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The endoplasmic reticulum
protein HSPA5/BIP is essential for
decidual transformation of human
endometrial stromal cells
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Thomas M. Rawlings?, Joanne Muter?, Maria Soledad Gori?, Claudia Pérez Leirés?,
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Decidualization denotes the process of inflammatory reprogramming of endometrial stromal cells
(EnSC) into specialized decidual cells (DC). During this process, EnSC are subjected to endoplasmic
reticulum (ER) stress as well as acute cellular senescence. Both processes contribute to the
proinflammatory mid-luteal implantation window and their dysregulation has been implicated in
reproductive failure. Here, we evaluated the link between ER stress, decidual differentiation and
senescence. In-silico analysis identified HSPAS5 gene, codifying the ER chaperone BiP, as a potentially
critical regulator of cell fate divergence of decidualizing EnSC into anti-inflammatory DC and pro-
inflammatory senescent decidual cells (snDC). Knockdown of HSPAS5 in primary EnSC resulted both

in decreased expression of DC marker genes and attenuated induction of senescence associated
B-galactosidase activity, a marker of snDC. Stalling of the decidual reaction upon HSPA5 knockdown
was apparent at 8 days of differentiation and was preceded by the upregulation of ER stress associated
proteins IRE1a and PERK. Further, HSPA5 knockdown impaired colony-forming unit activity of primary
EnSC, indicative of loss of cellular plasticity. Together, our results point to a key role for HSPA5/BIP in
decidual transformation of EnSCs and highlight the importance of constraining ER stress levels during
this process.

The opening mid-luteal window of implantation coincides with abrupt changes in endometrial gene expression,
indicative of an acute tissue stress response'. Histologically, this stress response, termed decidual reaction, is
characterized by the onset of glandular secretion, increased vascular perfusion and local edema, proliferative
expansion of uterine natural killer cells (uNK), and decidualization (differentiation) of endometrial stromal
cells (EnSC)?. Decidualizing EnSC progressively lose their fibroblastic appearance and acquire an epithelioid
morphology with abundant cytoplasm and prominent endoplasmic reticulum (ER)3-.

Alongside the morphological alterations, decidualization involves extensive reprogramming of multiple
signaling pathways and cellular functions, including acquisition of a prominent secretory phenotypeS. Most of
the secreted and membrane proteins are translated in ribosomes associated to the ER where proteins undergo
folding and assembly’. Then, the requirement for increased protein secretion upon decidual transformation
imposes ER stress and triggers the unfolded protein response (UPR) in EnSC?®!. Heat shock protein family
A (Hsp70) member 5, also known as BiP, is a chaperone protein that plays a critical role in maintaining ER
homeostasis!!. Under physiological conditions, BiP binds and inactivates the ER stress sensors PERK, IREla
and ATF6a. When the ER folding machinery becomes overwhelmed, so-called ER-stress, unfolded proteins
accumulate in the luminal side of the ER. This leads to BiP release, activating the sensor proteins and
triggering the UPR’. The UPR pathways promote degradation of misfolded proteins, attenuation of translation
and upregulation of chaperone proteins to restore ER homeostasis'>!>. However, if ER stress levels remain
uncontrolled, the UPR elicits a proinflammatory response that may cause cell death!. The relevance of ER stress
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and UPR during the peri-implantation period has been demonstrated in previous studies. Decidualization of
human EnSC in vitro is accompanied by upregulation of ER stress sensor proteins ATF6, PERK and IREla,
as well as UPR markers®!0. Moreover, IREla knockout mice die on embryonic day 12.5 due to an impaired
placental labyrinth layer'>. Additionally, inhibition of ATF6a pathway has been shown to preclude embryo
implantation in animal models'®.

Single-cell RNA sequencing (scRNA-seq) analysis demonstrated that decidual differentiation is a time-
dependent process!”. While decidual transformation of EnSC in vivo coincides with the beginning of the
implantation window, the emergence of a phenotype characteristic of decidual cells (DC) approximately four
days later heralds the closure of the window?. Similarly, decidualization of primary cultures in vitro involves
highly coordinated time-sensitive gene expression changes, reflecting inflammatory reprogramming of EnSC.
By the end of this process, however, two distinct subpopulations emerge: progesterone-dependent DC and
progesterone-resistant senescent decidual cells (snDC)!®. Experimental evidence demonstrated that snDC arise
from EnSC subjected to excessive replication stress in response to rapid estrogen-dependent proliferation!*’.
Senescence is defined by a state of permanent cell-cycle arrest, heightened metabolism and abundant secretion
of extracellular matrix proteases, proinflammatory cytokines, chemokines, growth factors and reactive oxygen
species?"?2. These molecules are referred to as senescenceassociated secretory phenotype (SASP). Accumulation
of chronic senescent cells causes sterile inflammation and loss of tissue function and integrity, a hallmark of ageing
and age-related pathologies. By contrast, acute or transient senescence is widely implicated in developmental
processes and tissue remodeling?®. In the endometrium, acute cellular senescence of a discrete number of EnSC
has been linked to spontaneous decidualization at the start of the implantation window?. Under continuous
progesterone signaling, DC in turn recruit and activate uterine natural killer cells in an IL15-dependent manner,
which prevents accumulation of chronic snDCs through targeted killing?®. Thus, a balance between decidual
subsets has been proposed to be key for optimal implantation as both lack of acute senescent cells and SASP-
associated inflammatory signals and accumulation of snDC have been implicated in reproductive failure!20-2425,

The mechanisms that control cell fate divergence of EnSC to anti-inflammatory DC and proinflammatory
snDC are not completely understood®*. Given that the SASP production is a canonical feature of senescent cells,
we focused on the role of ER stress and UPR in regulating decidual senescence in primary EnSC cultures. We
demonstrate that knockdown of HSPA5/BiP in primary culture is sufficient to stall the decidual reaction by
disrupting the reprogramming of EnSC into diverging DC and snDC subsets.

Results

Expression of ER stress pathway genes in EnSC decidualizedin vitro

We set out to evaluate the interplay between ER stress and cellular senescence, two processes implicated
in decidualization and reproductive disorders®!®. We first mined published single-cell RNAsequencing
(scRNAseq) data that span the decidual pathway in vitro (GEO Datasets accession number: GSE127918)'%.
Briefly, primary EnSC were decidualized in vitro with 8-bromoadenosine 3',5'-cyclic adenosine monophosphate
and medroxyprogesterone (C+ M) in a timecourse experiment lasting 8 days. The cultures were harvested every
48 h for scRNA-seq analysis. Figure 1A provides a schematic overview of the five distinct transcriptional cell
states identified across the timecourse. Cell state 1 (S1) marks undifferentiated EnSC at the start of the decidual
timecourse (day 0). In response to a deciduogenic stimulus, EnSC undergo time-sensitive transcriptional
reprogramming, a process that takes approximately four days!®!°2°. The transcriptomic profiles of these
differentiating cells, termed pre-decidual cells (pre-DC), differ markedly between day 2 (S2) and day 4 (S3) of
the decidual timecourse'®. The temporal changes in gene expression are lost after day 4, with the emergence of
DC (S4) and a discrete population of snDC (S5) on day 6. In the absence of snDC clearence by immune cells,
SASP-mediated paracrine senescence accounts for the expansion of snDC at the expense of DC by day 8 of the
decidual timecourse (Fig. 1A)'.

We analyzed the expression of the ER stress/UPR-associated genes, including HSPA5 (codifying for ER
chaperone BiP) ERNI, EIF2AK3 and ATF6 (encoding the ER stress sensors IRE1a, PERK and ATF6, respectively),
ATF4, XBP1 and DDIT3 (mediators of the adaptative UPR), and TXNIP (thioredoxin interacting protein, a
regulator of cellular metabolism and the inflammatory UPR pathway)?’. Figure 1B demonstrates that four genes,
HSPAS5, ATF6, ATF4 and TXNIP, are abundantly expressed in a temporal manner across the decidual timecourse.
As the temporal trajectory of expression differed for each of the four genes, we mapped the profiles onto our
previously reported time-dependent coregulated gene clusters'®. As shown in Fig. 1C, each gene belongs to a
different group of coregulated transcripts: HSPA5 belongs to a network of biphasic genes that peak prior to
the divergence of pre-DC into DC and snDC; ATF6 belongs to genes gradually induced upon decidualization
with peak expression in DC; ATF4 is part of a group of genes firmly repressed across the decidual pathway; and
TXNIP belongs to a group of genes that are rapidly downregulated upon decidualization but then reexpressed,
predominantly in progesterone-resistant snDC.

Expression of ER stress pathway genes in EnSC across the luteal phase

Next, we examined the expression of the same set of four genes (HSPA5, ATF4, ATF6 and TXNIP) in EnSC
across the luteal phase in vivo. For this purpose, we mined scRNA-seq data of endometrial biopsies obtained at
different timepoints after the pre-ovulatory luteinizing hormone (LH) surge, including 4 early-secretory phase
(LH+5-6 days) samples, 5 samples obtained in the mid-secretory window of implantation (LH+7-9 days),
and 3 late-secetory phase (LH+ 10-11 days) biopsies (GEO Profiles accession number: GSE247962). Following
quality control, Shared Nearest Neighbour (SNN) and tDistributed Stochastic Neighbour Embedding (t-SNE)
analysis of 64,644 cells revealed 6 major clusters (Fig. 2A). Based on the expression of canonical marker genes,
these cell clusters corresponded to endothelial cells (n=4701), epithelial cells (n=10,280), ciliated epithelial
cells (n=572), EnSC (n=33,416), perivascular cells (n=3950) and immune cells (n=11,725). For the purpose

Scientific Reports |

(2024) 14:25992 | https://doi.org/10.1038/s41598-024-76241-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B
Pay2 s Day6 Day 8 S5H @ o ° Percent Expressed
Y ..
o 41 @ e - - @ - e+ 025575
E s34 ° ° . ° . ° Average Expression
Transcriptional Divergence) DC 8 ?0 .
reprogramming R S2 4 e o - o - "
sn
ol T —@s e o .
@ @ @
State P ¢ ¢ B 6 R « 0
- &R S5 e
Pre-DC
Genes

(@)

1004 B2

75

50

25

Normalized expression

0

s1 s2 s3
(D0) (D2) (D4)

100 A1 1004 D
75 75
50 50
25 25 25
T T 0 T T T T T O T T T T T 0 T T T T T
sS4 S5 S1 S2 S3 sS4 S5 S1 S2 S3 S4_S5 S1 S2 S3 sS4 S5
(D6/8) (D0) (D2) (D4) (D6/8) (D0) (D2) (D4) (D6/8) (D0) (D2) (D4) (D6/8)

Fig. 1. Single cell expression of ER stress/UPR-associated genes during the decidualization process. (A)
Schematic representation of in vitro decidualization of EnSCs and the progress of transcriptional states along
time. (B) Expression of HSPAS5, ATF6, ATF4, ERNI, EIF2AK3, TXNIP, DDIT3 and XBPI was evaluated in
silico on decidualizing EnSCs using scRNA sequencing data from Lucas et al.'®. Color intensity indicates
average gene expression, while circle size shows the percentage of cells expressing each gene. (C) Co-regulated
decidual networks for HSPA5, ATF6, ATF4 and TXNIP. B2, C1, Al and D indicates the gene clusters from
Lucas et al.’8,

of this study, expression analysis was restricted to EnSC. As shown in Fig. 2B, HSPA5 transcript levels peaked
in the midluteal phase of the cycle, in keeping with the expression profile observed across the decidual pathway
in vitro. Further, progression across the luteal phase was associated with downregulation of TXNIP expression,
again in keeping with the in vitro timecourse profile. In addition, ATF4 and ATF6 expression appeared to decline
upon opening of the midluteal implantation window, although the changes were not statistically significant
(FDR corrected p> 0.05).

Loss of HSPA5/BIP elicits an unfolded protein response in decidualizing EnSC

Our expression analyses demonstrated that HSPA5 expression is tightly regulated across the decidual pathway,
characterized by maximal expression during the midluteal implantation window in vivo and upon transition
of pre-DC into DC and snDC subsets in vitro. Considering that HSPA5/BiP binding to ER stress sensor
proteins prevents the triggering of the UPR response”!!, we evaluated the effect of HSPAS5 silencing on this
pathway in decidualizing EnSC. A total of 7 primary cultures established from different endometrial biopsies
were transiently transfected with either non-targeting (NT) or HSPA5 siRNA. There was no evidence that loss
of HSPA5/BiP impacted on cell viability (Supplementary Fig. 1). After a recovery period of 24 h, the cultures
were decidualized for 4 or 8 days. Total RNA and protein were extracted from undifferentiated (day 0) and
decidualizing cultures (day 4 and day 8). Consistent with the scRNA-seq data (Fig. 1B), HSPA5 mRNA expression
in control cultures transfected with NT siRNA was induced significantly upon decidualization with levels
peaking on day 4 (median 2.02-fold induction, p <0.0001) (Fig. 3A). Transcript levels subsequently declined
as the decidualization timecourse progressed to day 8 of differentiation (p=0.0019). Western Blot analysis of
two independent cultures confirmed that expression of HSPA5 at mRNA level corresponds to protein levels
across the decidual timecourse (Fig. 3B). Figure 3A also shows siRNA-mediated HSPA5 knockdown was highly
efficient in undifferentiated cells (11.46-fold reduction, p=0.0002). HSPA5 silencing was partially maintained
on day 4 of decidualization (1.79-fold reduction, p <0.0001), but lost by day 8 (p=0.7286). However, Western
blot analysis not only confirmed HSPA5/BiP knockdown, but also showed that expression at protein level is not
fully restored by day 8 of decidualization (Fig. 3B). Further, HSPA5 knockdown increased the protein levels of
IREla and PERK during decidualization, suggesting activation of the UPR pathway (Fig. 3B). Interestingly,
no discernible changes were observed in either IREla or PERK protein levels in undifferentiated cells (day 0),
suggesting that loss of HSPA5/BiP is more consequential in the context of the decidualization and associated
with ER stress. Since an exacerbated ER stress response can induce cell death?®?°, we confirmed that cell viability
was not altered by HSPA5 siRNA after 8 days of decidualization (Supplementary Fig. 2).
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Fig. 2. Single cell expression of ER stress/UPR-associated genes on endometrial stromal cells across the luteal
phase. (A) t-SNE plot of different cell subpopulations from 12 endometrial samples taken across the luteal
phase. (B) Expression of HSPA5, ATF6, ATF4 and TXNIP was in silico evaluated on the stromal subset on cells

from early, mid or late secretory phase. Statistical significance of the differences was evaluated by Wilcoxon
rank sum test, ****p < 0.0001.
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Fig. 3. HSPA5 knockdown induces ER stress in decidualizing EnSCs. EnSCs were purified from endometrial
samples and HSPA5 was knocked down by siRNA transfection. Non-targeting siRNA (NT) was used as
control. (A) HSPA5 knockdown was confirmed in undifferentiated and decidualized cells at mRNA level by
RTqPCR. Individual data points from 7 biological replicates are shown, with bar graphs indicating the median.
Statistical differences were evaluated by Mixed-effect analysis. (B) The impact of HSPA5 knockdown on
protein levels of BiP, as well as the ER stress markers IREla and PERK, was examined by western blotting in 2
biological replicates. B-Actin was used as a loading control. The grouping of gels/blots showed correspond to
the full-length.

HSPAS5 knockdown impairs the transition of pre-decidual cells into decidual subsets

Next, we examined the effect of HSPA5/BiP knockdown on the expression of decidual marker genes. EnSCs were
transfected with HSPA5 or NT siRNA and decidualized with C+ M for 4 or 8 days. HSPA5 knockdown significantly
decreased the expression of canonical decidualization markers PRL and IGFBPI on day 8 of decidualization
(p=0.0005 and p=0.0012, respectively; Fig. 4A,B). ILIRLI, encoding the transmembrane and soluble IL-33
receptor, represents a DC-specific marker'®%¢. As shown in Fig. 4C, HSPA5 knockdown significantly decreased
the expression of this marker gene at the same time point (p=0.0070). Senescence-associated p-galactosidase
activity, a marker of cellular senescence used to evaluate emerging snDC, was also significantly lower upon
decidualization of cultures first transfected with HSPA5 siRNA when compared to the corresponding NT control
(p=0.0092; Fig. 4D). Overall, these results suggest that induction of HSPA5 in pre-decidual cells is essential for
progression of the decidual pathway and divergence of cells into DC and snDC subpopulations.

HSPA5 knockdown compromises EnSC plasticity

Acute sterile inflammation is not confined to the cycling endometrium but implicated in a myriad of
physiological processes, ranging from development to wound healing and tissue repair. In all these processes,
acute - but not chronic - stress drives cellular plasticity, defined by dedifferentiation of committed cells into
clonogenic mesenchymal stemlike progenitor cells (MSC). Likewise, decidualization has been shown to
enhance clonogenicity of primary EnSC, as measured by colonyforming unit (CFU) activity?’. We subjected
undifferentiated and decidualized primary EnSC cultures, transfected with either HSPA5 or NT siRNA, to CFU
assays. (Fig. 5A,B). Unexpectedly, HSPA5 knockdown compromised CFU activity in undifferentiated EnSC and
resulted in lower activity levels upon decidualization (Fig. 5C). However, despite the apparent loss of cellular
plasticity in EnSC transfected with HSPA5 siRNA, the relative increase in CFU activity upon decidualization was
unaffected (Fig. 5D). Thus, loss of HSPA5/BiP in undifferentiated EnSC may lead to lack of clonogenic MSC in
the decidualizing endometrium during the implantation window.

Discussion
Decidualization is a tissue specific differentiation of endometrial stromal cells into epithelial-like secretory cells.
From an immunological perspective, it is a multistep process that starts with an acute pro-inflammatory response
that allows endometrial receptivity and embryo invasion®. The duration of this period is tightly controlled,
lasting between 2 and 4 days!%3!. The subsequent switch to an anti-inflammatory response at the closure of the
implantation window is mediated by the emergence of mature decidual cells and the recruitment and activation
of uterine NK cells to clear senescent cells which constrain inflammation. This step sustains the transition of
the decidua to a semi-permanent tissue critical to support the ongoing pregnancy and the maternal tolerance to
the fetus®>3. However, in the absence of an implanting embryo, the levels of progesterone falling down and the
propagation of senescence through the endometrium are associated with influx of neutrophils and macrophages,
resulting in tissue breakdown and menstruation®*3>.

The inflammatory response characteristic of the implantation window has been linked to the ER stress, UPR
response and senescence that EnSCs undergo during decidualization®!%820, Here, by means of in silico and
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Fig. 4. HSPAS5 silencing impedes the emergence of mature and senescent decidual cells. EnSCs were
transfected with HSPA5 or NT siRNA and then decidualized in vitro. Expression of decidualization markers
PRL (A) and IGFBPI (B) were tested by RIqPCR. (C) To evaluate the emergence of mature decidual cells,
ILIRLI expression was evaluated by RTqQPCR. (D) To assess the emergence of senescent decidual cells,
Bgalactosidase activity was tested. The left panels show expression levels of indicated genes normalized to L19,
whereas the right panels show fold-change upon transfection of HSPA5 siRNA compared to control cultures
transfected with NT siRNA at the indicated timepoints. Individual data points from 4-5 biological replicates
are shown, with bar graphs indicating the median. Statistical significance of the differences was evaluated by
Two-way ANOVA (left panels) and One-way ANOVA (right panels).
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Fig. 5. HSPAS5 silencing alters clonogenic activity in undifferentiated EnSCs. EnSCs were transfected with
HSPAS5 or NT siRNA and colony forming unit (CFU) activity was evaluated in undifferentiated (C+M

Day 0) or decidualized cells (C+ M Day 8). (A) Schematic representation of the experimental design. (B)
Representative CFU established from each experimental condition. (C) Cloning efficiency in EnSC expressed
as fold-change (FC) to the undifferentiated control culture transfected with NT siRNA. (D) Cloning efficiency
also shown for each HSPA5 siRNA culture relative to the NT counterpart for the same timepoint. Statistical
significance of the differences was evaluated by Two-way ANOVA (C) and One-way ANOVA (D).

in vitro designs, we point to the role of ER stress and UPR in controlling the emergence of senescent cells at
decidualization.

First, we used an in silico approach to evaluate the kinetic changes of ER stress and UPR-associated
genes through the decidualization timecourse. This analysis highlighted HSPA5, ATF6, ATF4 and TXNIP as
abundantly expressed across the process. Moreover, network clustering suggested a specific role for these genes
upon decidualization of EnSC during the peri-implantation period. In this sense, HSPA5 upregulation occurring
during decidual differentiation suggests the participation of BiP chaperone to sustain the dramatic increase
of protein secretion upon decidualization. Additionally, a predominant expression of TXNIP in senescent
decidual cells might be associated with the activation of the NLRP3 inflammasome, triggering IL-1p release. In
contrast, ATF6 rise in mature decidual cells subset might account for its key role in the implantation process. In
agreement, pharmacological inhibition of ATF6 pathway prevented trophoblast expansion in an in vitro model
of implantation®. Also, ATF6 levels were found highly expressed in the murine uterus near to the implantation
site®”.
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The divergence of EnSC phenotypes into DC and snDC subpopulations was previously characterized during
the decidualization process'®2°. On this basis, we focused on the endoplasmic reticulum chaperone BiP, HSPA5,
a key regulator of the UPR response. Using an in silico approach, HSPA5 showed a peak of expression just before
the divergence, whereas the knockdown of HSPA5 in EnSCs impaired the decidualization program. This was
evidenced by the downregulation of two canonical differentiation markers, PRL and IGFBPI. Upon further
analysis, we observed that the emergence of both mature and senescent cells was altered. This was confirmed by a
lower ILIRLI expression, as well as a reduced B-galactosidase activity, which are markers of each subpopulation,
respectively. It is worth mentioning that, even though the significant reduction of HSPA5 mRNA levels occurred
just until day 4, downstream effects of silencing were observed mostly at day 8 of the differentiation process. This
observation reinforces the idea of HSPA5 as a biphasic gene, with an early role in the control of the final cell fate
of endometrial cells at decidualization.

Adding to the relevance of ER chaperones in the decidualization process, previous reports showed that
HSPAS8 might play a role in embryo-quality biosensoring'®. Moreover, knockdown of HSPAS8 in decidual
cells generates an exacerbated UPR, which also compromises the production of PRL and IGFBPI. Here, the
knockdown of HSPA5 impaired the progression of the decidual pathway and the divergence of cells into DC and
snDC subpopulations.

ER stress is triggered upon the accumulation of misfolded proteins inside the endoplasmic reticulum. In
the context of decidualization, this is caused by the dramatic increase of secreted factors. Alongside the effect
of HSPA5 knockdown on the decidual markers, we observed the induction of higher levels of ER stress sensor
proteins IREla and PERK. In the light of these observations, it should be considered whether the impaired
decidualization is caused by the absence of BiP itself, or if these effects are due to a stronger UPR response
in decidualizing cells. While both scenarios are possible and compatible, it is noteworthy that ER stress levels
caused by HSPA5 knockdown seemed to be moderate, since cell death was not induced.

The role of BiP in cellular senescence is unclear since its levels were found to be increase or decrease
depending on the cellular context. Moreover, two non-small cell lung cancer models displayed a different effect
on HSPA5 expression in response to cisplatin induced senescence®. Interestingly, in that work Ei et al. showed
that cells that upregulated HSPA5 expression during senescence induction were able to re-enter the cell cycle after
cisplatin removal, suggesting a role for BiP in senescence reversal. This observation is particularly interesting
in the context of the decidualization process, since the endometrium is a highly dynamic tissue that regenerates
itself in each menstrual cycle.

Considering the broad ER stress and UPR pathway, several lines of evidence point to a link with cellular
senescence; however, the literature is controversial. A positive association between both processes was reported
by Matos et al. using a human diploid fibroblasts model. They observed that ER stress was induced not only
by replicative senescence, but also by stress-induced premature senescence. Moreover, senescence induced
IREla and PERK activation, while the inhibition of these pathways prevented senescence features such as
B-galactosidase activity and p21 expression®®. In line with this, X radiation-induced senescence also triggered
ER stress in pulmonary artery endothelial cells?”. On the contrary, Zhu et al. showed a reduction of ER stress
levels under oncogene-induced senescence on mouse keratinocytes; while ER stress induction augmented
cell proliferation and attenuated Pgalactosidase activity’®. This opposite association between ER stress and
senescence is in line with the results reported here for decidualizing cells, though deeper studies of the molecular
mechanisms and specific UPR pathways involved are needed.

From a clinical perspective, alterations in both ER stress and senescence have been associated with alterations
in endometrial receptivity and early pregnancy. In this sense, inhibition of IREla endonuclease activity
in decidualized cells reduced the ability of trophoblast cells to expand over them in an in vitro model®. This
enzymatic activity controls the cytosolic splicing of XBP1 mRNA, which is a key feature of the UPR process.
Interestingly, endometrial samples from patients with Recurrent Implantation Failure show lower levels of
the spliced XBP1 mRNA compared to fertile women, suggesting that mild UPR levels are needed for a proper
endometrial receptivity®. On the other hand, patients with Recurrent Pregnancy Loss (RPL) display an aberrant
decidual response as well as uNK cell deficiency, which might be associated to impaired clearance of senescent
cells'®, The accumulation of senescent cells promotes a persistent inflammation via continuous production of
the SASP, so-called bystander senescence, which underpins a pathological process with a gradual loss of organ
function. In addition, biosensing of soluble signals from low fitness embryos inhibits uNK cell-dependent
removal of senescent decidual cells®.

The compromised balance between decidualized and senescent cells, as well as altered ER stress levels, might
impact endometrial function. In this sense, HSPA5 knockdown impaired colony-forming unit activity of primary
EnSC, indicative of loss of cellular plasticity. Interestingly, it has been shown that RPL is strongly associated
with uterine stem cell deficiency, subsequently limiting differentiation potential, disturbing decidualization and
leading to consecutive miscarriages’®. Moreover, decreased decidual senescence in the context of a clinical trial
was associated to upregulated clonogenic capacity of EnSCs™.

Together, our results show a key role for HSPA5/BiP in reprogramming EnSC and highlight the importance
of constraining ER stress levels during this process. Considering the relevance of ER stress and senescence in
endometrial homeostasis, as well as their role in fertility complications, the identification of HSPA5 in the control
of the decidual pathway progression sets this chaperone as a potential key regulator of the endometrial function.
Further studies are needed to elucidate its role in vivo and its prognostic value for endometrial receptivity.

d38,39 d40—44

Materials and methods

Endometrial sample collection

Endometrial biopsies were obtained from patients attending the Implantation Clinic at University Hospitals
Coventry and Warwickshire (UHCW), Coventry, UK. Samples were obtained during the luteal phase of a
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non-hormonally stimulated cycle using a Wallach Endocell endometrial sampler. Written informed consent
was obtained from patients and all methods were performed in accordance with the Declaration of Helsinki.
Collection of endometrial biopsies for research purposes was approved by the NHS National Research Ethics-
Hammersmith and Queen Charlotte’s and Chelsea Research Ethics Committee (REC reference: 1997/5065) and
Tommy’s National Reproductive Health Biobank (REC reference: 18/WA/0356). Demographic details of the
patients are shown in Supplementary Table L.

Primary EnSC cultures

Endometrial stromal cells (EnSCs) were isolated from endometrial biopsies as described previously®'. Briefly,
samples were mechanically minced with a scalpel for 5 min, followed by an enzymatic digestion with 500 pg/
mL of collagenase type Ia (Sigma-Aldrich, UK) and 100 ug/mL of DNase I for 1 h at 37 °C (Lorne Laboratories
Ltd, UK). Then, the digested tissue was filtered using a 40 uM cell strainer, and the flow-through was collected
and centrifugated at 300 X g. The cell pellet was resuspended in DMEM/F12 (Thermo Scientific, UK) containing
10% dextran-coated charcoal- treated fetal bovine serum (DCC-FBS), 1 X antibiotic-antimycotic mix, 10 uM
of L-glutamine (Thermo Scientific, UK), 1 nM of estradiol, and 2 pg/mL of insulin (Sigma-Aldrich, UK) (10%
DMEM/F-12). Cells were maintained at 37 °C in a 5% CO, humidified environment and passaged at sub-
confluency by treatment with 0.25% Trypsin-EDTA.

Before decidualization experiments, cells were cultured in multi-well plates and media was changed to
phenol red free DMEM/F-12 containing 2% DCC, antibiotic/antimycotic and L-glutamine at the concentrations
mentioned above (2% DMEM/F12). To induce decidual differentiation, cells were stimulated with 1 pM
medroxyprogesterone acetate (MPA) and 0.5 mM 8-bromo-cAMP (SigmaAldrich, UK) for 4 or 8 days as
indicated.

siRNA transfection

EnSCs were plated in 12 or 96-well plates according to the experiment, cultured with 10% DMEM/F-12 media
and transfected using jetPRIME Polyplus transfection kit (VWR International, UK) following manufacturer’s
instructions. Transfection was performed using 50 nM HSPA5 siRNA (SigmaAldrich, UK) or 50 nM nontargeting
(NT) siRNA as negative control as previously reported®?. After overnight incubation, transfection mixture was
removed, and media was changed to 2% DMEM/F12. Cell viability was immediately tested by XTT assay and
bright field microscopy, while decidualization protocol was started 24 h later. Knockdown was confirmed by
RTqPCR and Western Blot.

XTT cell viability assay

Primary EnSC were grown in 96well plates, then transfected and cultured as indicated above. Cell viability was
assessed using the XTT cell viability Assay Kit (Biotium Inc.) according to the manufacturer’s instructions.
Absorbance values were determined at 0, 1, 2 and 4 h on a PHERAstar FS plate reader (BMG Labtech,
Germany) at 450/630 nm. Cells were maintained at 37 °C in a 5% CO, humidified environment in between the
measurements. Results were expressed as Fluorescence Intensity Units (E1.U.).

Reverse transcription quantitative PCR (RTqPCR)

Primary EnSCs were harvested from 12-well plates and RNA was extracted using RNeasy plus micro kit
(Qiagen, UK) according to manufacturer’s instructions. RNA concentration was quantified by Nanodrop
spectrophotometer and equal RNA mass was retrotranscribed into ¢cDNA using the QuantiTect Reverse
Transcription Kit (Qiagen, UK). Gene expression of the genes of interest was evaluated by RTqPCR on a
QuantStudio5 Real Time PCR System (Applied Biosystems, Thermofisher Scientic, Paisley, UK) using QuantiFast
SYBR green PCR Mastermix (Qiagen, UK). L19 was used as housekeeping gene and expression level calculated
using the ACt method. Primer sequences used are shown in Supplementary Table II.

Senescence associated B-galactosidase activity (SA-B-Gal) quantification

SA-B-Gal was determined using the 96-well Quantitative Cellular Senescence Assay kit (Cell Biolabs Inc., USA).
A modified version of the manufacturer’s protocol was used as previously reported®. Briefly, EnSC cultured in
96-well plates were washed with ice-cold PBS and lysed in 50 pL of icecold assay lysis buffer containing cOmplete
Protease Inhibitor Cocktail (Roche, Switzerland). Cell lysates (25 pL) were transferred to black-walled, black-
bottomed 96-well plates, and incubated with 2 X assay buffer. Plates were incubated in a non-humidified, non-
CO, incubator for 1 h at 37 °C. Then, stop solution was added and fluorescence was determined on a PHERAstar
FS plate reader (BMG Labtech, Germany) at 360/465 nm. Assays were normalized to seeding density and results
were expressed as Fluorescence Intensity Units (E1.U.).

Western blot analysis

Protein expression of BiP, IREla and PERK was evaluated by Western Blot analysis as previously reported?’.
Briefly, EnSCs cultured in 12-well plates were lysed with RIPA buffer containing cOmplete Protease Inhibitor
Cocktail (Roche, Switzerland). Cell lysates were harvested and centrifuged (10,000 X g, 10 min, 4 °C), supernatants
removed, and cell lysates stored at -80 °C until analysis. Protein content was determined by Bradford assay and
adjusted to 1 mg/ml with lysis buffer. Samples were heated at 100 °C for 5 min in the presence of NuPage
LDS 4 x sample buffer (Fisher Scientific, UK) and 100 nM DTT. Samples were loaded in 8% and 10% mini
poly-acrylamide gels and proteins separated by SDS-PAGE electrophoresis. Proteins were then transferred onto
0.45 mm nitrocellulose membranes (GE Healthcare, Amersham, UK). Membranes were blocked with 5% milk
in TBS-T buffer (50 mM Tris, 150 mM NaCl, 0.5% Tween- 20, pH 7.4) for 1 h and then probed with primary
antibodies targeting BiP, IREla, PERK (1:1000; Cell Signaling, USA) and f-actin, (1:100,000; SigmaAldrich,
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UK). After overnight incubation at 4 °C, blots were washed and incubated with antirabbit-HRP or anti-mouse-
HRP conjugated secondary antibody (1:1000 in TBS-T; Agilent) for 1 h at RT. Finally, membranes were washed,
and immune-reactive bands were visualized with ECL reagent (GE Healthcare, Amersham, UK). The density of
individual bands was determined using Genetools gel analysis software (Syngene, UK).

In vitro colony-forming unit (CFU) assay

CFU assay was performed as previously reported**>. Briefly, primary EnSC were transfected with either HSPA5
or NT siRNA overnight and subsequently maintained in either an undifferentiated state or decidualized with
C+M for 8 days. Following this, cells were harvested and seeded onto fibronectincoated plates at a density of
1000 cells per well. Cultures were sustained in 10% DMEM/F12 supplemented with 10 ng/ml basic fibroblast
growth factor for 10 days, with media replenishment at day 7. Subsequently, wells were rinsed with PBS, fixed in
10% formalin for 10 min at room temperature, and stained with hematoxylin for 5 min. Colonies were visualized
using an EVOS AUTO microscope (ThermoFisher Scientific) with a 10 X objective, and images were captured
utilizing scan and stitch modalities. Colonies containing at least 50 cells were considered for counting. Cloning
efficiency (%) was determined by the ratio of the number of colonies formed to the number of cells seeded,
multiplied by 100.

scRNA-seq in silico analysis

Published scRNA-seq data were obtained from Gene Expression Omnibus (GEO) accession numbers:
GSE127918 and GSE247962. Data were integrated and analysed using the standard workflow in Seurat version
4.3.0.1>*% with R version 4.0.3.

Statistical analysis

Statistical significance of differences between groups was determined using the GraphPad Prism 9 software
(GraphPad Software Inc., USA). Wilcoxon rank sum test, One-way ANOVA, Two-way ANOVA or Mixed effect
analysis were performed according to the experiment. P <0.05 was considered significant.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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