gestational ages: 8 at 8wk, 6 at
640 14wk and 59 at term), then filtered out genes of the following conditions: (1) the sum
641  of read countacross samples is zero (n=238), (2) non-polyadenylated RNAs (e.g.
642  transcripts of major histones) reported from the study of Yang et al.(Yang et al. 2011)

643  (n=90), and (3) transcripts which are not annotated as ‘protein-coding’ as per
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644 Ensembl v88 (n=36,658). After filtering, a total of 19,170 protein-coding genes were
645 considered. To adjust differences in the composition of RNA populations across

646 multiple tissues, we applied the following two normalization methods to the count
647  matrix (a dimension of 19,170 x 11,876): (1) the median ratio method implemented in
648 the ‘estimateSizeFactors’ function of DESeq2 (v.1.26) Bioconductor package(Anders
649 andHuber2010), and (2) the trimmed mean of M-values (TMM), available from

650 ‘calcNormFactors’ function of edgeR (v.3.28.1) Bioconductor package(Robinson and
651 Oshlack2010). Then,we builttwo matrices of normalized count per million (nCPM),
652  each of which has a dimension of 19,170 x 11,876, using the ‘fom’ and ‘cpm’

653 functions of DESeq2 and edgeR package, respectively. The columns (i.e. 11,876

654 samples) of the matrix were reduced to a size of 47 columns (i.e. 46 tissues from

655 GTEx and 1 placental tissue either from early gestation or full term) by taking the

656 mean of nCPM across samples of the same tissue. Using the placenta at term, we
657 identified 5,632 and 5,727 genes for which the placenta was ranked 47 (i.e. bottom)
658 based on DESeqgand TMM normalization methods, respectively. Finally, we selected
659 762 of them (Supplementary Table 3) which satisfied the following three conditions:
660 (1) nCPM>1 forthetissue ranked 46, (2) NnCPM(rank=46)/n CPMrank=47) >3, and (3)

661 fulfilling aforementioned conditions both in DESeq and TMM normalization methods.
662 In the down-sampling analysis, we applied binomial sampling, using ‘rbinom in R, to
663  each column of the count matrix with the subsampling probability being 20 million
664  divided by the sum of each column —a similar approach was previously

665 introduced(Robinson and Storey 2014). This is equivalentto randomly choosing each
666 individual mapped read with the same subsampling probability, so that the final

667 numberof down-sampled reads becomes 20 million per sample, which isthe

668  minimum number of sequencing reads in our placenta RNA-Seq dataset

669 (Supplementary Table 1). Then, we applied the same approach of finding absentor
670  depleted transcripts, as described earlier, to the down-sampled count matrix.

671

672  Target selection for RT-qPCR validation

673 We selected a total of 13 transcripts to measure their abundance levels using gPCR.
674 Eleventargets (NFIC, SNED1, GGT5, THBS2, C160rf45,ITGA7, WASF3, IGFBP6,
675 RCAN2,SLCO3A1,and PPARGC1A)were selected by comparing our placenta RNA-

676  Seq datasets to 20 non-placental tissues from GTEXx (i.e. an initial analysis) based on
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the following criteria: 1) depleted in the placenta across three gestational ages (as
described above), 2) fold-change (i.e. nCPMrank=20)/nCPM(rank=21; term-placenta)) > 5, and
3) top 10 by the effectsize (i.e. NCPMrank=20) - NCPMrank=21; term-placenta)). PGC-1a
(PPARGC1A) while it was depleted it was not within the top 10, but it was included
considering its important role in regulating mitochondria. Two targets (KMO and
ARMS2) were selected by comparing our placenta RNA-Seq datasets to 46 non-
placental tissues from GTEx based on the following criteria: 1) annotated in
MitoMiner(Smith and Robinson 2016), 2) highestnCPM in the placenta across three
gestational ages (i.e. ranked within top 3), and 3) nCPMrank=4) > 1. There were 9
transcripts (KMO, ARMS2, LYPLA1, RDH13, RPIA, SLC25A35, ACSS1,NMES6, and
TEFM) satisfying these conditions and we selected top two by the average fold
change of the term placenta compared to 46 non-placental tissues (i.e. nCPMterm-
placenta)/NCPM(non-placenta)). The following 13 predesigned TagMan assays were used:
NFIC (Hs00232157_m1), SNED1 (Hs00966449 m1), GGT5 (Hs00897715_m1),
THBS2 (Hs01568063_m1), C160rf45 (Hs01014981_m1), ITGA7 (Hs01056475_m1),
WASF3 (Hs00903488_m1), IGFBP6 (Hs00181853_m1), RCAN2 (Hs00195165_m1),
SLCO3A1 (Hs00203184_m1), PPARGC1A (Hs00173304_m1), ARMS2
(Hs01394203_m1), and KMO (Hs00175738_m1). The above target genes were
normalized to the geometric mean of CDC34 (Hs00362082_m1) and TBP
(Hs00427620_m1).

Calculation of mitochondrial copy number

The mitochondrial copy number (Copy,,.) was calculated as the ratio of mitochondrial
depth of coverage (Cov,,) over the average genome depth of coverage (Cov,). Itis

formally defined as following:

Cov
Copy,,e = T;"t, where Cov,,, =

9

N

mt

* L N_ =L

g~ "9
G

mt

and Covg =

The depth of coverage (Cov) above is defined as the number of mapped bases, which
is the number of reads (N) multiplied with the length of the mapped reads (L), divided

by the haploid size of genome (G) or mitochondrion (MT). We calculated the depth of

coverage from the BAM files of whole genome sequencing datasets using bedtool

with the following command:
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bedtools genomecov -ibam $BAM_FILE > ${BAM_FILE %.bam}.cov.txt.

Gene Ontology analysis

The gene ontology analysis was performed using g:Profiler(Raudvere etal. 2019)
(https://biit.cs.ut.ee/gprofiler; version e103_eg50_p15 68c0e33) with FDR multiple-

testing correction method applying significance threshold of 0.05. We used the

gprofiler2 R package (https://cran.r-project.org/web/packages/gprofiler2/), a R client

for the g:Profilertools, with the 19,170 protein-coding genes (see above) as a list of

background genes.

Dimension reduction

We used Rtsne (https://cran.r-project.org/web/packages/Risne; v0.15) with a default

option for the main dimension reduction method as shown in Figure 3C.

External datasets used in this study

mtDNA copy numbers in cancer: we downloaded mtDNA copy numbers of the
Cancer Genome Atlas Pan-Cancer Analysis of Whole Genomes (PCAWG)
Consortium(Yuan et al. 2020) from the following URL.:
https:/ibl.mdanderson.org/tcma/download/TCMA-CopyNumber.tsv.zip. The dataset
was downloaded as of the 9t" of March 2020.

WGS datasets of healthy human tissues: we used WGS datasets of healthy human

tissues from the European Genome-phenome Archive (EGA, https:/ega-archive.org/)
with the following accession numbers: EGAD00001004086 (blood),
EGADO00001004192 (colon), EGAD00001004547 (endometrium), and
EGAD00001004578 (liver).

Placental RNA-Seq datasets: we downloaded four placenta RNA-Seq datasets from

the European Nucleotide Archive (ENA, hitps://www.ebi.ac.uk/ena) with the following
accession numbers: PRINA386110 (Lim), PRIUNA499121 (Huang), PRINA704615
(Ashley), and PRJNA472249 (Awamleh). The RNA-Seq dataset from the Verheecke’s
study was obtained personally from one of the authors.
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740  Identification of transcripts localized in the mitochondria

741  We downloaded MitoMiner (v4), a dataset of mitochondrial localization, from the
742 following URL: http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/mitocarta.do. We

743  selected genes of the following conditions: (1) not encoded in mitochondrial

744 chromosome, (2) “Known mitochondrial” or “Predicted mitochondrial” as types of
745  evidence,and (3) one of the 19,156 eligible protein-coding genes described above.
746  After filtering, we considered 1,042 protein-coding genes.

747

748  Code Availability

749  Codes usedin this study is available in the Methods section and at
750  https://gitlab.com/sunggong/pops-placenta-mt-2020.
751

752  Data access

753  The term placenta RNA-Seq data have been deposited in the European Genome-
754  phenome Archive (EGA, https://ega-archive.org/) with the following accession

755 number: EGAD00001006304. The early gestation placenta RNA-seq data have been
756  deposited in the European Nucleotide Archive (ENA, https:/www.ebi.ac.uk/ena) with

757  the following accession number: PRJEB38810. The term placenta WGS data have
758  been deposited in the EGA with the following accession number: EGAD00001004198.
759  Correspondence and requests for materials should be addressed to D.S.C-J.

760  (dscji@cam.ac.uk)
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