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Differentiating erythroblasts 
adapt to mechanical stimulation 
by upregulation of cholesterol 
biosynthesis via S1P/SREBP-
induced HMGCR expression
Giulia Iacono1,4, Asena Abay1,4, Joan S. Gallego Murillo1,2, Francesca Aglialoro1, 
Nurcan Yagci1, Eszter Varga1, Tieme Bijlsma1, Justine Sohler1, Kerly Fu1, Julie A. Reisz3, 
Amy Argabright3, Angelo D’Alessandro3, Arthur F. Svendsen1, Marieke von Lindern1 & 
Emile van den Akker1

Understanding how mechanical stress affects erythropoiesis is crucial to produce transfusable 
erythrocytes in fluid-turbulent bioreactors. We investigated the effects of shear-stress on 
differentiating CD49d+CD235a+ primary human erythroblasts (EBL) at molecular, cellular, and 
functional level. Shear-stress, at differentiation onset, enhanced EBL maturation and induced 
upregulation of genes regulating cholesterol/lipids biosynthesis, causing changes in cell lipid 
composition. Of note, the osmotic resistance, and the expression of 3-Hydroxy-3-methylglutaryl-
CoA reductase (HMGCR), the rate-limiting enzyme of the cholesterol biosynthesis pathway, were 
higher in dynamic cultures. Inhibition of the S1P-induced proteolytic cleavage, activating SREBPs, 
led to abrogation of HMCGR expression, and loss of EBL in dynamic cultures, similar to lovastatin 
administration. This data reveals a role for the S1P-SREBP-HMGCR-axis in the regulation of shear-
stress induced adaptation during erythropoiesis, shedding light into mechanisms that will assist the 
upscaling of erythroid differentiation into bioreactors. Moreover, as shear-stress on hematopoietic 
cells occurs within the bone-marrow, these results introduce a novel signalling axis in the transduction 
pathways controlling erythropoiesis.

Red blood cell (RBC) transfusion is the most common form of cell therapy, yet the practice has remained 
relatively unchanged for decades1. Although lifesaving, this donor-dependent process carries risks such as 
alloimmunization and requires prevention of blood-borne diseases spread, while donor-recipient matching 
limits inventory for certain receiver, based on ABO group or minor/rare antigen mismatch. Thus, the medical 
need for large-scale production of erythrocytes lacking immunogenic blood-group antigens is evident2. 
Moreover, cultured RBCs (cRBC) hold great therapeutic potential as carriers for therapeutic molecules like 
enzymes or inducers of tolerance3. The production of functional, enucleated RBC is feasible in static and 
turbulent environments45678. Nevertheless, the upscaling of RBC cultures to produce clinically relevant numbers 
in a cost-effective manner remains a challenge.

Stirred bioreactors are effective for large scale erythroid cultures, similar to upscaling efforts for other 
mammalian cells, but the turbulent nature of these systems leads the cells to experience a range of distinct 
mechanical forces4567. These forces vary depending on factors like suspension density, mixing speed, fluid 
volume, and air sparging strategies8, and may act on mechano-sensors expressed and functional during 
erythropoiesis9101112. Downstream of these mechano-sensors, specific signal transduction pathways can 
be induced, including MAPKs, STAT5, and NFATs, which modulate erythroblast (EBL) specification from 
hematopoietic stem cells11, reticulocyte maturation13, integrin activation9and regulate proliferation potential10. 
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Here we investigated how shear-stress affects terminal erythroblast differentiation, via orbital shakers, 
commonly used in culture of other mammalian cells, and extensively investigated in terms of fluid dynamics 
and mechanically-induced biological effects141516. The RBC plasma membrane consists of a lipid bilayer with 
embedded proteins attached to the underlying membrane skeleton. A variety of lipid and phospholipid species 
represent the core structure of this membrane, among which cholesterol is the most abundant17. The ratio 
between cholesterol and phospholipids, controls cell membrane rigidity and fluidity18. Cholesterol concentration 
in RBC plasma membranes affects cell morphology and functionality: increased plasma membrane cholesterol 
influences RBC shape and plasma membrane functions such as permeability and transport and impairs RBC 
flow properties18,19. Cell viability in turbulent conditions is highly dependent on plasma membrane fluidity 
(PMF). Eukaryotic cells are capable of adaptive responses to changing membrane lipid content ensuring optimal 
PMF by de novo lipid biosynthesis20. Interestingly, it has been shown that lipid membrane composition changes 
in shear flow environments are linked to mechanosensing21..

Here we show that erythroid differentiation is accelerated upon orbital shaking. Adaptation to shear-stress 
is reflected by an altered gene expression profile including upregulation of cholesterol metabolism pathways, 
confirmed by lipidomic analysis. We uncovered that the rate-limiting enzyme HMGCR (3-Hydroxy-3-
methylglutaryl-CoA reductase) of the cholesterol synthesis plays a central role in this phenomenon. Moreover, 
we described that HMGCR regulation is dependent on the cleavage and subsequent activation of SREBPs (Sterol-
regulatory- element-binding-proteins) by S1P (site-1-protease) during erythroblast adaptation to shear-stress.

This data provides the first analysis of the (transcriptional) program induced by culturing erythrocyte 
precursors in shear-stress environments. Importantly, this response was not detrimental to erythroid 
differentiation but changed RBC membrane properties and was paramount to the adaptive response to shear 
environments. Taken together, this study provides new insights in some adaptive molecular mechanisms that 
will assist in the upscaling of cRBC production, which can be employed for clinical use.

Results
Orbital shaking accelerates erythroid maturation
In static conditions, erythroblast (EBL) differentiation to enucleated reticulocytes is accompanied by a 
progressive loss of CD49d and increase in CD235a expression, taking approximately 10  days (Fig.  1A). We 
exposed EBL to orbital shaking to generate an average shear-stress of 1.4 Pa, comparable to the shear-stress at 
the point of the impeller of the bioreactors used4(estimation based on Odeleye22), but also to what can occur in 
the bone marrow microenvironment, as reviewed before23. Both static and dynamic cultures contained similar 
CD49d-/CD235a+ population at the end of the differentiation, however dynamic conditions showed significantly 
faster differentiation kinetics, reaching between 80%–90% CD49d-/CD235a+ cells 4 days earlier compared to 
static cultures (Fig. 1A, B). A significant increase in enucleated reticulocytes (DRAQ5- cells) was observed at 
day 4 and 6 in dynamic cultures compared to static cultures, which eventually progressed to similar enucleation 
percentages at the end of culture (Fig.  1C, D; Supplemental Fig.  1A, B)24. Faster differentiation was further 
confirmed by morphological analysis (Supplemental Fig. 1C). At the end of differentiation, dynamic cultures 
demonstrated a slight decrease – yet not significant – in EBL and reticulocytes production (Fig. 1E). Together 
these results indicate that orbital shaking leads to accelerated differentiation of EBL to enucleated reticulocytes.

Orbital shaking accelerates erythroblast differentiation immediately after induction
Next, we investigated whether dynamic conditions expedite differentiation at a specific maturation stage. 
Differentiating EBL were switched between static and dynamic conditions, as described in methods, at different 
time points and the enucleation rate was measured via flow cytometry. In line with Fig. 1, an inverse correlation 
between enucleated cells and the initial dynamic culture time was observed (Fig. 2).

Cultures switched from orbital shaking to static conditions on day 2 showed slower enucleation kinetic 
compared to the samples switched on day 4. Importantly, all conditions reached comparable levels of enucleation 
indicating that the static cultures are not blocked in differentiation but that orbital shaking accelerates the 
process (Fig. 2A).

In the reverse experiment, transferring static cultures to dynamic conditions on day 2 and day 4 accelerated 
enucleation compared to the static control, but still lagged compared to cells under continuous orbital shaking. 
Switching at day 6 to orbital shaking conditions did not accelerate enucleation, suggesting that the regulation 
of accelerated differentiation occurs before day 6 (Fig. 2B). Together the data indicate that the orbital shaking 
induced accelerated differentiation occurs during the early phase of EBL maturation, between day 0 and 4.

Shear stress alters the erythroid transcriptome inducing HMGCR expression and cholesterol 
biosynthesis pathways
To start dissecting the underlying mechanism we performed transcriptomic analysis between static and dynamic 
conditions during the first 4 days of EBL differentiation.

Principal component analysis (PCA) demonstrated samples cluster per differentiation condition and time, 
where day 4 demonstrated the biggest difference (Supplemental Fig.  1D). Differential expression analysis 
between groups demonstrated many differentially expressed genes (DEGs) upon EBL differentiation, with 505 
DEGs at day 4 of differentiation (Supplemental Fig. 1E, F; Supplemental table 1–3).

Pearson hierarchical and K-means clustering of these DEGs revealed 3 different gene expression profiles, 
assigned to 3 major clusters (Fig. 3A). Genes assigned to the first cluster (K1), showed an overall downregulation 
during differentiation in both static and dynamic cultures, but the downregulation levels were increased in 
dynamic conditions (Fig. 3A). The second cluster (K2) shows up-regulated genes in dynamic cultures; the third 
cluster (K3) represents up-regulated genes in static conditions.
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Gene ontology analysis revealed that genes in K1 and K3 are enriched for DNA replication and nucleosome 
organisation processes, respectively (Supplemental Fig. 2A). Moreover, K3 genes during differentiation revealed 
a cluster of genes upregulated during differentiation (Supplemental Fig. 2C). The differentiation-associated gene 
expression profile in K1 and K3 is in line with previously reported dataset showing similar gene expression 
dynamics during differentiation to enucleated reticulocytes (Supplemental Fig. 2B and C24).

Fig. 1.  Orbital shaker accelerates maturation and enucleation compared to static cultures. Erythroblasts (EBL) 
were differentiated for up to 10 days in dishes (static) or orbital shakers (dynamic). A) Erythroid cells were 
harvested at indicated days from dishes and flasks and stained with antiCD49d-PB (BD Biosciences, San Jose, 
CA, US ) (Alexa Fluor 405, y-axis) and antiCD235a-PE (OriGene Technologies, Rockville, MD, USA) (x-axis), 
and analysed by flow cytometry. B) Maturation states in static vs. dynamic conditions as explained in (A) were 
averaged for 5 donors (n = 5) by quantifying the percentage of cells within the respective gates Q1: CD49d+/
CD235- immature EBL, Q2: CD49+/CD235a+ EBL, and Q3: CD49-/CD235a+ late EBL and reticulocytes. C) 
Enucleation was quantified by staining cells with the cell-permeable DNA-dye DRAQ5 (1 ng/mL, incubation 
5 min at RT; BioLegend, San Diego, CA, USA). (APC, y-axis), forward scatter (FSC, x-axis) on the indicated 
days. Representative scatter plot displaying the gating for reticulocytes, EBL, and pyrenocytes is shown in 
Supplemental Fig. 1A. Enucleation percentage is defined as the %reticulocyte/ (%reticulocytes + %nucleated 
cells) using the gates as defined in Supplemental Fig. 1A. D) Enucleation states in static vs. dynamic 
conditions as explained in (C) were averaged for 5 donors (n = 5) by quantifying the percentage of cells 
within the respective gates: reticulocytes, erythroblasts, and pyrenocytes for 5 donors (n = 5). E) Cell-counts 
for reticulocytes and EBL that were differentiated in static or dynamic conditions for 4 donors (n = 4). The 
distinction between the two populations was done via DRAQ5 staining. B) 2way ANOVA test was performed, 
with ***p < 0.001, ** p < 0.01 and *p < 0.05. D and E) Paired two-tailed student t-test was performed, with p** 
p < 0.01 and *p < 0.05. Unless marked, no significance was observed.
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In contrast, transcripts within K2 were down-regulated on day 4 in static conditions but up-regulated in 
dynamic environments. To assess the expression of these genes throughout the complete differentiation to 
reticulocytes, we compared our data more closely to those from Heshusius24 and re-clustered them based on 
their gene expression profile, giving rise to 3 additional clusters (K2-a/b/c, Fig. 3B).

The top 10 regulated biological processes according to the adjusted p-value (EnRicHR) revealed that genes 
in K2-a regulate response to heat and to unfolded protein and chaperone cofactor- dependent protein refolding 
and are upregulated starting from ~ day 7 of differentiation in static condition. Genes within K2-c are involved in 
the regulation of cell migration and response to ER stress and are upregulated earlier in differentiation, between 
day 5 and 6. In contrast, K2-b demonstrated a strong enrichment for genes mostly involved in cholesterol/
steroid metabolism being up-regulated in dynamic conditions but downregulated during differentiation in static 
coltures (Fig. 3C). K2-b STRING analysis confirmed the presence of a cluster of genes involved in secondary 
alcohol metabolic and cholesterol biosynthetic processes, among which also HMGCR, a rate limiting enzyme 
of the cholesterol biosynthesis pathway and fundamental coordinator of mevalonate metabolism that assures 
constant de novo synthesised cholesterol and non-sterol products (Fig. 3D)25. Within the cholesterol biosynthesis 
pathway, the enzymes HMGCS1 and HMGCR, IDI1, SQLE and HSD17B7 showed a similar trend, being 
upregulated in dynamic conditions (Fig. 3E). Of note, the protein expression of HMGCR peaked at day 4 and 5 
of differentiation, where peak expression during dynamic conditions occurs during day 1 and 2 and decreased 
on day 3 and 4 (Fig. 3F and Supplemental Fig. 2D), providing further proof of the accelerated maturation in 
dynamic cultures. Importantly, the high expression of HMGCR detected on day 1 and day 2 of differentiation 
in dynamic conditions was never reached in static cultures, suggesting an adaptation response of the cells to 
the shear-stress, and validating the increase in gene expression observed by RNA-sequencing (Fig. 3G). In all, 
these data confirm accelerated differentiation of EBL upon dynamic conditions and provide a transcriptional 
and possible functional footprint of downstream effects of shear-induced cholesterol transcriptional program.

Lipidomic analysis of erythroblasts confirms a differential lipid composition between 
dynamic and static conditions
To assess the effect of the upregulated lipid transcriptional program on day 4 of erythroid differentiation, EBL 
were subjected to mass spectrometry-based lipidomics analysis. Partial least squares-discriminant analysis 
(PLS-DA) demonstrated that samples cluster per differentiation condition (Fig. 4A). Clustering of the top 75 
lipids selected by adjusted p-value shows that at day 4 of differentiation, static cultures have higher levels of 
long chain fatty acids and numerous phospholipids (Fig.  4B, cluster A), while dynamic cultures are marked 
by elevated levels of cholesteryl esters (ChE), free cholesterol (Ch), triglycerides (TG), diglycerides (DG), and 
phosphatidylcholines (PC) (Fig. 4B, cluster B). Assessment of the contributions of different lipid classes shows 
that dynamic culturing enriches the EBL lipidome in triglycerides (TG 9%) cholesterol (Ch 16%) at the expense 
of phosphatidylethanolamine (PE, 7%), fatty acids (FA, 5%) and phosphatidylcholine (PC, 46%), while static 
cultures show increased percentages of phosphatidylcholine (PC, 51%) phosphatidylethanolamine (PE, 11%) 
and fatty acids (FA, 11%) (Fig. 4C—outlined in yellow and Fig. 4D). These findings corroborate the upregulation 
of genes involved in the cholesterol and lipid biosynthesis previously described in dynamic cultures.

Fig. 2.  Shear-induced enhanced maturation is progressively lost during erythroblast differentiation. A) 
Enucleation percentage (calculated as described for Fig. 1C) of samples switched from dynamic to static culture 
on Day 2, 4, or 6 of differentiation, or not switched, for 3 donors (n = 3). B) Enucleation percentage of samples 
switched from static culture to dynamic culture on Day 2, 4 or 6 of differentiation, as well as dish (static) and 
flask (dynamic) controls averaged for 3 donors (n = 3). Paired two-tailed student t-test was performed, with ** 
p < 0.01 and *p < 0.05. Unless marked, no significance was observed.
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Reticulocytes generated in shear-stress environment show higher cell stability, but similar 
lipid composition compared to reticulocytes generated in static conditions
We next investigated whether shear-stress induced transcriptional program can affect erythrocyte homeostasis 
and reticulocyte plasma membrane stability and deformability (Fig. 5).

We measured the deformability of the cultured reticulocytes using an automated rheoscope and cell analyzer 
(ARCA) subjecting the cells to a shear-stress of 3 and 10 Pa (Supplemental Fig. 4D). We detected lower, but yet 
not significant, deformability in reticulocytes obtained from static and dynamic cultures compared to native 
RBC, no significant difference was detected between static and dynamic conditions (Fig. 5A). In contrast, the 
osmotic resistance of reticulocytes derived from dynamic cultures was comparable to RBC controls where static 
cultures showed significant lower osmotic resistance (Fig. 5B).

Interestingly, global lipidomics analysis of reticulocytes showed minimal to no differences between static 
and dynamic cultures, aside from a slight increase in fatty acids in static cultures (Supplemental Fig. 3). The 
data suggest that the transcriptional changes detected at the onset of EBL differentiation in dynamic conditions, 
is associated with higher osmotic resistance of reticulocytes generated in shaker, but similar lipid composition 
compared to static conditions.

The HMGCR inhibitor lovastatin leads to a failure in adaptation to orbital shaking conditions 
and a severe reduction of reticulocyte formation during erythroblast differentiation
Increased production of cholesterol in dynamic conditions poses the question whether the increased HMGCR 
expression is essential for the adaptive response of differentiating EBL during dynamic conditions. Statins are 
well-described HMGCR inhibitors used in the clinic to reduce cholesterol levels26,27.

Lovastatin treatment at different concentrations did not affect cell yield and general hemoglobinization 
during EBL differentiation in static cultures, with the exception of 1  µM treatment. In contrast, dynamic 
cultures treated with the same lovastatin concentrations showed a significant reduction of cell viability and 
hemoglobinization (Fig. 6A, C, E and Supplemental Fig. 4). CD49d/CD235a marker expression was not affected 
in lovastatin-treated EBL differentiated in static conditions, except for a reduction of CD235a+/CD49d- cells with 
1 µM lovastatin concentration (Fig. 6B, D). We were unable to characterize differentiation markers for dynamic 
cultures in presence of lovastatin because most of the cells did not survive the HMGCR inhibition (Fig. 6B, D, E).

Overall, the data shows that HMGCR enzymatic inhibition was not tolerated during EBL differentiation 
under turbulent culture conditions and thus it is required for the adaptive response of EBL to orbital shaking.

S1P inhibition prevents SREBP cleavage and activation reducing HMGCR expression and 
inducing cell death in dynamic-differentiated cells
SREBPs (Sterol-regulatory- element-binding-proteins) are master regulators of cholesterol metabolism in many 
cells. The precursor of SREBPs is located in the ER and when the cellular steroids level is reduced, a cascade of 
cleavage processes, initiated by the site-1 protease (S1P), allows SREBPs translocation into the nucleus, where 
they regulate the expression of genes involved in cholesterol metabolism, such as HMGCR28. To explore if the 
increase of HMGCR expression detected during erythroid differentiation in dynamic conditions, was due to 
the cleavage and subsequent activation of SREBPs, we inhibited S1P via the administration of its inhibitor, PF-
429242 (1 µM). PF-429242 effects were evaluated 24 and 48 h after its administration (Fig. 7). PF-429249 did 
not alter the total cell count on day 1 of differentiation, with a slight reduction of EBL differentiated in static 
conditions on day 2. Of note, the cell count of EBL differentiated in dynamic environment was similar between 
the untreated-controls and the samples subjected to S1P inhibition, during the 2 days of erythroid maturation 
(Fig. 7A). The reduction in hemoglobinization after PF-429242 treatment suggests an increase in cell death in 
dynamically differentiated cells after S1P inhibition (Fig. 7B). In line with this, flow cytometry data showed that 
the inhibition of S1P induced a reduction of cells in the living gate in samples differentiated in dynamic condition 
on day 1. The reduction in living cells was also detected in static cultures on day 2, but it did not reach the levels 
observed in dynamic conditions on the same day (Fig. 7C, D and Supplemental Fig. 4). Moreover, an increase of 
more mature cells, CD235a+/CD49d-, was observed on day 1 and 2, in both static and dynamic cultures, with a 
stronger effect in the latter one, reaching ~ 80% of CD235a+/CD49- EBL on day 2, possibly related to a selection 
of the most mature cells after the S1P inhibition (Fig. 7E). HMGCR expression, evaluated by Western blot, was 
severely reduced in both static and dynamic cultures treated with PF-429242 on day 1 and 2 of differentiation. 
BAND 3 was used as loading control. (Fig. 7F, G and Supplemental Fig. 5). All together this data suggests a 
novel role for the S1P-induced cleavage of SREBPs to transcriptionally induce HMGCR expression and increase 
cholesterol biosynthesis in dynamically differentiated EBL.

Discussion
EBL can be expanded to large numbers, sufficient to produce transfusion products4(for review, see Di buduo29). 
However, cost-effective upscaling is crucial for the implementation of such products. To this end, advances in 
high cellular density cultures, media components and stirred tank bioreactor perfusion systems are required. 
As most upscaling systems introduce mixing by stirring, shaking and/or sparging of air/oxygen, the effects of 
mechanical stress on erythroid cells need to be evaluated.

Here we show that shear-stress during CD49d+/CD235low EBL maturation to enucleated CD49-/
CD235highreticulocytes accelerates erythroid differentiation without effects on cell viability. We used a maximum 
shear-stress of 1.4 Pa through orbital shaking at 0.7 g, mimicking the shear-stress experienced at the impeller of 
our stirred-tank-reactors4(based on Odeleye22) and the possible mechanical forces within the bone marrow23. 
Orbital shaking altered the EBL transcriptional program, indicating that erythroid cells adapt to turbulent 
environments. The highest effect of mechanical forces on the acceleration of cell differentiation was detected 
within the first 4 days of erythroid maturation.

Scientific Reports |        (2024) 14:30157 5| https://doi.org/10.1038/s41598-024-81746-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Interestingly, similar transcriptional responses to shear-stress were also observed in other cell-types30,31. 
Characterization of the RNA expression throughout the first 4  days of differentiation revealed > 500 DEGs 
between dynamic and static cultures. Of note, no differences in the expression of mechanosensory genes, like 
PIEZO1 and TRPV2 between static and dynamic conditions were detected32,33. Among the biological processes 
upregulated in dynamic cultures, the cholesterol biosynthesis pathway was highly enriched. This process may 
represent one of the adaptation mechanisms, enabling cells to withstand the shear-stress, ensuring a more rigid 
membrane by the increase of cholesterol content.

We found the upregulation of several members of the cholesterol biosynthesis pathways in dynamic 
conditions, such as SQLE, HMGCS1 and HMGCR. The latter is a key rate limiting catalyst in this process34(for 
review, see Sharpe35). Increased HMGCR expression correlates with higher cholesterol concentration in day 
4 EBL differentiated in dynamic compared to static conditions. This was associated with higher stability of 
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reticulocytes derived from dynamic cultures, comparable to RBC controls. In contrast, cells differentiated 
in static environment showed lower stability compared to dynamically differentiated reticulocytes and RBC 
controls. Nevertheless, RBC deformability and stability depend on a multitude of factors such as the surface 
area to volume ratio, the viscosity of the cytoplasm and the plasma membrane structure (e.g. spectrin based 
skeletal structure)36,37 More insights in the variability of the mentioned factors are required to determine their 
involvement in the deformability and stability characteristics of cultured reticulocytes.

The increase of cholesterol, triglycerides, and phosphatidylcholine in day 4 EBL cultured in dynamic 
compared to static conditions suggests an adaptation process to the shear-stress environment, possibly involving 
changes in the lipid plasma membrane composition and as consequence in plasma-membrane fluidity (PMF), 
and a probable increase in cholesterol storage via lipid droplet formation. Nevertheless, the reduced difference 
in the enucleation rate, differentiation markers and lipid composition between reticulocytes obtained from static 
and dynamic cultures, indicates a loss of the adaptation phenotype towards the end of differentiation.

HMGCR converts HMG-coenzyme A into mevalonic acid, and it is a known pharmacological target of 
cholesterol-decreasing therapeutics like statins26. Of note, the mevalonate pathway is also suppressed by the 
tumor protein p53, by mechanism of up-regulation of the cholesterol transporter ABCA138.The node of p53—a 
central transcriptional regulatory node in several stress responses39– has long been associated with physiological 
or stress erythropoiesis both in the primitive40and adult41 settings. The evidence that cells differentiated in 
dynamic conditions do not survive the inhibition of HMGCR, confirms the involvement of genes involved in 
the cholesterol biosynthetic pathway in the cellular adaptation mechanism to shear-stress.

It is known that mechanosensing proteins are present and functional in the erythroid membrane9,11,12. EBL 
differentiate on central macrophages in erythroid islands in the bone marrow, where they may experience shear 
forces through crawling and dynamic contacts with the central macrophages42,43. In addition, it has been shown 
that the mechano-sensor channel Piezo1 plays a fundamental role in regulating cholesterol biosynthesis in other 
tissues, specifically in neural development where its activity influences neural stem cells fate44. In light of this, 
there may be a specific role for mechano-sensors on hematopoietic progenitors and EBL during migration, 
sensing of tissue stiffness or in cell–cell contacts. Investigation of the putative mechanisms that regulate cell 
adaptation to mechanical forces could be useful to understand how cells regulate their transcriptional program 
upon shear-stress, also in the bone marrow environment. HMGCR is a target gene of Steroid Responsive 
Element Binding Proteins (SREBPs)45. Some SREBPs regulating proteins such as HSD17B7, AACS and INSIG1 
(for review, see Dong46) are also upregulated in dynamic conditions. SREBPs maintain cellular lipid homeostasis 
by regulation of cholesterol, fatty acids, and triglyceride biosynthesis47. In sterol-depleted conditions, SREBPs 
are firstly cleaved by site-1-protease (S1P) and then by site-2-protease (S2P) and translocated from the ER into 
the nucleus where they regulate the expression of genes involved in the lipid metabolism, such as HMGCR.28.

To dive more into the mechanisms regulating the cholesterol and lipid metabolism during erythropoiesis 
in dynamic conditions, we inhibited S1P via the administration of PF-429242 on day 0 of differentiation. The 
inhibition of the emergence of the transcriptional active form of SREBPs, was accompanied by reduction in cell 
numbers and viability and increase of the more mature cells (CD235a+/CD49d-) in both static and dynamic 
conditions, but with a more evident effect in dynamic setups, proving again the dependency of orbital-shaken 
EBL on lipid biosynthesis. The decrease in cell number and the cell viability impairment and the increase in 
the more mature cells could be related to a loss of the most immature EBL, unable to adapt their membrane to 
the shear-stress environment, leaving space to more mature cells, whose plasma membrane composition was 
defined and able to tolerate mechanical stresses. In line with this, HMGCR expression was severely reduced after 
PF-429242 treatment in both static and dynamic conditions. Although the reduction in HMGCR expression 
could be related to the increase of mature cells after S1P inhibition, the evidence of its reduction on day 1 in static 
samples (subjected to a lower variation in differentiation after S1P inhibition), suggests a role for PF-429242 in 

Fig. 3.  RNA analysis between static and dynamic erythroblast differentiation confirms accelerated 
maturation and characterises the involved processes. Erythroblasts (EBL) of four different donors (n = 4) were 
differentiated for 4 days as indicated in material and methods. A) Heatmap showing a Pearson hierarchical 
clustering of z-scores of the 505 differentially expressed RNAs between Day1 and Day4. K-means clustering, 
reveals 3 clusters indicated as K1, K2, K3. Genes involved in the cholesterol biosynthesis pathway are reported 
next to their specific coordinates on the heatmap. B) The gene identifiers of the upregulated RNAs of K2 from 
(A) were extracted and their expression dynamics through complete differentiation of EBL to enucleated 
reticulocytes, as previously published by Heshusius24, was datamined and determined. Pearson hierarchical 
clustering was performed on z-scores over time in days as indicated (x-axis). Kmeans clustering (K = 3) was 
additionally performed and indicated as K2-a, K2-b and K2-c. C) ENRICHR analysis of K2-a to K2-c from (B) 
shows the top 10 enriched Gene Ontology (GO) term biological processes that are associated with the RNAs 
in the indicated Kmeans cluster according to the adjusted p-value. D) STRING analysis of the genes within 
K2-b was performed and genes within the first 3 biological processes according to the false discovery rate 
highlighted in red, blue, and green. Lines thickness indicates the strength of data support. E) Representation of 
cholesterol biosynthesis pathway with related z-score of genes up-regulated on day 4 in dynamic (D) compared 
to static (S) conditions. F) HMGCR (ab242315, Abcam) expression was assessed through western blot analysis, 
during EBL differentiation of 3 different donors (n = 3) in static and dynamic conditions. GAPDH (MAB374, 
Millipore) was used as loading control. G) Quantified expression of HMGCR during cell differentiation in 
dynamic and static conditions. HMGCR expression was normalised according to GAPDH expression. G) 2way 
ANOVA test was performed, with ** p < 0.01 and *p < 0.05. Unless marked, no significance was observed.
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Fig. 4.  Day 4 erythroblasts differentiated in dynamic conditions show higher concentration of cholesterol 
triglycerides and phosphatidylcholine compared to cells differentiated in static. Day 4 erythroblast (EBL) of 
three different donors (n = 3) were characterized by global lipidomics to determine their lipid composition. 
A) Partial Least Squares-Discriminant Analysis (PLS-DA) of samples differentiated in static and dynamic 
conditions. X-axis represents variations between conditions, y-axis represents variations between donors. B) 
Heatmap of the top 75 lipids differentially expressed at day 4 of differentiation in static (left- red) and dynamic 
(right- green) conditions according to the adjusted p-value. Cluster A represents lipids upregulated in static 
and cluster B lipids upregulated in dynamic. C) Pie-charts representing the lipid composition in percentage 
of day 4 EBL obtained from static and dynamic cultures. The most expressed lipids in static and dynamic 
condition are outlined in yellow. D) Comparison of the single lipids detected in reticulocytes obtained from 
static and dynamic conditions. X-axis represents the abbreviation of lipids name, y-axis the area under the 
curve. Paired two-tailed student t-test was performed, with ** p < 0.01 and *p < 0.05. Unless marked, no 
significance was observed.
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HMGCR downregulation. Of note, recently Wang et al., showed that lipid homeostasis was critically important 
at the early onset of erythroblast differentiation48.

In conclusion, we show that erythroid precursors withstand and adapt to significant shear-stress during 
the early stages of differentiation to enucleated reticulocytes. The metabolic rewiring underlying this essential 
adaptation centers on cholesterol metabolism, via SREBPs. Such adaptation was reduced nearing the end of 
maturation, leading to phenotypically similar reticulocytes from both static and dynamic cultures. Shear-stress 
does not affect cell viability but accelerates erythroid differentiation, allowing a faster and possibly more cost-
effective protocol and permitting the upscaling of EBL differentiation into stirred-bioreactors. Moreover, these 
data give insights into the biological processes regulating erythropoiesis due to mechanosensing and mechanisms 
of cellular adaptation to external stresses.

Material and methods
All methods were carried out in accordance with relevant guidelines and regulations at Sanquin. All experimental 
protocols were approved by Stichting Sanquin Bloedbank, Department of Research and Sanquin Ethical Advisory 
Board. Written informed consent was obtained from all subjects.

Erythroblast expansion and differentiation
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density separation according to the 
manufacturer’s protocol (GE Healthcare, Chicago, Illinois, USA). Informed consent was given in accordance 
with the Declaration of Helsinki, the Dutch National and Sanquin Internal Ethic Boards. PBMC were cultured 
to proerythroblasts in IMDM medium (PAN P04-20,250) supplemented with EPO (2 U/mL; ProSpec, East 
Brunswick, NJ, USA), human recombinant Stem-Cell Factor (100 ng/mL, supernatant SCF-producing cell line) 
and dexamethasone (1 μM; Sigma, St. Louis, MO, USA). Interleukin 3 -IL3 (1 ng/mL STEMCELL technologies) 
was added on day0 of culture24. During the expansion phase, EBL were kept at a density of 0.7–1.5 million/mL. 
To differentiate EBL to reticulocytes, cells were washed twice in PBS and resuspended in differentiation media 
(1 million/mL): IMDM supplemented with EPO (10 U/mL), 5% Omniplasma (Octopharma, Wien, Austria), 
holotransferrin (700 µg/mL; Sanquin), and heparin (5 U/mL; LEO Pharma BV, Breda, The Netherlands)24. Cells 
were kept in differentiation medium for 10–12 days, without further dilutions, sampled daily, pelleted, washed 
twice in PBS and subjected to cell count and flow cytometry analysis. Cell counts were obtained using a CASY 
(CASY®Model TTC, Schärfe System GmbH, Reutlingen, Germany). The day of change to differentiation media 
is referred to as Day 0 of differentiation.

Fig. 5.  Reticulocytes obtained from dynamic cultures show higher cell stability but similar deformability 
and lipid composition when compared to static. Erythroblasts (EBL) of three different donors (n = 3) were 
differentiated for 12 days as indicated in material and methods. On day 12 of differentiation, cells were filtered, 
and the obtained reticulocytes subjected to cell deformability and stability assays. Measure of the reticulocyte’s 
deformability was detected using the ARCA. Cells were subjected to a shear stress of 3 Pa and 10 Pa. A 
schematic representation of the ARCA is shown in supplemental Fig. 4D. A) The x-axis represents the ratio 
between the length and the width of the cell (A/B), the y-axis is the normalised number of cells. A/B ratio 
directly correlates with reticulocyte deformability. B) Hemolysis percentage (y-axis) measured after incubation 
with different concentrations of NaCl solution (x-axis) was assessed to determine the stability of reticulocytes 
obtained from static and dynamic cultures. A and B) Native RBCs were used as control in deformability and 
stability assays. A) Unpaired two-tailed student t-test of the area under the curve of static condition vs RBC 
and dynamic condition vs RBC was performed, with *** p < 0.001, ** p < 0.01 and *p < 0.05. B) 2way ANOVA 
test was performed, with*** p < 0.001, ** p < 0.01 and *p < 0.05. Unless marked, no significance was observed.
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Orbital shaking cultures
Dynamic cultures were performed using 125  mL Corning Erlenmeyer flasks with ventilated caps (Sigma 
Aldrich) on a Thermo Scientific™ CO2 Resistant Shaker (#15,341,105). 250 revolutions-per-minute (RPM) was 
used, yielding to a 1.4 Pa maximum shear-stress. The starting volumes were 12 mL in dishes and 25 mL in flasks.

Static and dynamic conditions were switched at indicated days by moving samples cultured in dish to flask in 
orbital shaker and vice versa, without media change.

Flow-Cytometry
Samples were collected daily for 10 days of differentiation washed twice in PBS and resuspended in HEPES 
buffer (132 mM NaCl, 20 mM HEPES, 6 mM KCl, 1 mM MgSO4, 1.2 mM K2HPO4) supplemented with 0.5% 
bovine serum albumin (BSA) and stained for 30 min as indicated in the figure legends. Samples were measured 
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with FACS Canto II (BD Biosciences, Oxford, UK) and results analysed using FlowJo software (FlowJo v10; Tree 
Star, Inc., Ashland, OR USA).

Cytospins
Cytospins were performed with Shandon Cytospin-II (Thermo Scientific), stained with benzidine and 
Differential Quik Stain Kit (PolySciences, Warrington, PA) as described before24. Stained cytospins were imaged 
with 50 × objective on Leica DM-2500 microscope (Leica, Germany).

Western blotting
EBL were pelleted, washed 3 times with PBS and lysed in CARIN buffer (20 mM Tris–HCl pH 8.0, 138 mM 
NaCl, 10 mM EDTA, 100 mM NaF, 1% NonidetP-40, 10% glycerol). Lysates were heated in Laemmli sample 
buffer (2% sodiumdodecylsulfate [SDS] wt/vol, 10% glycerol, 1% 2-mercaptoethanol, 60 mM Tris–HCl pH6.8, 
bromophenolblue) for 5 min at 95 °C, subjected to SDS–polyacrylamide gel electrophoresis, blotted using iBlot-
PVDF blotting system (ThermoFisher Scientific, Bleiswijk, The Netherlands), and stained as indicated in figure 
legends.

Stability and deformability assays
Day 12 differentiating EBL from static and dynamic cultures were filtered (Spuitfilters-Acrodisc® WBC) to 
remove nucleated cells and pyrenocytes. Purified reticulocytes were subjected to osmotic shock by incubation in 
0% to 0.7% NaCl for 5 min at RT, centrifuged and supernatants’ absorbance measured at 415 nm. Reticulocytes’ 
deformability was assessed using ARCA (ARCA-Linkam CSS450) as described before24,49..

HMGCR and S1P inhibition
Day 0 differentiating-EBL were incubated with the HMGCR inhibitor Lovastatin (Ab120614) or the S1P 
inhibitor PF-429242 (Bio Techne) and cultured in static or dynamic condition. Cells differentiation, enucleation, 
stability, and deformability were assessed as described above.

RNA sequencing and analysis
EBL differentiated in static or dynamic conditions were sampled at days 1, 2 and 4 following differentiation 
induction. RNA was isolated from cell pellets using Trizol as indicated by the manufacturer’s protocol 
(Invitrogen Technologies, CA, USA). DNA remnants were removed by RNA clean up kits (Zymo Research, CA, 
USA). RT-reactions and RNA sequencing was performed by GENEWIZ (NJ, USA) using random hexamers, 
with on average 30 million reads deep. After sequencing, quality control and adapter trimming were performed 
using FastQC v0.11.9 (Babaham Bioinformatics) and fastp 0.23.250with additional arguments –length_required 
36, –cut_right, –cut_right_window_size 4, –cut_right_mean_quality 15. Next, pair-ended trimmed fastq files 
were mapped to GRCh38.p13 (Ensembl 87) using STAR 2.7.0f51with –quantMode GeneCounts. Deferential 
expression analysis was performed using second stranded reads in EdgeR 3.40.252. In short, low expressed reads 
were filtered out, all samples were TMM normalised, and dispersion was calculated using the estimateDisp 
function. Samples were categorised in two different groups (dish and flask) for the different differentiation 
days. Pairwise comparisons between the different groups were carried out for the different days using the 
glmLRT/ glmLRT functions; p-values were Bonferroni adjusted and genes with adjpval ≤ 0.05 were considered 
differentially expressed between groups. Analyses were performed in Ubuntu 22.04.2 LTS and R version 4.2.3. 
Heatmaps were plotted using Morpheus (https://software.broadinstitute.org/morpheus). Gene ontology analysis 
was performed using EnRicHR535455..

Lipidomic analysis
Day 4 EBL and Day12 filtered reticulocytes were washed twice in ice-cold PBS then pelleted and residual PBS 
aspirated before snap-freezing. Lipids were extracted from frozen cell pellets at 1.07 cells/mL with ice cold 
methanol, vortexed vigorously for 30 min at 4 °C, then centrifuged for 10 min at 18,213 rcf. Non-polar lipids 
were resolved using UHPLC coupled to mass spectrometry with data-dependent fragmentation (ddMS2). 5 uL 

Fig. 6.  Lovastatin inhibition of HMGCR prevents cells adaptation to shear stress environment. Erythroblasts 
(EBL) of three different donors (n = 3) were incubated with different concentrations of lovastatin on day 0 
of differentiation and cultured in static and dynamic conditions. Erythroid cells were harvested on day 12 
of differentiation and analysed by flow cytometry. A) Representative example of living gate strategy plotting 
forward scatter (FSC x-axis) vs side scatter (SSC y-axis) in cells differentiated in static and dynamic conditions 
treated with different concentrations of lovastatin. B) Maturation states of cells differentiated in static and 
dynamic conditions incubated with different concentrations of lovastatin according to antiCD49d-PB 
(BD Biosciences, San Jose, CA, US) (Alexa Fluor 405, y-axis) and antiCD235a-PE (OriGene Technologies, 
Rockville, MD, USA) (x-axis), staining. C) Quantified percentage of cells in the living gate, averaged for 
3 donors (n = 3). Gating strategy to identify the living cells gate is described in Supplemental Fig. 4). D) 
Quantified maturation states of cells differentiate in static and dynamic incubated with different concentrations 
of lovastatin were measured as described in Fig. 1A. Percentage of cells in gates was averaged for 3 donors 
(n = 3). ND indicates not-detectable measurement due to the low percentage of cells in the living gate. E) 
Representative picture of pelleted cells on day 12 of differentiation incubated with different concentration 
of lovastatin. C and D) 2way Anova test was performed, with *** p < 0.001 ** p < 0.01 and *p < 0.05. Unless 
marked, no significance was observed.
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injection volumes were used with a 5-min gradient as previously described. Briefly, samples were resolved over 
an Kinetex C18 column (2.1 × 30 mm, 1.7 µm; Phenomenex, Torrance, CA) at 50ºC using a 5 min gradient at 
300 µL/min for negative and positive ESI. The negative mode gradient was from 10%−100% B and positive 
mode was from 30%−100% B (A: 75% water, 25% acetonitrile, 5 mM ammonium acetate; B: 90% isopropanol, 
10% acetonitrile, 5 mM ammonium acetate). Sample were randomized and quality control was assessed using 
technical replicates throughout the sequence as previously described.56 Lipidomics data were analyzed using 
LipidSearch 5.0 (Thermo Scientific), which provides lipid identification on the basis of accurate intact mass, 
isotopic pattern, and fragmentation pattern to determine lipid class and acyl chain composition.
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Data Availability
 Sequencing data are available at GEO under accession number GSE247121. Upon request, the raw data support-
ing the conclusion of this article will be made available by the authors without undue reservation.
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