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Abstract: 38 
• Environmental cues, such as physical forces and heterotypic cell interactions 39 

play a critical role in cell function, yet their collective contributions to 40 
transcriptional changes are unclear. Focusing on human endothelial cells, we 41 
performed broad individual sample analysis to identify transcriptional drifts 42 
associated with environmental changes that were independent of genetic 43 
background. Global gene expression profiling by RNA-seq and protein 44 
expression by LC-MS directed proteomics distinguished endothelial cells in vivo 45 
from genetically matched culture (in vitro) samples. Over 43% of the 46 
transcriptome was significantly changed by the in vitro environment. Subjecting 47 
cultured cells to long-term shear stress significantly rescued the expression of 48 
approximately 17% of genes. Inclusion of heterotypic interations by co-culture of 49 
endothelial cells with smooth muscle cells normalized approximately 9% of the 50 
original in vivo signature. We identify novel flow depedent genes, as well as, 51 
genes that necessitate heterotypic cell interactions to mimic the in vivo 52 
transcriptome. Our findings highlight specific genes and pathways that rely on 53 
contextual information and physical forces. 54 

 55 
 56 
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Introduction 58 
 59 

Endothelial cells define the functional integrity and response to hemodynamic 60 
blood forces on the luminal surface of blood vessels (1). They are also responsible for 61 
the selective trafficking of immune cells, regulation of metabolites and fluid 62 
extravasation to tissues (2-5). More recently, it has become clear that the endothelium 63 
provides instructive angiocrine signals required for the differentiation of tissues during 64 
development and for homeostasis of organs in the adult (6).  In fact, it is challenging to 65 
identify a single pathological condition that could not be either worsened or improved by 66 
affecting the biology of blood vessels. Either through regulation of barrier function, anti-67 
thrombotic properties, angiocrine or angiogenic capacity; endothelial cells have broad 68 
impact and therapeutic reach.  Thus, there is a compelling incentive to define the 69 
mechanisms that control endothelial function and explore strategies to alter these 70 
functions as we work towards understanding disease etiology and processes leading to 71 
restore normal organ physiology.  72 
 Much of the knowledge accumulated on endothelial cell function has emerged 73 
through studies in vitro. The ability to grow endothelial cells under culture conditions has 74 
enabled investigators to identify growth factors that promote endothelial growth (7, 8), 75 
define the molecules involved in barrier function (9-11), recognize discrete steps in 76 
leukocyte-endothelial interactions (12), and much more. However, a complete 77 
reductionist in vitro (culture) approach deprives endothelial cells from contextual 78 
information which could impact experimental read-outs.  79 

As for all cells, the endothelial cell transcriptome is dependent on their native 80 
environmental milieu which includes homo- and heterotypic cell interactions, soluble 81 
factors, three-dimensional organization (13), and physical forces (14-17).This contextual 82 
information is removed when cells are placed in vitro. While endothelial identity and 83 
many biological aspects are retained, there is no frame of reference to determine what 84 
has been lost, and what could have been artificially gained, during the transition to an in 85 
vitro environment. Such gains and losses are likely to affect conclusions drawn from in 86 
vitro expression profiles. Yet, without an understanding of these changes, the validity of 87 
conclusions associated with particular experimental challenge remains uncertain.  88 
 To gain more clarity on the impact of culture conditions on endothelial cells, we 89 
set out to evaluate human umbilical vein endothelial cells directly upon removal from the 90 
cord (in vivo / cord)  and after exposing the same cells to short and long-term in vitro 91 
culture.  After defining the gene signatures changed in culture, we inquired as to 92 
whether in vitro environmental exposure to shear stress and interactions with smooth 93 
muscle cells were able to ameliorate the differential expression signatures and “correct” 94 
drifts. Through this process and relying on genetically identical in vivo transcriptome, we 95 
identified groups of genes exquisitely dependent on long-term shear stress and others 96 
dependent on heterotypic cell interactions. Importantly, we also identified a large cohort 97 
of genes that were unable to regain levels comparable to in vivo settings and others that 98 
were artificially induced by exposure to culture conditions. Together, this work has 99 
implications for enabling investigations of endothelial cells with improved fidelity to in 100 
vivo phenotypes that should improve reproducibility and translation of experimental 101 
findings. 102 
 103 
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 104 
Methods 105 
RNA isolation, quantification, and qualification:  106 
Human umbilical cords were collected under Institutional Review Board (UCLA IRB#16-107 
001694) at time of the delivery and processed 2-4 hours from time of birth. All samples 108 
were collected from patients who provided signed informed consent. The umbilical vein 109 
was cannulated with a 18G animal feeding needle with a blunt tip in the direction of 110 
oxygenated blood flow from the placenta to the fetus. The umbilical vein was serially 111 
washed with 20 mL of HBSS (HBBS) 3x. Subsequently, for ex-vivo samples 1mL of RLT 112 
from RNeasy Micro Kit (Qiagen, Germantown, MD), was flushed through closed circuit 113 
and re-aspirated with the distal end of the umbilical cord clamped and stored in -80-114 
degrees C until all RNA was ready to be extraction. The length of time to obtained cells 115 
was approximately 30-60 minutes from cord clamping at delivery. For the in-vitro 116 
samples, after HBSS wash, 8 mL of collagenase-2 (210 IU, Worthington Biochemical, 117 
Lakewood, NJ) was flushed into the umbilical vein and it was incubated at 37-degrees C 118 
for 20-minutes. The flushed cells were subsequently collected and collagenase was 119 
inactivated with the addition of equivalent volume 10% feta bovine serum (FBS) with 120 
MCDB 131 media (VEC Technologies, Rensselaer, NY). The cells were pelleted, 121 
resuspended in media and plated. After cells became confluent they were passaged 122 
using 1x Trypsin (Fischer Scientific, Waltham, MA) and cells were collected with RLT for 123 
RNA extraction in early passage (passage 2-3) or late passage (passage 7-8).  124 
Subsequently all RNA was extracted concomitantly using RNeasy Micro Kit (Qiagen, 125 
Germantown, MD). Contamination with genomic DNA was eliminated with incubation of 126 
DNase I at room temperature. Agilent Bioanalyzer 2100 system (Agilent Technologies, 127 
Santa Clara, CA) was used to assess RNA integrity and Qubit (Invitrogen, Carlsbad, 128 
CA) was used for RNA concentration and purity.   129 
 130 
Cell culture:  131 
 132 
Primary umbilical vein endothelial cells were isolated as previously described (18) from 133 
umbilical cords 2-4 hours after delivery at the University of California, Los Angeles 134 
(UCLA). All HUVECs were de-identified and under UCLA IRB (IRB #16-001694). Cells 135 
were grown in culture in MCDB 131 with antibiotics (VEC Technologies, Rensselaer, 136 
NY) and containing 10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA) Cells 137 
were subsequently grown to 90-100% confluence in 10-cm2 plates and harvested at 138 
specified passages. All primary cells were cultured tissue culture treated dishes in 139 
humidified incubator at 37°C and 5% CO2. For co-culture experiments primary umbilical 140 
smooth muscle cells were seeded subconfluent 24h prior to seeding HUVECs at 141 
confluent density. After an additional 24h co-cultured cells were trypsinized and 142 
endothelial cells were purified using CD31 microbead kit (Miltenyi Biotec #130-091-935) 143 
according to manufacturer instructions. 144 
 145 
Sequencing data samples and mapping:  146 
Library preparation was performed using TruSeq Total RNASeq Kit (Illumina, San 147 
Diego, CA) according to the manufacturer’s instruction. Sequencing was conducted on 148 
an Illumina HiSeq 4000 (RNAseq) and NovaSeq S2 (scRNAseq) instrument (Illumina, 149 
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San Diego, CA) at the University California Los Angeles (RNAseq, scRNAseq). 150 
Sequencing parameters were optimized for 50 bp single-end reads at a depth of 30,000 151 
million reads/sample. Reads were mapped to the hg38 build of the human genome with 152 
Bowtie2 (19) and RNAseq reads were mapped with STAR (20). RNAseq experiments 153 
that measured accessibility and expression in different environment (cord versus 154 
culture) were all conducted at least twice. Benjamini-Hochberg false discovery rate 155 
(FDR) method was used to correct for all multiple testing in this study. No explicit power 156 
analysis was used to compute sample size.  157 
 158 
RNAseq gene expression analysis:  159 
Gene expression analysis was conducted using R software. First, each the log10 FPKM 160 
gene expression profile was rescaled to zero-mean and unit-resolution for both the cord 161 
vs culture and flow vs static datasets. Data was adjusted for batch effects using an 162 
empirical Bayes framework with the ComBat function from the sva package; no 163 
covariates were included in the model and the algorithm was set to use non-parametric 164 
adjustments. The expression of individuals genes was screened for associations with 165 
experimental treatments using biweight midcorrelation, a robust correlation measure, 166 
with the bicorAndPvalue function from the WGCNA package. Individual genes were also 167 
tested for associations with experimental treatments using Welch’s t-test using the base 168 
R t-test function, adopting a Bonferroni-corrected significance threshold (p < 2.5e-6). 169 
Weighted gene co-expression network analysis was conducted using the 170 
blockwiseModulesvfunction from the WGCNA package; the network soft-thresholding 171 
power was set to 3, the network type was set to “signed hybrid”; and the entire gene set 172 
was used in for module detection by adjusting the maxBlockSize. The data can be 173 
found on the Gene Expression Omnibus (GEO) under the GEO accession number  174 
GSE158081. Both STRINGv10(21) and Metascape(22) was used to generate 175 
differential gene expression figures. 176 
 177 
LC-MS based proteomics:  178 
Protein samples were reduced and alkylated using 5mM Tris (2-carboxyethyl) 179 
phosphine and 10mM iodoacetamide, respectively and then digested by the sequential 180 
addition of trypsin and lys-C proteases as described (23, 24). The digested peptides 181 
were then desalted using Pierce C18 tips (Thermo Fisher Scientific, Waltham, MA), 182 
dried and resuspended in 5% formic acid, and then fractionated online using a 25cm 183 
long, 75 uM inner diameter fused silica capillary packed in-house with bulk C18 184 
reversed phase resin (1.9 uM, 100A pores, Dr. Maisch GmbH). The 140-minute water-185 
acetonitrile gradient was delivered using a Dionex Ultimate 3000 UHPLC system 186 
(Thermo Fisher Scientific, Waltham, MA) at a flow rate of 300 nl/min (Buffer A: water 187 
with 3% DMSO and 0.1% formic acid and Buffer B: acetonitrile with 3% DMSO and 188 
0.1% formic acid). Peptides were ionized by the application of a distal 2.2kv and 189 
introduced into the Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher 190 
Scientific, Waltham, MA) and analyzed by tandem mass spectrometry (MS/MS). Data 191 
was acquired using a Data-Dependent Acquisition (DDA) method comprised of a full 192 
MS1 scan (Resolution = 120,000) followed by sequential MS2 scans (Resolution = 193 
15,000) to utilize the remainder of the 3 second cycle time. The mass sectrometry 194 
proteomics data have been deposited to the ProteomeXchange Consortium via the 195 
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PRIDE (25) partner repository with the dataset identifier PXD020958 and 196 
10.6019/PXD020958. Data analysis was performed using the MSGF+ search engine 197 
(26) via the target-decoy strategy against the EMBL Human reference proteome 198 
(UP000005640 9606). The identification false detection rates (FDRs) at the peptide-199 
spectrum-match (PSM) was defined using Percolator, protein identification confidence 200 
was estimated via the stand-alone implementation of FIDO such that analytes had 201 
respective q-values at or below 0.01 at both PSM and protein level (27-29).  Extracted 202 
ion chromatograms were calculated for each peptide using Skyline (30). The MSStats 203 
R-package was used to normalize across runs using quantile normalization, summarize 204 
peptide-level intensities into a protein-level abundance, and perform statistical testing to 205 
compare protein abundance across conditions (31).  206 
 207 
Shear stress application:  208 
Orbital shakers were maintained in 37°C incubator with 5% CO2.  Confluent endothelial 209 
monolayers were grown on tissue culture treated 6-well plates (Falcon #08-772-1B) in 210 
complete MCDB-131 media (VEC Technologies # MCDB131-WOFBS) plus 10% FBS 211 
(Omega Scientific #FB-11) containing 4% dextran (Sigma-Aldrich #31392) for 212 
approximately 12-18 hours and then subjected to shear stress (130rpm) in new medium 213 
containing 4% dextran (Sigma-Aldrich #31392) for indicated time intervals and cultured 214 
alongside static controls. Orbital shear stress (130 rpm) was applied to confluent cell 215 
cultures by using an orbital shaker positioned inside the incubator as previously 216 
discussed (32). The shear stress within the cell culture well corresponds to arterial 217 
magnitudes (11.5 dynes/cm2) of shear stress. To reduce issues associated with 218 
uniformity of shear stress, the endothelial cell monolayers in 6-well plates were lysed 219 
after removing center region using cell scraper (BD Falcon #35-3085) and washing with 220 
1X HBSS (Corning #21-022-CV). 221 
 222 
Single-cell sequencing: Single cells were isolated from umbilical cord flushes as 223 
described above. To keep the processing time between tissue harvesting and single-cell 224 
lysis at a minimum, no further cell type enrichment step was performed. For the 225 
generation of single-cell gel beads in emulsion, cells were loaded on a Chromium single 226 
cell instrument (10x Genomics, Pleasanton, CA) with an estimated targeted cell 227 
recovery of ~5,000 cells as per manufacturer’s protocol. In brief, single-cell suspension 228 
of cells in 0.4% BSA-PBS were added to each channel on the 10x chip. Cells were 229 
partitioned with Gel Beads into emulsion in the Chromium instrument where cell lysis 230 
and barcoded reverse transcription of RNA occurred following amplification. Single-cell 231 
RNAseq libraries were prepared by using the Chromium single cell 3′ library and gel 232 
bead kit v3 (10x Genomics, Pleasanton, CA). Sequencing was performed (as described 233 
above) and the digital expression matrix was generated by demultiplexing, barcode 234 
processing, and gene unique molecular index counting by using the Cell Ranger 235 
pipeline (10x Genomics, Pleasanton, CA). The data can be found under the GEO 236 
accession number: GSE156939 237 
 238 
Single-cell data analysis:  239 
To identify different cell types and find signature genes for each cell type, the R 240 
package Seurat (version 3.1.2) was used to analyze the digital expression matrix. Cells 241 
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with less than 500 unique molecular identifiers (UMIs) and greater than 50% 242 
mitochondrial expression were removed from further analysis. Seurat function 243 
NormalizeData was used to normalize the raw counts. Variable genes were identified 244 
using the FindVariableGenes function; genes with normalized expression values 245 
between 0.1 and 5 and with a dispersion of at least 0.5 were considered variable. The 246 
Seurat ScaleData function was used to scale and center expression values in the 247 
dataset for dimensional reduction. Principal component analysis (PCA), t-distributed 248 
stochastic neighbor embedding (t-SNE), and uniform manifold approximation and 249 
projection (UMAP) were used to reduce the dimensions of the data, and the first 2 250 
dimensions were used in plots. A graph-based clustering approach was later used to 251 
cluster the cells; then signature genes were found and used to define cell types for each 252 
cluster. ECs were selected based on high expression of PECAM1 and CDH5 genes. 253 
SMCs were identified by the high expression of ACTA2 and TAGLN genes. Module 254 
scores were calculated using the AddModuleScore function with default parameters. 255 
 256 
Results 257 

 258 
To uncover changes on endothelial cells as result of exposure to culture 259 

conditions, we evaluated the transcriptome of endothelial cells isolated from human 260 
postnatal umbilical veins. Half of each patient’s cell preparation was freshly processed 261 
for RNA isolation (referred to as “cord”) while the other half was placed under culture 262 
conditions (referred to as “culture”). Cells were subsequently passaged and evaluated 263 
at early passage (P 2-3) and late passage (P 7-8) to capture transcriptional differences 264 
between cellular environments that were common amongst all seven patients 265 
regardless of fetal sex or genetic background (Figure 1a, Supplemental Excel 1). 266 
Patient demographics with paired maternal-fetal outcomes are provided in Table 1, and 267 
each patient had matched cord, early passage, and late passage paradigm. Principal 268 
component analysis (PCA) of bulk RNA sequencing (RNAseq) transcriptional profiles 269 
revealed that cord versus in vitro environments were the dominant factor influencing 270 
measured expression levels (Figure 1b-c). PC1 captured 47.4% of the total variance 271 
whereas PC2 only accounts for 11.1%. Interestingly, PC2 appears to represent the 272 
differences between early and late passage but these conditions did not segregate from 273 
each other as clearly as cord versus in vitro culture. 274 

Approximately half of the genes were differentially expressed between cord and 275 
culture conditions (4,532-4,645 genes overlapping), whereas the transcriptomic 276 
signature was very similar between early and late culture (11,706 genes overlapping) 277 
(Figure 1d). As such, we considered only differences between cord and culture 278 
signatures going forward (Figure 1e-g, Supplemental Excel 1, Supplemental Figure 1).  279 

Genes with robust changes in expression are highlighted in Figure 1e-f. Amongst 280 
several signatures, we observed that TGF-beta and BMP target genes were reduced 281 
under culture. Some of the most in vivo-specific transcripts were related to the 282 
extracellular matrix; while several genes specific to the in vitro environment associated 283 
with the cell cycle (Supplemental Excel 1). We also found that the most highly 284 
expressed genes across patients and environments demonstrated minimal variation 285 
across individuals and considerable variation between environments (Supplemental 286 
Excel 1, Figure 1f). As expected, we found that endothelial cells lose expression of flow-287 
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responsive genes (KLF4, KLF2) once placed under culture conditions, whereas they 288 
quickly acquire proliferative-related genes (CCNB2, CCNA2, CDCA2). Perhaps more 289 
surprising was that transition into culture promotes a significant decrease in transcripts 290 
associated with extracellular matrix genes (COL23A1, MMP28, FBLN2, ELN, COL1A2, 291 
COL6A3), cytokine (CXCL2, SOCS3, TGFB3, CTGF), and early response genes (FOS, 292 
ZFP36, JUNB) (Supplemental Excel 1). In addition to increased expression of cell cycle 293 
genes in culture, transcripts associated with survival and a pro-angiogenic phenotype 294 
were also upregulated (e.g., APLN, BAX, CCN, CCNB2, CCNBA1, CEPH1, CDCA7l, 295 
CDCA2, MDM2). Further, the significant increase of VEPH1 under culture conditions 296 
was of particular interest as this protein product of this gene is associated with 297 
suppression of TGFß1, FOXO and Wnt signaling (33). 298 

Gene Ontology term enrichment of differentially expressed genes was performed 299 
using GO biological processes. Significant terms, defined using hypergeometric p-300 
values and enrichment factors, were then hierarchically clustered based on similarities 301 
among gene members into networks (Figure 1g; see Methods). In the network, terms 302 
are represented by a node with its size proportional to the number of differentially 303 
expressed genes in that term. Focusing on genes expressed uniquely in cord relative to 304 
culture, we found enrichment of genes with documented involvement into blood vessel 305 
development, skeletal system development (mostly the TGFß family), heart / blood 306 
vessel development, ossification (extracellular matrix genes), and cytokine production 307 
(Figure 1g).  308 

To determine whether the identified changes were supported by similar drifts at 309 
the protein level, validation of the transcriptomic signature was performed by comparing 310 
cord and in vitro protein extracts by untargeted LC-MS based proteomics. PCA analysis 311 
of relative protein abundances was performed for seven matched individuals from the 312 
cord and early culture, demonstrate clear separation of the experimental conditions 313 
(Figure 1h and Table 1). In agreement to the RNA level differences, there were 314 
significant changes in protein expression between the environments. Albeit not as 315 
remarkably different than the transcriptomic read-outs (likely due to depth of coverage 316 
and statistical power), we identified an -omics signature of proteins specific to cord 317 
(about 160/3000 proteins) and to early culture (about 411/3000 proteins) (Supplemental 318 
Figure 1e). These differences are clearly noted in Supplemental Figure 1f. 319 

To explore the degree of overlap between RNA and protein, we compared the 320 
results of differential transcripts using the cord versus culture analysis to that of protein 321 
cord versus culture analysis (Supplemental Figure 1g). The relationships between t-322 
statistics between cord and culture across -omic layers revealed significant correlation 323 
between RNA and protein signatures (r=0.4, p=1x10-07) (Figure 1i). Consistent with prior 324 
findings, the data revealed low expression of cell cycle proteins and high expression of 325 
flow-responsive proteins in the cord (ex-vivo) proteomics profile (Figure 1i, 326 
Supplemental Excel 2).  327 
 As a large number of genes associated with transition from cord to culture 328 
appeared to be flow-related, we explored the potential to ameliorate these differences 329 
by imposing shear stress on cultured cells. This approach is warranted by observations 330 
that once placed under laminar flow, endothelial cells elongate in the direction of flow in 331 
a similar morphology than in vivo (34). Further, the onset of flow is associated with 332 
significant transcriptional increase in flow responsive genes, like KLF2 (35-37), which is 333 
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one of the cord-specific transcripts (Figures 1,2). We thus performed two comparisons: 334 
1) static culture to flow cultures, and, 2) each to cord endothelial cells (Figures 2,3).  335 

Shear stress significantly rescued the expression of approximately 17% of genes 336 
including targets of BMP and Notch signaling known to be sensitive to flow. At the 337 
transcriptional level, the effect of physical forces, particularly laminar, oscillatory and 338 
turbulent flow have been extensively investigated (38-41). These investigations have 339 
been instrumental to clarify the effect of shear stress on endothelial cells. The large 340 
majority of the studies, however, focused on early responses to flow conditions and 341 
missed comparisons to cells immediately removed from the vessel that could offer a 342 
frame of reference for the in vivo state. We took advantage of having isolated cells 343 
directly from the cord and compared their transcriptome to the genetically identical 344 
progeny subjected to static and laminar flow conditions over time.  345 

First, principal component analysis of matched patients (n=4, Table 1) 346 
demonstrated static cells in-vitro and under 30-minutes of flow had a relatively similar 347 
global transcriptional signatures. Differences were apparent on PC1 with flow, defined 348 
as 8-48 hours of laminar shear stress exposure (Figure 2b). Figure 2c provides a clear 349 
delineation and transcriptomic signature as a function of static (control and 30min) 350 
versus longer time points (8, 24, 48hr of flow). Significant changes (log10FC) were 351 
noted between static and flow cultures (Figure 2d and Supplemental Excel 3-4), with 352 
IGFBP5, ELN, KLF4, ETPR1, and TGFBR3 significantly dependent on flow for the 353 
transcriptional increase. Correlation scatter plots of the cord versus culture (x-axis) were 354 
compared to time under flow (y-axis) and this analysis showed a time-dependent 355 
positive correlation to the cord transcriptome (vs culture) (Figure 2e).  Progressive time 356 
under flow from up to 48-hours of shear stress (flow) revealed that the transcriptional 357 
signature of cells correlates more specifically to that of the cord than with static cultures. 358 
Initially, the correlation coefficient was insignificant (r=-0.035, p=0.004) with progressive 359 
changes to the point that by 48-hours of shear stress the correlational coefficient to cord 360 
reaches r=0.34, =-8.0x10-9, which is significantly different than static culture (Figure 2e). 361 
Collectively these data offer proof  that drifts in the transcriptome of endothelial cells 362 
under culture can be partially rescued by exposure to laminar shear stress.   363 

A marked change towards the cord state was noted also by pathway analysis. 364 
Specifically GO terms associated with blood vessel development (EDN1, BMP2, BMP4, 365 
TGFPR3, ITG1BP1, HES1, HEY1), regulation of cellular protein location (ITGA3, 366 
RACK1, PTPN9, SPTBN1), and cellular response to laminar fluid shear stress (ASS1, 367 
KLF2, KLF4, MAPK7, NFE2L2) were regained by long-term exposure to flow (Figure 368 
2f). Gene set enrichment analysis of differential genes in cultured endothelial cells 369 
under flow (versus static) revealed gene annotations related to an acute inflammatory 370 
response, heart morphogenesis, second messenger-mediated signaling, and 371 
ossifications. We also found tRNA and rRNA metabolic processes were silenced under 372 
flow (Supplemental Figure 2-3, Supplemental Excel 3-4).  373 

Superimposing the cord and culture signatures (from Figure 1) with the static 374 
versus flow experiments (from Figure 2) clarifies how the transcriptional profile of 375 
cultured cells under flow approximates to better to the in vivo transcriptome when 376 
compared to static states (Figure 3a, across PC1). This shift was also noted by 377 
evaluating total number of transcriptional changes up or downregulated (Figure 3b). In 378 
fact, much of the cord signature overlapped with genes that were rescued or attenuated 379 
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under flow and paralleled those expressed by the cord. Specifically, the incorporation of 380 
shear stress to the in vitro static conditions attenuated the variability between cord and 381 
culture (Figure 3).  382 

To begin to identify genes and networks that approximate the in vivo environment 383 
and are conveyed by long-term exposure to shear stress, we performed a 384 
transcriptome-wide weighted gene co-expression network analysis (WGCNA). This 385 
approach led us to identify 36 co-expression modules, revealing gene groups that are 386 
co-enriched in either cord or culture environments, in static versus flow conditions 387 
(Figure 3c, red: down; blue: up), and to patient-level WGCNA (Supplemental Excel 3-4, 388 
Supplemental Figure 3). Relative expression values for the most expressed modules 389 
across each of the patients are illustrated in Supplemental Figure 3d-e and then 390 
culminated in summary in Figure 3d. 391 

Superimposing the cord transcriptome on the flow transcriptome, highlighted co-392 
expressed modules with significant enriched directionality in cord and culture 393 
transcriptomes (Figure 3c). Gene ontology (GO) network analysis of WGCNA 394 
demonstrated that differential modules were selectively increased (blue) and decreased 395 
(brown) by long-term exposure to shear stress (Figure 3e). The blue (2,185 genes, 396 
r=0.71, p=3e-04) module showed increased transcriptional concurrence with the cord 397 
and this was progressive with time under flow (r=0.8, p=4e-04). Although exposure to 398 
shear stress partially recapitulated the cord environment (Figure 3e), this was not the 399 
case for all the transcripts, highlighting signatures that are exquisitely flow-dependent 400 
and others that are flow-independent and likely regulated by alternative factors, such as 401 
heterotypic cell interactions. Notably, the genes and GOs associated with this module 402 
included blood vessel development and leukocyte activation (Figure 3f). The brown 403 
module (1,408 genes, r=-0.9, p=3e-08), defined by cell cycle and cell cycle checkpoints, 404 
was less expressed in cord (vs culture) and in flow (vs static, r=-0.62, p=0.01). These 405 
genes gained expression in culture, yet flow reverted their phenotype to more low 406 
expression as was evident in cord (Figure 3g-h, Table 2-3, Supplemental Excel 5). In 407 
summary, this network analysis uncovered co-expressed gene signatures that are 408 
sensitive to shear stress (induced, aka blue module and repressed, aka brown module) 409 
and represented in vivo.  410 

Given these global differences between cord and culture, we asked whether this 411 
differential gene expression was also affected by heterotypic cell interactions, namely 412 
with smooth muscle cells. To address this question, we leveraged single cell RNA 413 
sequencing (scRNAseq) technology to obtain transcriptomes of individual cells isolated 414 
from endothelial cells in a homogenous culture versus endothelial cells co-cultured with 415 
smooth muscle cells (co-culture, CC). The approach was aimed at further approximating 416 
contextual environment and obtain signatures responsive to those changes (Figure 4a). 417 
We profiled triplicates of primary endothelial cells, primary smooth muscle cells (mono-418 
cultures), and co-cultured endothelial cells and smooth muscle cells all plated to 419 
confluency using scRNAseq (Supplemental Excel 6, Supplemental Figure 4). 420 
Endothelial and smooth muscle cells were isolated from the same cord. In total, 51,000 421 
cells were sequenced with an average of 3,402 genes and 18,740 transcripts per cell. 422 
Individual samples were independently analyzed to confirm correlation between 423 
triplicates, normalized and then combined for analysis.  Unsupervised clustering 424 
demonstrated the cells cluster by origin (Figure 4b-e). We then confirmed cell clusters 425 
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as endothelial cells (PECAM1 and CDH5, Figure 4c-e) and smooth muscle cells 426 
(ACTA2 and TAGLN) (data not shown).  427 

Transcriptomic profiles that defined each cluster was performed by Seurat and 428 
this information offered initial insight on transcriptional shifts that occurred as a 429 
consequence to heterotypic cell interactions. As shown by heatmap (Figure 4f), clear 430 
differences were noted when endothelial cells were in mono-culture (MC) versus co-431 
culture (CC). Specifically, co-culture prompted a reduction in NOTCH target genes 432 
(FABP4, GJA4, FABP5, HEY) and a clear induction in TGFß downstream targets 433 
(SERPINE1, IGFBP7, SOX4, TIMP1) (Figure 4f). Ingenuity pathway analysis provided 434 
further clarification as to the functional impact related to presence of smooth muscle 435 
cells. As shown in Figure 4g, the major signaling pathways and transcriptional 436 
regulators that prompted transcriptional drifts on endothelial cells by co-culture included 437 
TGFß, VEGF, TP53, HTT, MYC, TNF, EDN1, SP1 and HGF. We calculated a module 438 
score using the expression of downstream targets for TFGß1 and VEGFA identified by 439 
ingenuity pathway analysis, and found a significant increase upon co-culture for both 440 
(Figure 4h). This is to be expected as smooth muscle cells provide a source for these 441 
those two cytokines. This results in shifts in extracellular matrix proteins, MMPs, and 442 
integrins (Figure 4i) and it is further supported by transcriptional increases in TGFß 443 
receptors ACVRL1 and ENG. Interestingly, co-culture conditions resulted in an increase 444 
of clathrin-related genes (AAK1, AP2B1 and CLTB) and a decrease in caveolin-related 445 
genes (CAV1 and CAV2) (Figure 4j). These changes occurred with no significant 446 
alterations in CDH5, ERG, NOTCH1 and JAG1 (Figure 4k).  447 

Naturally the next question focused on which signatures impacted by heterotypic 448 
cell interactions yield a rescue of the in vivo condition. To delineate these transcriptional 449 
relationships, we overlapped scRNA sequencing data obtained from cord-derived 450 
endothelial cells and compared them to the mono and co-culture endothelial 451 
transcriptomes (Figure 5a-c, Supplemental Excel 7-8). Interestingly, global 452 
transcriptional profiling in UMAP showed a shift of co-culture towards cord (Figure 5a). 453 
In-depth analyses of the data using Seurat, GOs and ingenuity pathways reveals 454 
cohorts of genes that were indeed rescued (either up or down-regulated) and also 455 
genes that were not rescued by the co-culture condition. Examples of those categories 456 
are shown in Figure 5d and group analysis by dot blot as displayed in Figure 5e. Genes 457 
rescued by co-culture relate to NOTCH signaling (HES1, FABP4) and TGFß (ENG). In 458 
addition, we found that clathrin pathways, noted to be increased by SMC-co-culture 459 
(Figure 4) were indeed part of the in vivo signature displayed by endothelial cells in the 460 
cord (Figure 5f) with upregulation of transcripts for AAK1 and EPN2. Co-culture also 461 
was responsible for rescue of TJP1, responsible for tight junctions and two 462 
transmembrane proteins that regulate calcium homeostasis (TMEM165 and 203) 463 
(Figure 5f). Interestingly we noticed a decreased in IRF7 and VASH1 under co-culture 464 
that also approximated the cord condition.  465 

In summary, co-culture of endothelial cells with smooth muscle cells normalized 466 
networks related to cell growth and differentiation, clathrin-vesicle related genes, and 467 
recovered targets downstream TGF-beta, recovering approximately 9% of the original 468 
cord (in vivo) signature.  469 

 470 
 471 
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 472 

Discussion 473 

Endothelial cells are characterized by a unique set of genes collectively referred 474 
to identity genes (i.e. CDH5, PECAM1, ERG) and a group of genes whose expression 475 
levels varies according to stressors and environmental conditions. Precise information 476 
of both groups holds relevance to the interpretation of findings related to any 477 
experimental challenge. Despite the broad utilization of cultured endothelial cells, drifts 478 
in the transcriptional profiles upon expansion in vitro have not been rigorously 479 
addressed. Here, we undertook parallel transcriptomics analyses using genetically 480 
identical matches to determine the impact of the environment of cell culture and define 481 
whether specific signatures could be regained by changing environmental settings that 482 
will best approximate the native biological state.  483 

To minimize confounding factors related to intrinsic genetic differences, we 484 
performed parallel transcriptomic profiling. Seven pairs of freshly isolated versus 485 
cultured endothelial cells were used for the initial profiles and the findings from these 486 
were validated against proteomics from seven independent pairs. Four additional 487 
cohorts were used to compare static versus flow versus freshly isolated conditions and 488 
single-cell RNAseq was subsequently used in the co-culture experiments. Our findings 489 
highlighted signatures that were uniquely associated with long-term exposure to shear 490 
stress in-vitro that parallel expression profiles ex-vivo. We also identified signatures 491 
dependent on heterotypic, endothelial-smooth muscle cell interactions that were lost in-492 
vitro, but a hallmark of the ex-vivo state. The findings offer an important resource to 493 
query how expression profiles of specific genes change in relation to a subset of 494 
environmental conditions. 495 

A major adaptation that cells must acquire when placed in culture relates to cell 496 
proliferation. Once seeded, endothelial cells undergo significant expansion that is 497 
thought to be attenuated or suppressed at confluency. Nonetheless, we demonstrate 498 
that high levels of transcripts related to cell cycle, mitosis, and DNA repair mechanisms 499 
are still present at confluency and represent the single most significant alteration when 500 
comparing freshly isolated cells to genetically identical cohorts in vitro. Similarly, there 501 
are significant alterations in cytoskeleton dynamics and focal adhesions that are 502 
artificially elevated in vitro, compared to ex-vivo.  503 

Recapitulating the native flow seen by endothelial cells by exposure of static 504 
cultures to shear stress resulted in a significant shift towards ex vivo (freshly isolated 505 
cells) signature. Much has been done to understand transcriptional responses to flow 506 
most of these have been focused on early responses in the absence of in vivo 507 
genetically-matched counterparts (42-47). Our data found agreement with previous 508 
findings of short time exposure to shear stress, in particular, we noted an impressive 509 
induction of KLF2 and KLF4 (48). However, longer exposure to laminar flow (8, 24, 510 
48hrs) progressively increased the resemblance to the ex vivo transcriptome, as noted 511 
by correlation coefficients.  Specifically, we found that two major pathways and their 512 
downstream genes were regained by long-term flow: BMP and NOTCH signaling. 513 
Importantly, it has been recently shown that BMP signaling is significantly potentiated by 514 
flow (49). Indeed, several SMAD targets were rescued by incorporating long-term flow 515 
into cultures. Similarly, NOTCH target genes (HES, HEY) regained levels similar to 516 
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those captured in freshly isolated preparations. These findings are congruent with 517 
recent studies demonstrating that NOTCH signaling was increased by flow (50). An 518 
unexpected gene ontology signature regained by shear stress were proteins associated 519 
with cellular localization, such as ITPR1, IGFBP5, DLL1, among others, highlighting the 520 
role of laminar shear stress in endothelial cell polarity.  521 

Alterations in junctional proteins and cytoskeletal architecture were recovered in 522 
endothelial-smooth muscle cell co-cultures. The co-culture of smooth muscle cells also 523 
TGF-beta downstream targets, including several extracellular matrix proteins and 524 
integrins which bring further alignment to the in vivo transcriptome. In addition, smooth 525 
muscle cells significantly reduced the prominent proliferative signature of endothelial 526 
cells and promoted a partial recovery in endothelial cell differentiation. Specifically, this 527 
included ENG as well as integrins regulated by TGFß1 (ITGB1, ITGA1, ITGA5), as well 528 
as several extracellular membrane proteins (COL1A1, FN1, TIMP1, SERPINE1) (51-529 
53). It can be postulated that loss of architecture in-vitro could induce the loss of 530 
expression of acute phase transcripts, as seen with injury of the aorta in vivo (54). 531 
These endothelial-heterotypic crosstalks have been shown essential during 532 
development and vascular pathologies such as aneurysms (55). 533 

Exposing endothelial cells to culture conditions does not appear to significantly 534 
affect cellular identity. Transcriptional levels of CDH5, PECAM1, ERG, Claudins, Sox(s), 535 
and other so-called endothelial markers were not significantly impacted. ERG is 536 
essential for regulation of CDH5, VWF, and NOS3 as well as for endothelial cell lineage 537 
(56-60).  538 

The ability to grow and study endothelial cells in vitro has enabled investigators 539 
to ask questions under well controlled, yet artificial, conditions. The consequences 540 
associated with phenotypic alterations of ex vivo expanded cells remain unknown 541 
despite ample evidence that culture conditions exert profound influence upon cellular 542 
biological properties (61-64). We defined a transcriptionally unique fingerprint of 543 
endothelial cells immediately removed from the cord and mapped how environmental 544 
changes uniquely impact this profile. These -omics analyses offer information that will 545 
guide researchers to have a better understanding of intrinsic mechanisms that are not 546 
captured when studying signaling pathways and molecular processes in culture. 547 
Appreciating these nuances and recapitulating intrinsic shear stress and heterotypic cell 548 
interactions will help propel reprogramming efforts for the generation of a more 549 
representative in vivo model system in vitro and allow us to better interpret genetic 550 
modifiers that affect or are affected by endothelial cells. 551 
  552 
 553 
  554 
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Figure 1.  Human umbilical cord endothelial cell transcriptome. 766 
a. Model of endothelial cell collection for ex vivo (cord) and in vitro (culture) 767 
experiments. Endothelial cells are isolated in a slurry and used immediately for 768 
downstream experiments or cultured for subsequent passages. b. Principal component 769 
analysis (PCA) of transcriptome of the 7 matched cord, early culture and late culture 770 
samples with significant separation along PC1.  c. Spearman-correlation demonstrating 771 
inter-condition (cord=C, early passage-=E, late passage=L) and intra sample variability 772 
with k-means clustering by cord d. 40-45% of the of the genes overlapped between cord 773 
and culture regardless of early and late culture. Early and late culture overlap in 93% of 774 
the genes. e. Volcano plot of genes most significantly expressed in cord (right) versus 775 
culture (left) by log10 fold change.  f. Heatmap of top 30 differentially expressed genes 776 
in 21 samples from 7 individuals expressed between cord and culture g. Network profile 777 
of subset of GEOs significant in cord versus culture. GEO is represented by cluster 778 
identity and each term is represented as circle node visualized on Metascape.  h. Mass 779 
spectrometry proteomic profile of 7 matched cord and culture separated by cord and 780 
culture on PC1  i. Scatter plot depicting RNA t-statistics (cord/culture) versus protein t-781 
statistics (cord/culture) with a correlation coefficient of r=0.4. 782 
 783 
Figure 2. Shear stress induces a time-dependent transcriptomic flow signature 784 
a. Phenotype of in vitro flow model induces endothelial cellular shape changes under 785 
flow. b. PCA of static (red) versus flow induced endothelial cells by bulk RNA-seq c. 786 
Heatmap of bulk RNA-seq DEGs in static and control cells. Row z-score reflects the 787 
gene expression change. d. Volcano plot of statistical significance against fold change 788 
between flow and static culture demonstrating the most significantly differentially 789 
expressed genes. e. Time-dependent volcano plot and correlation coefficient 790 
demonstrating correlation of flow time to cord transcriptome where longer flow 791 
correlated more strongly to cord. f. Network profile of subset of GEOs significant in flow 792 
versus static culture. GEO is represented by cluster identity and each term is 793 
represented as circle node visualized on Metascape. 794 
 795 
Figure 3. Flow rescues a degree of the cord transcriptome 796 
a. PCA demonstrates flow rescuing culture signature across PC1. b. Venn-diagram 797 
demonstrating the significant number of differentially expressed genes by condition c. 798 
Correlation of top 10 module eigengenes (ME) with experimental conditions. The 799 
columns are labeled by experimental condition. The rows are labeled by the ME color. 800 
The biweight midcorrelation coefficients are shown for each cell, with the significance of 801 
the correlation shown immediately below (FDR). Cells are colorized based on the 802 
strength and sign of the correlation. d. Cluster dendrogram and module assignment for 803 
mRNA modules from WGCNA. Identification of gene co-expression modules using 804 
average hierarchical linkage clustering; the vertical axis denotes the co-expression 805 
distance and the horizontal axis corresponds to genes. Dynamic tree cutting was 806 
applied to identify modules by dividing the dendrogram at significant branch points. 807 
Modules are displayed with different colors in the horizontal bar immediately below the 808 
dendrogram, with gray representing unassigned genes. Correlation coefficients with 809 
experimental conditions are also represented based on strength and direction (negative 810 
correlations to positive correlations ranging from blue to red). e-f. Eigengene value of 811 
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flow-dependent rescue of the blue module; C=cord, E=early, L=late and enriched blue-812 
module GEO. g-h. Eigengene value of flow-dependent rescue of the brown module and 813 
enriched GEO. 814 
 815 
Figure 4. Endothelial cell-smooth muscle cell interactions 816 
a. Schematic overview of single-cell RNAseq experiments. b. UMAP of single cell gene 817 
expression demonstrating four distinct clusters with 2 technical replicates (labeled A/B) 818 
in the legend with confirmation of endothelial identity by UMAP of CDH5 and PECAM1 819 
on the right. c. Confirming endothelial cell identity by CDH5 and PECAM positive 820 
staining in endothelial cell specific clusters. d. Heatmap identifying most highly 821 
differentially expressed genes with log fold>2 for each condition relative to the other cell 822 
types.  e. Ingenuity analysis demonstrates most significantly upregulated module score 823 
based on growth factors, cytokines, and transcription factors.   f. TGFB1 and VEGF 824 
have the highest module score in co-culture relative to endothelial cell monoculture i. 825 
TGFB1 family members are upregulated in co-culture j. Clathrin family members are 826 
upregulated in co-culture; whereas caveolin family members are decreased in co-827 
culture k. Endothelial cell makers are unchanged and stable in mono- and co-culture 828 
endothelial cells  829 
 830 
Figure 5. Co-cultured endothelial cells rescue the cord transcriptome 831 
a. UMAP of endothelial cell co-culture (EC-CC) with smooth muscle cells versus 832 
endothelial cell-monoculture (EC-MC) recovers some degree of the cord transcriptome 833 
as demonstrated by scRNAseq. Insert: confirmed endothelial cell identity by PECAM 834 
positive cells.  b. Ingenuity analysis demonstrates most significantly upregulated module 835 
score based on growth factors, cytokines, and transcription factors. c. PDGFB, the most 836 
significantly upregulated growth factor, is rescued in co-culture. d. Environment 837 
dependent transcriptional enrichment demonstrated by UMAP. e. Dotpolot 838 
demonstrates the top markers of in cord, monoculture (MC), and co-culture (CC). Dot 839 
size corresponds to the proportion of cells within the group expressing each transcript 840 
and dot color intensity corresponds to the expression level.  f. Violin plot of environment 841 
dependent gene expression defines  842 
 843 
Figure 6. Summary Figure. Schematic representing experimental design, culture 844 
conditions, and corresponding validated genes changes. 845 
 846 
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Table 2. Upregulated and Downregulated Transcripts: Cord and Flow

Table 3. Concordance and Discordance of Transcripts with Flow (vs Cord)
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