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Increased expression of HOXA11-AS attenuates
endometrial decidualization in recurrent
implantation failure patients
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Endometrial decidualization is a prerequisite for implantation,
and impaired decidualization is associated with recurrent im-
plantation failure (RIF). Coding genes of the HOX family
have been clarified as critical regulators in endometrial decidu-
alization, but the role of long non-coding RNAs (lncRNAs) in
the HOX gene family has yet to be determined. The aim of this
study was to clarify the possible roles of lncRNAs in the HOX
gene family in decidualization. In this study, we identified that
HOXA11-AS was the most reduced lncRNA in the HOX family
in the human endometrium during the window of implanta-
tion, and it was elevated in RIF patients. Mechanistically,
HOXA11-AS negatively regulated decidualization through
competitive interaction with PTBP1, an RNA-binding protein.
Binding of PTBP1 to HOXA11-AS limited PTBP1 availability
to regulate PKM1/2 alternative splicing, resulting in enhanced
PKM1 and diminished PKM2 expression, thus attenuating de-
cidualization. The pattern of high HOXA11-AS expression and
impaired PKM2 splicing was consistently observed in RIF pa-
tients. Collectively, our study indicates that the increase of
HOXA11-AS is detrimental to endometrial decidualization,
likely contributing to RIF. Our study may shed light on the
pathogenesis and treatment of RIF.
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INTRODUCTION
In recent years, great advances have been made in assisted reproduc-
tive technology, but 15%–20% of patients still experience recurrent
implantation failure (RIF).1 RIF refers to failure in achieving preg-
nancy after three or more embryo transfer cycles with high-quality
embryos.1 Successful embryo implantation requires the simultaneous
development and interaction between blastocyst and endometrium,
which have been proven to be the key factors determining the success
of in vitro fertilization-embryo transfer (IVF-ET).2 Although great ad-
vances have been made in improving embryo quality, poor endome-
trial receptivity is still a bottleneck for RIF patients.2,3 Current research
reveals that about two-thirds of embryo implantation failures in IVF-
ET cycles are due to endometrial receptivity defects.2 During the win-
dow of implantation (WOI), human endometrial stromal cells initiate
decidualization spontaneously with a series of morphological and
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functional changes.4 A recent single-cell transcriptomic atlas of
human endometrium during the menstrual cycle demonstrated that
decidualization is initiated beforeWOI in a small percentage of human
endometrial stromal cells and is widespread at the receptive phase.5

Decidualization is an essential process that determines the establish-
ment and maintenance of endometrial receptivity.6 Impaired
decidualization disrupts the invasion of trophoblast cells into the
endometrium, causing embryo implantation failure or multiple preg-
nancy-related diseases, such as preeclampsia7 and premature deliv-
ery.8 Although many molecules, such as FOXO1,9 C/EBPb,10 and
HAND2,11 were found to be involved in the spatiotemporal regulation
of decidualization, the initiation, maintenance, and regulatory mech-
anisms of decidualization are still not fully understood.

HOXA10 andHOXA11 belong to the Homeobox gene family (known
as HOX genes), which comprise a group of highly conserved genes
that encode proteins acting as transcription factors.12 HOXA10 and
HOXA11 are expressed in endometrial glands and stroma throughout
the menstrual cycle. The expression of HOXA10 and HOXA11 is
controlled by estrogen and progesterone, and they are indispensable
for embryo implantation in mice and humans because of their vital
regulatory roles in decidualization.13–15 Mutation or deletion of
Hoxa10 or Hoxa11 in mice leads to infertility associated with endo-
metrial receptivity and decidualization defects.16,17 Research indicates
that HOX family genes also encode many long non-coding RNAs
(lncRNAs), most of which are transcribed from the antisense strands
of the HOX genes and belong to antisense lncRNAs.18 However, less
is known about whether these lncRNAs play a role in the endometrial
decidualization and the establishment of endometrial receptivity.
HOXA11 antisense (HOXA11-AS) transcript levels change during
the menstrual cycle, reaching a peak in the mid-proliferative phase
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Figure 1. HOXA11-AS is downregulated during the window of implantation

(A) Histogram showing differentially expressed lncRNAs in the HOX family between pre-receptive (LH+2) and receptive (LH+7) endometria from patients in the natural cycle

(filtered by abs(Log2FC) > 0.5). (B) qRT-PCR assays were conducted to detect the expression of HOXA11-AS in human endometrial samples of LH+2 and LH+7 phases of the

natural cycle (n = 4 per group, Student’s t test). (C) qRT-PCR assays were performed to examine the expression of HOXA11-AS in human endometrial samples of HCG+7

phase from control (CTRL) and recurrent implantation failure (RIF) patients (n = 11 per group, Student’s t test). (D) Expression of HOXA11-AS in primary human endometrial

epithelial cells (hEECs) and primary human endometrial stromal cells (hESCs) by qRT-PCR. EPCAM and VIM were used as hEEC and hESC markers (n = 6, Student’s t test).

(E) Time-dependent effects of estradiol and progesterone at physiological concentration on HOXA11-AS expression level by qRT-PCR (n = 4, one-way ANOVA, Bonferroni

test). (F) Dose-dependent effects of estradiol and progesterone on HOXA11-AS expression level on day 4 of treatment by qRT-PCR (n = 4, one-way ANOVA, Bonferroni test).

(G) qRT-PCR analysis measuring relative HOXA11-AS level on day 0 (D0), D2, and D4 of in vitro decidualization (n = 4, one-way ANOVA, Bonferroni test). (H) qRT-PCR

showing the effects of db-cAMP and MPA, agents for induction of decidualization, on HOXA11-AS expression level on day 4 (n = 4, one-way ANOVA, Bonferroni test). Error

bars represent SEM, and the data represent at least three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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while also varying inversely with HOXA11 mRNA expression
levels.19 Nonetheless, HOXA11-AS did not function by binding
HOXA11 sense, but by another unknownmechanism.19 The function
and regulatory mechanism of HOXA11-AS in endometrial decidual-
ization and receptivity have yet to be elucidated.

In this study, we identified that HOXA11-AS showed the most signif-
icant difference in expression between pre-receptive and receptive
endometrium among the lncRNA members of HOX family by tran-
scriptomic analysis. The aim of this study was to clarify the possible
roles of HOXA11-AS on the pathophysiology of RIF and define the
underlyingmolecularmechanisms ofHOXA11-AS indecidualization.
We demonstrated that increased HOXA11-AS modulated PKM1/2
alternative splicing by competitive binding to PTBP1, thus attenuating
decidualization in RIF patients. Our study, for the first time, demon-
strated the function of lncRNAmembers of theHOX family in decidu-
alization and may shed light on the pathogenesis of RIF.

RESULTS
HOXA11-AS is downregulated during the WOI

To gain insight into the role of lncRNAs of the HOX family during the
WOI, we analyzed their expression changes using our published
RNA-seq data for three pre-receptive (LH+2) and three receptive
(LH+7) endometria.20 We found that HOXA11-AS was the most
significantly changed lncRNA, with a decrease in the receptive phase
compared with the pre-receptive phase (Figure 1A). This was vali-
dated by qRT-PCR analysis (Figure 1B). Moreover, the expression
level of HOXA11-AS was much higher in HCG+7 endometrium of
RIF patients (Figure 1C). These data indicate that HOXA11-AS
may be a negative regulator in endometrial receptivity.

Human endometrial epithelial cells (hEECs) and human endome-
trial stromal cells (hESCs) were isolated from proliferative phase
endometrium of six healthy women undergoing hysteroscopic
endometrial examination, and qRT-PCR analysis showed that
HOXA11-AS was predominantly expressed in hESCs (Figure 1D).
In addition, we analyzed the expression of HOXA11-AS in
different cell types of endometrium using the 10� single-cell data-
set from Wang et al.,5 and we found that HOXA11-AS was obvi-
ously highly expressed in stromal fibroblasts (Figure S1A), which is
consistent with our observation in Figure 1D. We used the 10�
dataset to further analyze the expression of HOXA11-AS in stro-
mal fibroblasts across the menstrual cycle. From proliferative
phase to late secretory phase, the expression of HOXA11-AS
Molecular Therapy Vol. 30 No 4 April 2022 1707
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decreased gradually (Figure S1B), which is in accordance with the
results in Figure 1B.

Endometrial receptivity is orchestrated by the coordinated actions of
ovarian-derived estrogen and progesterone. To further study the ef-
fect of estrogen and progesterone on HOXA11-AS expression, hESCs
were treated with a physiological concentration of estradiol or proges-
terone and harvested at different time points. Physiological concen-
tration of progesterone downregulated HOXA11-AS expression in a
time-dependent manner, while physiological concentration of estra-
diol had no effect (Figure 1E). Furthermore, we examined whether
HOXA11-AS was regulated by estrogen and progesterone in a
dose-dependent manner. We examined HOXA11-AS expression on
day 4 because it reaches a plateau after this time point of progesterone
treatment (Figure 1E). It turned out that progesterone, but not estra-
diol, reduced HOXA11-AS in a dose-dependent manner (Figure 1F).

During the WOI, hESCs would initiate spontaneous decidualization,
preparing for embryo implantation.6 An in vitro decidualization
model was therefore conducted by db-cAMP and MPA treatment.
The efficiency of in vitro decidualization was validated by the
mRNA and protein levels of two decidualization markers PRL and
IGFBP1 (Figures S1C and S1D). We found that HOXA11-AS was
significantly lowered in fully decidualized stromal cells on day 4 (Fig-
ure 1G). Single-agent treatment with db-cAMP or MPA for 4 days
was considered, and MPA displayed a stronger effect on suppressing
HOXA11-AS expression than db-cAMP (Figure 1H).

HOXA11-AS attenuates decidualization independent of HOXA10

or HOXA11

Next, we evaluated whether HOXA11-AS was involved in the regula-
tion of decidualization. Since the subcellular location of lncRNAs is
critical,21 we first uncovered the subcellular location of HOXA11-
AS in hESCs. The cytoplasmic and nuclear RNA of hESCs from
proliferative phase endometrium of healthy women undergoing hys-
teroscopic endometrial examination were isolated for qRT-PCR anal-
ysis, and HOXA11-AS was localized primarily in the nucleus
throughout in vitro decidualization (Figure 2A). Thus, we constructed
a HOXA11-AS nuclear overexpression plasmid using a snoVector
backbone. This construct can stably express sequences of interest
and constrain their accumulation to the nucleus without damaging
normal nuclear associations and function.22 The overexpression effi-
ciency with or without decidualization and subcellular location of
HOXA11-AS were confirmed by qRT-PCR analysis (Figures S2A to
S2C). To determine the function of HOXA11-AS on decidualization,
we measured the decidualization status of hESCs with or without
HOXA11-AS overexpression, after in vitro decidualization or staying
untreated for 4 days. HOXA11-AS overexpression significantly
decreased PRL and IGFBP1 mRNA and protein levels (Figures 2B
and 2C), confirming the hypothesis that HOXA11-AS attenuates
decidualization.

Since HOXA11-AS is the antisense strand of HOXA11, and both
HOXA10 and HOXA11 are of immense importance to the regulation
1708 Molecular Therapy Vol. 30 No 4 April 2022
of decidualization,15 we wondered whether HOXA11-AS attenuation
of decidualization depended on the regulation of HOXA10 or
HOXA11. However, overexpression of HOXA11-AS had no influence
on the mRNA or protein levels of HOXA10 and HOXA11 (Figures
2D and 2E). In addition, HOXA11-AS overexpression did not change
the expression of representative downstream target genes of HOXA10
and HOXA1123,24 (Figure 2F). All of these results suggest that over-
expression of HOXA11-AS attenuates decidualization neither by
influencing HOXA10 and HOXA11 expression nor by interfering
with their function as transcription factors.

HOXA11-AS-attenuated decidualization depends on PTBP1

Interaction with specific proteins is an important mechanism for nu-
clear lncRNAs to exert their functions.25 Therefore, we conducted a
preliminary exploration of the interacting proteins of HOXA11-AS.
First, the potential binding proteins of HOXA11-AS were predicted
by Annolnc,26 ENCORI,27 RBPDB,28 and starBase29 based on the
published CLIP-seq data (Figure S3A). The prediction results are
demonstrated in Table S1. Those shared by at least two databases
were selected as candidates, with 11 in total (ELAVL1, FUS, SRSF1,
YTHDC1, FMR1, PTBP1, CSTF2T, IGF2BP3, DGCR8, TIAL1, and
UPF1). Next, we conducted pathway enrichment analysis based on
these 11 proteins and found that these proteins were mainly engaged
in RNA metabolism, transport, and splicing processes (Figure S3B).
Finally, a protein interaction network was constructed using Meta-
scape software,30 and four proteins (ELAVL1, SRSF1, PTBP1, and
FUS) were identified to aggregate into one MCODE network (Fig-
ure S3C). In particular, the PTBP1 protein played a seed role in the
MCODE network (Figure S3C) and it has been reported to bind
with pre-mRNA and regulate RNA splicing.31 Hence, PTBP1 was
selected for further study as the potential interacting protein of
HOXA11-AS had the most predictive value.

Considering HOXA11-AS is located in the nucleus, we suspected that
PTBP1 is also located in the nucleus. Indeed, the nuclear localization
of PTBP1 in hESCs was confirmed by western blotting and immuno-
fluorescence (Figures 3A and 3B). To confirm the interaction between
PTBP1 and HOXA11-AS in the nucleus, we conducted RIP (RNA
immunoprecipitation)-qPCR analysis. A 100-fold enrichment over
a non-specific rabbit IgG control was observed (Figures 3C and
3D). In addition, we performed in vitro RNA pull-down assay using
in-vitro-transcribed sense or antisense transcripts of HOXA11-AS.
HOXA11-AS sense RNA bound to PTBP1 protein while its antisense
RNA did not (Figure 3E). At the same time, neither HOXA11-AS
sense nor antisense RNA could interact with negative control protein,
HuR (Figure 3E). Collectively, these results demonstrate that
HOXA11-AS specifically binds to PTBP1.

To determine whether PTBP1 affects decidualization, we silenced
PTBP1 expression in hESCs with siPTBP1. The knockdown efficiency
of PTBP1 was validated by qRT-PCR analysis and western blotting
(Figures S3D and S3E). PTBP1 knockdown significantly diminished
PRL and IGFBP1mRNA and protein levels (Figures 3F and 3G), indi-
cating that PTBP1 promoted decidualization. To further investigate



Figure 2. HOXA11-AS attenuates decidualization

independent of HOXA10 or HOXA11

(A) qRT-PCR assays were conducted to detect

HOXA11-AS expression in the nuclear and cytoplasmic

fractions of hESCs before (n = 5) and after (n = 4) in vitro

decidualization for 4 days. ACTB and U6 were used as

cytoplasmic and nuclear controls, respectively. (B) qRT-

PCR showing relative PRL and IGFBP1 mRNA levels in

hESCs after transfection with snoVector or HOXA11-AS-

OE with or without in vitro decidualization (Dec) for

4 days (n = 4, one-way ANOVA, Bonferroni test). (C)

Extracellular PRL and IGFBP1 protein levels after trans-

fection with snoVector or HOXA11-AS-OE with or

without in vitro decidualization for 4 days (n = 3, one-way

ANOVA, Bonferroni test). (D) qRT-PCR results of relative

HOXA10 and HOXA11 mRNA levels in hESCs trans-

fected with snoVector or HOXA11-AS-OE (n = 5, Stu-

dent’s t test). (E) Representative western blotting images

and statistical analysis of HOXA10 and HOXA11 in

hESCs transfected with snoVector or HOXA11-AS-OE

(n = 4, Student’s t test). (F) qRT-PCR showing

relative mRNA levels of representative downstream

genes of HOXA10 and HOXA11 in hESCs transfected

with snoVector or HOXA11-AS-OE (n = 5, Student’s

t test). Error bars represent SEM, and the data represent

at least three independent experiments. **p < 0.01,

*p < 0.05.
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whether HOXA11-AS attenuated decidualization depended on
PTBP1, we simultaneously overexpressed HOXA11-AS and knocked
down PTBP1 in hESCs followed by decidualization for 4 days. PTBP1
knockdown abolished the further attenuated decidualization caused
by HOXA11-AS overexpression (Figures 3H and 3I), suggesting
that HOXA11-AS attenuates decidualization dependent on PTBP1.

PKM2 is involved in the HOXA11-AS-mediated regulation of

decidualization

We next examined how PTBP1 was involved in the HOXA11-AS-
mediated regulation of decidualization. The mRNA and protein levels
M

of PTBP1 had no change during decidualization
(Figures 4A and 4B), indicating that HOXA11-
AS may attenuate decidualization by modulating
PTBP1 function rather than its mRNA or protein
expression. HOXA11-AS may also modulate
some downstream targets of PTBP1 involved in
the regulation process.

Previous studies reveal that PKM2 plays an
essential role in mouse decidualization32,33 and
that PTBP1 is an important alternative splicing
regulator of PKM1/2.34 When PTBP1 expression
is low, PKM1 is the dominant isoform and PKM2
is minimal, and vice versa.34 We also found that
PTBP1 can interact with PKM1/2 mRNA in
hESCs by RIP-qPCR analysis (Figures S4A and
S4B). Accordingly, we hypothesized that PKM2
was another mediator downstream of HOXA11-AS to regulate
decidualization.

We first evaluated the expression and function of PKM2 through de-
cidualization. PKM2 expression increased and PKM1 expression
decreased at bothmRNA and protein levels, together with elevated to-
tal PKM1/2 mRNA expression (Figures 4A and 4B). Thus, siRNA
specifically targeting PKM2 was designed without influencing
PKM1 expression (Figures S5A to S5D). Consistent with current ev-
idence from mouse models, PKM2 knockdown significantly
lowered PRL and IGFBP1 mRNA and protein levels in hESCs
olecular Therapy Vol. 30 No 4 April 2022 1709
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Figure 3. HOXA11-AS attenuated decidualization depends on PTBP1

(A) Immunofluorescence images of hESCs. DAPI (blue), PTBP1 (red), and a-tubulin (green). Scale bar, 30 mm. (B) Representative western blotting images and statistical

analysis of PTBP1 in the nuclear and cytoplasmic fractions of hESCs. GAPDH and Lamin A/C were used as cytoplasmic and nuclear controls, respectively (n = 3). (C)

Enrichment of HOXA11-AS by PTBP1 RIP (RNA immunoprecipitation) in hESCs as determined by qRT-PCR. Normal rabbit immunoglobulin G (IgG) was used as a negative

control (n = 3, one-way ANOVA, Bonferroni test). (D) Agarose gel electrophoresis of RIP qRT-PCRproducts. (E) RNA pull-down assay was performed in hESCswith HOXA11-

AS sense and antisense RNA followed by western blotting. HuR was used as a negative control. (F) qRT-PCR showing relative PRL and IGFBP1 mRNA levels after

transfection with NC or siPTBP1 with or without in vitro decidualization (Dec) for 4 days (n = 4, one-way ANOVA, Bonferroni test). (G) Extracellular PRL and IGFBP1 protein

(legend continued on next page)
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(Figures 4C and 4D), implicating that the modulation of decidualiza-
tion by PKM2 happened both in mouse and human.

We next transfected hESCs with a pEX3-PKM2-OE plasmid for
PKM2 overexpression (Figures S5E–S5H). Intriguingly, PKM2 over-
expression completely rescued the suppressed PRL and IGFBP1
mRNA and protein levels caused by HOXA11-AS overexpression
(Figures 4E and 4F). These data validate the hypothesis that
PKM2 is involved in the HOXA11-AS mediated regulation of
decidualization.

PTBP1-regulated decidualization is dependent on PKM2

Both PTBP1 and PKM2 are involved in the regulation of decidualiza-
tion caused by HOXA11-AS and, as mentioned before, PTBP1 regu-
lates the alternative splicing of PKM1/2.34 However, whether this
PTBP1-mediated alternative splicing of PKM1/2 occurs during de-
cidualization has not been reported. Hence, we used the PstI restric-
tion enzyme to distinguish between PKM1 and PKM2 alternative
splicing (schematic diagram shown in Figures S6A and S6B) and
examined PKM alternative splicing during decidualization. The re-
sults showed that PKM1 decreased slightly, while PKM2 increased
and became the dominant variant after decidualization (Figure 5A).
Although PTBP1 expression did not change during decidualization
(Figures 4A and 4B), the enrichment of PKM1/2 mRNA binding to
PTBP1 was largely enhanced after decidualization (Figure 5B). This
finding suggests that the shift toward the PKM2 variant during de-
cidualization was due to increasing interaction of PTBP1 protein
and PKM1/2 mRNA.

To confirm the effect of PTBP1 on PKM1/2 alternative splicing, we
examined PKM1 and PKM2 expression and PKM alternative splicing
after PTBP1 knockdown. PTBP1 knockdown did not alter PKM1/2
mRNA expression (Figure 5C). However, enhanced PKM1 expres-
sion and reduced PKM2 were observed at mRNA and protein levels
after PTBP1 knockdown (Figures 5C and 5D). Analysis of PKM alter-
native splicing also confirmed the proportion change of PKM1 and
PKM2 variants (Figure 5E). Concordant with previous results,
PKM2 overexpression also completely rescued the attenuated PRL
and IGFBP1 mRNA and protein levels caused by PTBP1 knockdown
(Figures 5F and 5G). Collectively, the results identify that the mech-
anism of PTBP1 to regulate PKM alternative splicing without chang-
ing total mRNA expression also applies to decidualization.

HOXA11-AS modulates PKM1/2 alternative splicing by

competitive binding to PTBP1

Since HOXA11-AS and PKM1/2 mRNA both interacted with PTBP1,
and PKM2 served as the common downstream target of HOXA11-AS
and PTBP1, we speculated that there was competition between
levels after transfection with NC or siPTBP1with or without in vitro decidualization for 4 da

IGFBP1mRNA levels after PTBP1 knockdown or HOXA11-AS overexpression with in vit

PRL and IGFBP1 protein levels after PTBP1 knockdown or HOXA11-AS overexpression

bars represent SEM, and the data represent at least three independent experiments. *
HOXA11-AS and PKM1/2 mRNA to interact with PTBP1 during de-
cidualization, leading to limited PKM2 splicing.

To examine this interesting hypothesis, we tested the PTBP1 interac-
tion with HOXA11-AS and PKM1/2 mRNA with or without
HOXA11-AS overexpression. Generally, during decidualization,
PTBP1 restricted its interaction with HOXA11-AS (Figure 6A), but
promoted its binding to PKM1/2 mRNA (Figure 5B). In contrast,
HOXA11-AS overexpression augmented the PTBP1 interaction
with HOXA11-AS but mitigated its interaction with PKM1/2
mRNA under decidualization condition (Figure 6B).

Furthermore, HOXA11-AS overexpression did not change total
PKM1/2 mRNA (Figure S7A), but instead upregulated PKM1 and
downregulated PKM2 at mRNA and protein levels (Figures 6C and
S7B). Alternative splicing assay also confirmed the proportion shift
of PKM1 and PKM2 variants by HOXA11-AS overexpression (Fig-
ure 6D). The data suggest that HOXA11-AS interfered with
PKM1/2 alternative splicing.

Finally, we asked whether PKM1/2 splicing regulation by HOXA11-
AS overexpression was dependent on PTBP1. Regardless of
HOXA11-AS expression, PTBP1 did not regulate PKM1/2 at the
transcriptional level (Figures 5C and S7C). Instead, PTBP1 silencing
prevented the further alteration of PKM1 and PKM2mRNA and pro-
tein levels caused by HOXA11-AS overexpression (Figures 6E and
S7D), consistent with the alternative splicing result that PTBP1
knockdown abrogated the proportion change of PKM1 and PKM2
isoforms caused by HOXA11-AS overexpression (Figure 6F). All
these data conclude that HOXA11-AS modulates PKM1/2 alternative
splicing by competitive binding to PTBP1.

PKM2 splicing is impaired in RIF patients

Based on the above results in hESCs and to explore our discovery in
RIF patients, we tested PKM1 and PKM2 expression in HCG+7 endo-
metrium of CTRL and RIF patients. Both mRNA and protein levels of
PKM2 were lower, whereas those of PKM1 were higher, in HCG+7
endometrium of RIF patients (Figures 7A–7C). In addition, the
expression of HOXA11-AS was higher in these RIF patients (Fig-
ure 1C). This finding is in accordance with PKM1 and PKM2
mRNA and protein changes caused by HOXA11-AS overexpression
in hESCs. We further examined PKM alternative splicing in these
CTRL and RIF patients. Consistent with our discovery in hESCs after
decidualization, PKM2 splicing was significantly impaired in RIF pa-
tients compared with CTRL patients (Figures 7D and 7E). Overall, we
found that HOXA11-AS attenuates decidualization by competitive
binding to PTBP1 and subsequently regulating PKM1/2 alternative
splicing both in vitro and in RIF patients.
ys (n = 4, one-way ANOVA, Bonferroni test). (H) qRT-PCR results of relative PRL and

ro decidualization for 4 days (n = 4, one-way ANOVA, Bonferroni test). (I) Extracellular

with in vitro decidualization for 4 days (n = 4, one-way ANOVA, Bonferroni test). Error

**p < 0.001, **p < 0.01, *p < 0.05.

Molecular Therapy Vol. 30 No 4 April 2022 1711

http://www.moleculartherapy.org


Figure 4. PKM2 is involved in the HOXA11-AS mediated regulation of decidualization

(A) qRT-PCR showing relative mRNA levels of PTBP1, PKM1/2, PKM1, and PKM2 during in vitro decidualization (n = 4, one-way ANOVA, Bonferroni test). (B) Representative

western blotting images and statistical analysis of PTBP1, PKM1, and PKM2 during in vitro decidualization (n = 3, one-way ANOVA, Bonferroni test). (C) qRT-PCR showing

(legend continued on next page)
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Figure 5. PTBP1-regulated decidualization is dependent on PKM2

(A) Representative gel electrophoresis images and statistical analysis of the proportion of PKM1 and PKM2 during in vitro decidualization (n = 3, one-way ANOVA, Bonferroni

test). (B) Enrichment of PKM1/2 mRNA by PTBP1 RIP before and after in vitro decidualization for 4 days was measured by qRT-PCR (n = 3, Student’s t test). (C) qRT-PCR

showing relativemRNA levels of PTBP1, PKM1/2, PKM1, and PKM2 after transfection with NC or siPTBP1 (n = 4, Student’s t test). (D) Representative western blotting images

and statistical analysis of PTBP1, PKM1, and PKM2 after transfection with NC or siPTBP1 (n = 4, Student’s t test). (E) Representative gel electrophoresis images and

statistical analysis of the proportion of PKM1 and PKM2 after transfection with NC or siPTBP1 (n = 3, Student’s t test). (F) qRT-PCR showing relative PRL and IGFBP1mRNA

levels after PTBP1 knockdown or PKM2 overexpression as indicated after in vitro decidualization (Dec) for 4 days (n = 4, one-way ANOVA, Bonferroni test). (G) Extracellular

PRL and IGFBP1 protein levels after PTBP1 knockdown or PKM2 overexpression as indicated after in vitro decidualization for 4 days (n = 4, one-way ANOVA, Bonferroni test).

Error bars represent SEM, and the data represent at least three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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DISCUSSION
We for the first time discovered that HOXA11-AS, a lncRNAmember
of the HOX family, plays a critical regulatory role in decidualization.
HOXA11-AS was predominantly expressed in hESCs and the expres-
sion of HOXA11-AS was restrained in the WOI and under in vitro
decidualization conditions, concordant with the cell type that ex-
pressed HOXA11-AS and its expression through menstrual cycle in
a recent single-cell transcriptomic dataset.5 Consistently, the abun-
relative PRL and IGFBP1mRNA levels after transfectionwith NCor siPKM2with or withou

Extracellular PRL and IGFBP1 protein levels after transfectionwith NC or siPKM2with or

qRT-PCR showing relative PRL and IGFBP1 mRNA levels with HOXA11-AS or PKM2

ANOVA, Bonferroni test). (F) Extracellular PRL and IGFBP1 protein levels with HOXA11-

one-way ANOVA, Bonferroni test). Error bars represent SEM, and the data represent a
dance of HOXA11-AS was elevated in the endometrium of RIF
patients.

LncRNAs are non-coding RNAs with a length of more than 200 nu-
cleotides.35 Increasing studies have shown that lncRNAs play a crucial
role in various cellular processes, such as cell cycle, differentiation,
proliferation, migration, metabolism, and apoptosis, via interactions
with RNA-binding proteins, chromatin modification, and ceRNA
t in vitro decidualization (Dec) for 4 days (n = 5, one-way ANOVA, Bonferroni test). (D)

without in vitro decidualization for 4 days (n = 3, one-way ANOVA, Bonferroni test). (E)

overexpression with or without in vitro decidualization for 4 days (n = 3, one-way

AS or PKM2 overexpression with or without in vitro decidualization for 4 days (n = 3,

t least three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 6. HOXA11-AS modulates PKM1/2 alternative splicing by competitive binding to PTBP1

(A) Enrichment of HOXA11-AS by PTBP1 RIP before and after in vitro decidualization for 4 days was measured by qRT-PCR (n = 3, Student’s t test). (B) Enrichment of

HOXA11-AS and PKM1/2 mRNA by PTBP1 RIP after HOXA11-AS overexpression under decidualization condition was measured by qRT-PCR (n = 3, Student’s t test). (C)

qRT-PCR showing relative mRNA levels of PKM1 and PKM2 after transfection with snoVector or HOXA11-AS-OE with or without in vitro decidualization (Dec) for 4 days

(n = 7, one-way ANOVA, Bonferroni test). (D) Representative gel electrophoresis images and statistical analysis of the proportion of PKM1 and PKM2 after transfection with

snoVector or HOXA11-AS-OE with or without in vitro decidualization for 4 days (n = 3, one-way ANOVA, Bonferroni test). (E) qRT-PCR showing relative mRNA levels of PKM1

and PKM2 after PTBP1 knockdown or HOXA11-AS overexpression as indicated with in vitro decidualization for 4 days (n = 4, one-way ANOVA, Bonferroni test). (F)

Representative gel electrophoresis images and statistical analysis of the proportion of PKM1 and PKM2 after PTBP1 knockdown or HOXA11-AS overexpression as indicated

with in vitro decidualization for 4 days (n = 3, one-way ANOVA, Bonferroni test). Error bars represent SEM, and the data represent at least three independent experiments.

**p < 0.01, *p < 0.05.
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(competing endogenous RNA) networks.25,36 Previous studies have
demonstrated that lncRNAs may be involved in decidualization.37–40

Our research group reported that the significantly low expression of
lncRNA TUNAR during theWOI promoted decidualization of endo-
metrial stromal cells, and its abnormally high expression was closely
related to RIF.41 In this study, we found HOXA11-AS was located
predominantly in the nucleus of hESCs and the nuclear overexpres-
sion of HOXA11-AS significantly attenuated decidualization. Mech-
1714 Molecular Therapy Vol. 30 No 4 April 2022
anistically, HOXA11-AS overexpression did not affect HOXA10 and
HOXA11 expression or their functions as transcription factors,
consistent with the study by Chau et al.19 Furthermore, we clarified
that PTBT1, as a novel mediator, was involved in the regulation of
decidualization.

PTBP1 is a known regulator of post-transcriptional gene expression,
which controls the splicing, translation, stability, and localization of



Figure 7. PKM2 splicing is impaired in recurrent implantation failure patients

(A) qRT-PCR showing relative PKM1 and PKM2 mRNA levels in the human endometrial samples of HCG+7 phase from CTRL and RIF patients (n = 11 per group, Student’s

t test). (B) Western blotting images of PKM1, PKM2, and ACTB in the human endometrial samples of HCG+7 phase from CTRL and RIF patients (n = 11 per group). (C)

Statistical analysis of western blotting for PKM1 and PKM2 in the human endometrial samples of HCG+7 phase from CTRL and RIF patients (n = 11 per group, Student’s

t test). (D) Gel electrophoresis images of the proportion of PKM1 and PKM2 in the human endometrial samples of HCG+7 phase from CTRL and RIF patients (n = 11 per

group). (E) Statistical analysis of the proportion of PKM1 and PKM2 in the human endometrial samples of HCG+7 phase from CTRL and RIF patients (n = 11 per group,

Student’s t test). Error bars represent SEM, and the data represent at least three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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mRNA.31,42 Based on the published sequencing data, PTBP1 was pre-
dicted and further confirmed as the most promising binding protein
of HOXA11-AS. Binding of PTBP1 in intron 8 of PKM pre-mRNA
favors skipping of exon 9 in the mature transcript, thus generating
the PKM2 isoform containing exon 10.43 PTBP1-mediated PKM1/2
alternative splicing also occurred in hESCs. Indeed, this regulatory
function of PTBP1 rather than its expression mediated the
HOXA11-AS attenuated decidualization.

Pkm2 was found to be dramatically increased with the onset of de-
cidualization in mice uteri and Pkm2 knockdown led to abnormal
decidualization in mice.32,33 PKM2 overexpression could completely
rescue the attenuated decidualization caused by HOXA11-AS over-
expression or PTBP1 knockdown. In addition, overexpression of
HOXA11-AS resulted in a significant isoform switch from PKM1
to PKM2 without PKM1/2 mRNA change. Specifically, HOXA11-
AS competitively bound to PTBP1, making PTBP1 less available
for regulating PKM alternative splicing. We also verified this expres-
sion correlation of high HOXA11-AS to modest PKM2 in RIF
patients.

PTBP1 promotes PKM2 and reduces PKM1 expression, which
mainly leads to a metabolic transition from oxidative phosphoryla-
tion to glycolysis in cancer cells, and consequently contributes to
the Warburg effect and tumorigenesis.34 Salama et al. reported that
estradiol induced a Warburg-like glucose metabolism in hESCs and
enhanced PKM2 expression.44 In hESCs, knockdown of PKM2 sup-
presses Warburg-like glucose metabolism and estrogen-induced cell
proliferation.44 Although how PKM2 mediated metabolic change
contributes to decidualization remains unclear, our data and other re-
ports provide evidence for further investigation of PKM2 mediated
metabolic regulation in decidualization.

Lactic acid is the final product of glycolysis. We found that lactic acid
was elevated after decidualization (data not shown), which is in accor-
dance with previous studies.33,45 However, we did not observe the
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enhancement effect of lactic acid on decidualization (data not shown).
Kathryn et al. also reported that lactic acid did not change the extent
of decidualization.46 These results suggest that lactic acid may not
promote decidualization directly. But as an important metabolic
product, lactic acid may function at the maternal-fetal interface
through other mechanisms, such as promoting trophoblastic inva-
sion, trophoblastic migration, and maternal angiogenesis; providing
metabolic fuel; and modulating decidual immune cells to ensure local
immune tolerance and defense against any pathogens.47 Arzu et al.
performed endometrium spectroscopy on RIF and fertile controls
before embryo transfer and used a multi-voxel spectroscopy sequence
to detect lactic acid.48 They found that lactic acid was increased in pa-
tients who could not conceive.48 So far, the relationship between lactic
acid and RIF remains unclear and would be an interesting project to
study further.

Admittedly, we cannot exclude that other factors may be involved in
downstream of the HOXA11-AS regulatory axis. For example, it has
been reported that nuclear HOXA11-AS recruited Ezh2 and Lsd1
protein and regulated RND3 mRNA expression in trophoblast cells
of preeclamptic placenta.49 Whether this regulation engages in
HOXA11-AS attenuated decidualization remains to be further clari-
fied. Moreover, HOXA11-AS pull-down combined with mass spec-
trometry will uncover more clues and enrich our understanding of
HOXA11-AS functions in decidualization. Based on a recent single-
cell RNA sequencing dataset in vitro50 and in vivo,51 decidualization
is not a single differentiation response. Examination of HOXA11-AS
for 4 days in vitromay not fully recapitulate the whole decidual reac-
tion. There are limitations in only using traditional biomarkers, such
as PRL and IGFBP1, to measure decidualization after in vitro decidu-
alization for 4 days. Examining the emergence of anti-inflammatory
decidual cells and senescent decidual cells could be another important
aspect to evaluate decidualization after in vitro decidualization for
8 days. However, our discovery of the new regulator PTBP1, whose
intrinsic function is of greater consequence than its expression level,
creates a template for the functional research in decidualization.
Examining how many critical PTBP1-like regulators there are and
how to dissect their functions during decidualization is interesting
and worth investigating.

In summary, our findings reveal that HOXA11-AS is decreased dur-
ing the WOI and decidualization. Expression of HOXA11-AS is
abnormally high in RIF patients. HOXA11-AS attenuates hESC de-
cidualization by interfering with PKM1/2 alternative splicing via
competitive binding to PTBP1. Our study provides a new perspective
regarding the molecular mechanisms underlying the abnormal de-
cidualization of RIF patients and identifies the HOXA11-AS/
PTBP1/PKM2 axis as a novel target pathway for the treatment of RIF.

MATERIALS AND METHODS
Patients and tissue collection

Judged by the urinary luteinizing hormone (LH) surge, endometrial
samples were obtained from four women in the LH+2 (pre-receptive)
phase and four women in the LH+7 (receptive) phase of the natural
1716 Molecular Therapy Vol. 30 No 4 April 2022
cycle. The baseline characteristics of LH+2 and LH+7 patients are
shown in Table S2. The endometrium of control (CTRL) (n = 11)
and RIF (n = 11) were obtained from patients going through gonad-
otropin-releasing hormone antagonist stimulation cycle without fresh
embryo transfer. Two days after injection of human chorionic gonad-
otropin (HCG+2), ovum was obtained. From HCG+2, progesterone
sustained-release vaginal gel qd and dydrogesterone tablets 10 mg
tid were given until HCG+7. Biopsy samples were collected at
HCG+7, known as the WOI stage. The control patients referred to
those with normal menstrual cycles, who underwent IVF treatment
due to fallopian tube factors or male factors, and the first embryo
transfer was successful. In this study, RIF is defined as failures after
three or more embryo transfer cycles with high-quality embryos.1

Baseline characteristics of CTRL and RIF patients are represented
in Table S3. Endometrial biopsies were collected with Pipelle catheters
from the uterine fundus, quickly snap-frozen in liquid nitrogen, and
stored at�80�C before extraction of protein and total RNA. The pro-
liferative phase endometrium came from six healthy women undergo-
ing hysteroscopic endometrial examination, which was used for the
isolation of primary human endometrial epithelial and stromal cells.
All the primary endometrial stromal cells for in vitro culture were ob-
tained from healthy women undergoing hysteroscopic endometrial
examination. Aside from pathological examination, the remaining
endometrium was used for experimental study.

All procedures were performed at the Center for Reproductive Med-
icine, Ren Ji Hospital, Shanghai Jiao Tong University School of Med-
icine. Informed consent was obtained from all participants and this
project was approved by the Ethics Committee of Ren Ji Hospital
(2018072608).

Isolation of primary human endometrial epithelial and stromal

cells

Primary hEECs and hESCs were separated from endometrium sam-
ples according to a selective attachment strategy based on modifica-
tions of previous methods.52 In brief, specimens were first washed
several times in Dulbecco’s modified Eagle’s medium/Hams F12
(DMEM/F12, Gibco, Grand Island, NY) containing 10% (v/v) fetal
bovine serum (FBS) (Gibco) and 1% (v/v) penicillin-streptomycin-
neomycin (Gibco) to remove excess red blood cells, and then digested
with 6 mg/mL collagenase type I at 150 rpm for 40 min and 1 mg/mL
deoxyribonuclease I for 15 min without shaking (Sigma-Aldrich, St.
Louis, MO). Digested epithelial/stromal mixtures were filtered
through 180 and 40 mm cell strainers sequentially. hESCs passed
through the 40 mm strainer and were resuspended in DMEM/F12 me-
dium. hEECs retained in the 40 mm strainer were collected by back-
washing, and then resuspended in DMEM/F12 medium. Residual
hESCs in the epithelial clumps were removed by selective attachment
because hEECs attachment were considered to take longer. Cell purity
was tested by qRT-PCR for EPCAM and VIM mRNA levels.

Cell culture and treatment

hESCs were cultured in DMEM/F12 medium without phenol red
(Gibco) with 2% charcoal/dextran-treated FBS (HyClone, Logan,
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UT) at 37�C in a humidified 5% CO2 incubator. To establish in vitro
decidualization model, hESCs were treated with 1 mM MPA and
0.5 mM db-cAMP (Sigma-Aldrich). After 2 days, the culture medium
was renewed with the same treatment. To study the effect of estrogen
and progesterone on HOXA11-AS, hESCs were treated with a
physiological concentration of estradiol (10�8 M) and progesterone
(10�6 M) (Sigma-Aldrich) in a time-dependent manner, and then
treated with estradiol and progesterone in a dose-dependent fashion
for 4 days.
RNA extraction and reverse transcription

Total RNA was isolated from endometrial tissues and cells using the
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. RNA concentration and quality were determined
by NanoDrop ND-2000 spectrophotometer (Thermo-Fisher Scienti-
fic, Waltham, MA). cDNA was synthesized from 500 ng of total RNA
with the PrimeScript RT reagent kit (TaKaRa, Shiga, Japan) according
to the manufacturer’s instructions.
Quantitative real-time PCR

Quantitative real-time PCR was performed using SYBR GreenMaster
Mix (TaKaRa) with an ABI Prism System (Applied Biosystems, Carls-
bad, CA). All qRT-PCR reactions were performed in duplicate and
the final volume of reaction was 10 mL. Relative mRNA or lncRNA
levels were calculated by the 2�DDCt method with ACTB as an internal
control. Primer sequences are listed in Table S4.
Analysis of PKM alternative splicing

The total PKM1/2 transcripts were amplified from cDNA with Taq
DNA Polymerase (CWBIO, Beijing, China) using a pair of universal
primers listed in Table S4. After 25 cycles of amplification, PCR prod-
ucts were purified using a TaKaRa MiniBEST DNA Fragment Purifi-
cation Kit (TaKaRa) according to the manufacturer’s instructions,
then digested with PstI (New England Biolabs, Ipswich, MA). Di-
gested DNA fragments were examined by agarose gel electrophoresis.
The PKM1 variant includes exons 8, 9, 11, and 12, while the PKM2
variant includes exons 8, 10, 11, and 12, and the length of exons 9
and 10 is same. The forward primer is designed in exon 8 and the
backward primer is designed in exon 12, so the universal primer
can amplify PKM1 and PKM2 variants simultaneously and the
PCR products of these two variants have the same length. Because
exon 10 of the PKM2 variant has a PstI restriction enzyme cut site
while exon 9 of the PKM1 variant does not, so there is one band
for PKM1 and two bands for PKM2 after PstI digestion. The sche-
matic diagram was shown in Figures S6A and S6B.
Separation of nucleus and cytoplasm RNA and protein

Nucleus and cytoplasm RNA of hESCs were extracted using a Cyto-
plasmic & Nuclear RNA Purification Kit (Norgen Biotek, Toronto,
Canada) according to the manufacturer’s instructions. Nuclear and
cytoplasm proteins of hESCs were extracted using a Nuclear/Cyto-
plasmic Protein Extraction Kit (AmyJet, Wuhan, China) following
the manufacturer’s instructions.
Transfection of cells

hESCs were seeded into six-well plates and cultured for 1 day before
transfection with siRNAs or plasmid DNA using Lipofectamine 3000
Reagent (Invitrogen) following the manufacturer’s protocol. The
HOXA11-AS nuclear overexpression plasmid was constructed based
on snoVector backbone generously provided by the Chinese Acad-
emy of Sciences.22 The NC, siPTBP1 and siPKM2 siRNAs were de-
signed by GenePharma (Shanghai, China). NC, a scramble sequence
of siRNA, served as a negative control. The siRNAs sequences are
provided in Table S5. The PKM2 overexpression plasmid was con-
structed using a pEX3 vector offered by GenePharma. For one well
in a six-well plate, the siRNA transfection complex includes 250 mL
opti-MEM, 5 mL 20 mM siRNA, and 3.75 mL lipo3000. For one well
in a six-well plate, the plasmid transfection complex includes
250 mL opti-MEM, 2500 ng DNA, 5 mL p3000, and 3.75 mL
lipo3000. The transfection complex was mixed well and maintained
for 15 min before adding to the well. Twenty-four hours after trans-
fection, the transfection reagents were replaced by DMEM/F12 me-
dium without phenol red (Gibco) with 2% charcoal/dextran-treated
FBS (HyClone) in the non-decidualized group, with db-cAMP and
MPA also added in the decidualized group. The transfection effi-
ciency was examined 5 days after transfection in the non-decidualized
group and 4 days after treatment of db-cAMP and MPA in the decid-
ualized group.

Immunofluorescence

hESCs were seeded in four-well Millicell EZ slides (Millipore, Bur-
lington, MA) with different treatments before immunofluorescence.
Then the cells were fixed with 4% paraformaldehyde and permeabi-
lized using 0.5% Triton X-100, followed by blocking in normal goat
serum for 1 h at room temperature. After blocking, the cells were
incubated with anti-PTBP1 rabbit monoclonal antibody (1:100
diluent, Cell Signaling Technology, Danvers, MA) and Alexa Fluor
488 Anti-alpha Tubulin antibody (1:250 diluent, Abcam, Cambridge,
UK) at 4�C overnight, then incubated with Cy3-conjugated goat anti-
rabbit IgG antibody (1:100 diluent, Proteintech, Chicago, IL) for 1 h at
room temperature, protected from light. Finally, the nucleus was dyed
with DAPI (1 mg/mL, Cell Signaling Technology) for 5 min before
observation using a Leica SP8 laser scanning confocal microscope
(Leica, Weztlar, Germany).

Western blotting

Total protein from hESCs was extracted using an ice-cold radio-
immunoprecipitation assay (RIPA) lysis buffer (CWBIO) containing
a protease inhibitor cocktail (cOmplete Tablets, Mini EASYpack, one
tablet for 10 mL RIPA, Roche, Basel, Switzerland) and a phosphatase
inhibitor (PhosSTOP EASYpack, one tablet for 10 mL RIPA, Roche).
Protein concentration was quantified using a Bradford assay kit (Be-
yotime, Shanghai, China), and 30 mg of protein of each sample was
mixed with 5� protein loading buffer and denatured at 95�C–
100�C for 5 min. The denatured protein was electrophoresed on
10% SDS-polyacrylamide gel and transferred to a nitrocellulose mem-
brane. After blocking, the membranes were incubated with different
primary antibodies at 4�C overnight, followed by respective
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secondary antibody conjugated with horseradish peroxidase for 1 h at
room temperature. Relative band intensity was detected using a
chemiluminescent detection kit (Epizyme, Shanghai, China),
visualized with a G-Box chemiluminescence image capture system
(Syngene, Frederick, MD). Primary antibodies are summarized in
Table S6.

RIP

Based on the manufacturer’s instructions, RIP experiments were con-
ducted using the Magna RIP RNA-Binding Protein Immunoprecipi-
tation Kit (Millipore). PTBP1 antibody (Cell Signaling Technology)
and negative control normal rabbit IgG provided in the kit were
used for immunoprecipitation. Based on the manufacturer’s instruc-
tions, 250 mL cell lysis buffer was added to 30 million cells. A total of
100 mL cell lysate was used for IgG and PTBP1 immunoprecipitation,
respectively, and 10 mL cell lysate was used as 10% input. Immunopre-
cipitated RNA was analyzed by qRT-PCR using primers for
HOXA11-AS or PKM1/2 mRNA and qRT-PCR products were
measured by agarose gel electrophoresis.

RNA pull-down assay

The interaction between HOXA11-AS and PTBP1 protein was deter-
mined by RNA pull-down assay. HOXA11-AS sequence was inserted
into pSPT19DNA vector (Roche) with SP6 and T7 promoter at either
end. Then MEGAscript SP6/T7 Transcription Kit (Invitrogen) was
utilized to in vitro transcribe HOXA11-AS sense and antisense
RNA. HOXA11-AS sense and antisense RNA were biotin-labeled us-
ing a Pierce RNA 30 EndDesthiobiotinylation Kit (Thermo Fisher Sci-
entific), followed by 2U TURBO DNase digestion at 37�C for 15 min
without shaking. A pull-down assay was performed using the Pierce
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific),
in accordance with the manufacturer’s protocol. Eluted protein was
detected by western blotting.

PRL assay

The supernatants of hESCs with different treatments were collected
for detecting PRL protein level using a chemiluminescence assay kit
(Beckman Coulter, Brea, CA) according to the manufacturer’s
instructions.

IGFBP1 ELISA

The supernatants of hESCs with different treatments were collected
for detecting IGFBP1 protein level by enzyme-linked immunosorbent
assay (ELISA) with IGFBP1 ELISA kit (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.

Statistical analysis

The data are presented as the mean ± standard error of the mean
(SEM). Analyses were performed using SPSS 26.0 and GraphPad
Prism 9.0. Statistical comparisons between two groups were per-
formed using Student’s t test, while differences between three or
more groups were assessed by one-way ANOVA followed by Bonfer-
roni tests, with a p value <0.05 considered statistically significant.
1718 Molecular Therapy Vol. 30 No 4 April 2022
Statistical significance was evaluated using data from at least three in-
dependent experiments.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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Figure S1. The expression of HOXA11-AS in single-cell dataset and the establishment of in vitro 
decidualization model 
(A) Dimension reduction (uniform manifold approximation and projection (UMAP) on top PCs) and HOXA11-
AS expression on all the single cells in 10× dataset. (B) Dynamics of HOXA11-AS stratified by stromal
fibroblasts across menstrual cycle in 10× dataset. Pro: proliferative; sec: secretory. (C) qRT-PCR showing
relative mRNA levels of two decidualization biomarkers PRL and IGFBP1 during in vitro decidualization (n=4,
One-way ANOVA, Bonferroni test). (D) Extracellular protein levels of two decidualization biomarkers PRL and
IGFBP1 during in vitro decidualization (n=4, One-way ANOVA, Bonferroni test). Error bars represent SEMs,
and the data represent at least 3 independent experiments. ***: p < 0.001, **: p < 0.01, *: p < 0.05.
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Figure S2. Overexpression efficiency of HOXA11-AS in hESCs
(A) qRT-PCR assays were conducted to detect HOXA11-AS expression in hESCs transfected with snoVector or 
HOXA11-AS nuclear overexpression plasmid (HOXA11-AS-OE) (n=7, Student's t-test). (B) qRT-PCR assays 
were conducted to detect the overexpression efficiency of HOXA11-AS in hESCs under in vitro decidualization 
for 4 days (n=4, Student's t-test). Dec: decidualization. (C) qRT-PCR assays were performed to examine 
HOXA11-AS expression in the nuclear and cytoplasmic fractions of hESCs transfected with snoVector or 
HOXA11-AS-OE (n=3, Student's t-test). Error bars represent SEMs, and the data represent at least 3 independent 
experiments. ***: p < 0.001, **: p < 0.01.
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Figure S3. Prediction of potential binding proteins of HOXA11-AS
(A) Venn diagram illustrating the intersections of potential interacting proteins of HOXA11-AS predicted by 
Annolnc, ENCORI, RBPDB, and starBase. (B) Pathway enrichment analysis of 11 potential interacting proteins 
at least shared by two databases of Annolnc, ENCORI, RBPDB, and starBase. (C) Four proteins (ELAVL1, 
SRSF1, PTBP1, and FUS) aggregated into one MCODE network using Metascape software. In particular, the 
PTBP1 protein played a seed role in the network. (D) qRT-PCR showing relative PTBP1 mRNA levels after 
transfection with NC or siPTBP1 (n=3, Student's t-test). (E) Representative Western blotting images and 
statistical analysis of PTBP1 after transfection with NC or siPTBP1 (n=3, Student's t-test). Error bars represent 
SEMs, and the data represent at least 3 independent experiments. **: p < 0.01, *: p < 0.05.
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Figure S4. PTBP1 binds to PKM1/2 mRNA
(A) Enrichment of PKM1/2 mRNA by PTBP1 RIP in hESCs was determined by qRT-PCR. Normal rabbit 
Immunoglobulin G (IgG) was used as a negative control (n=3, One-way ANOVA, Bonferroni test). (B) Agarose 
gel electrophoresis of RIP qRT-PCR products. Error bars represent SEMs, and the data represent at least 3 
independent experiments. ***: p < 0.001.
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Figure S5. Knockdown and overexpression efficiency of PKM2 in hESCs
(A) qRT-PCR showing relative PKM1 and PKM2 mRNA levels after transfection with NC or siPKM2 (n=4, 
Student's t-test). (B) Representative Western blotting images and statistical analysis of PKM1 and PKM2 in 
hESCs after transfection with NC or siPKM2 (n=4, Student's t-test). (C) qRT-PCR showing relative PKM1 and 
PKM2 mRNA levels after transfection with NC or siPKM2 under in vitro decidualization for 4 days (n=3, 
Student's t-test). Dec: decidualization. (D) Representative Western blotting images and statistical analysis of 
PKM1 and PKM2 in hESCs after transfection with NC or siPKM2 under in vitro decidualization for 4 days 
(n=3, Student's t-test). (E) qRT-PCR results of relative PKM1 and PKM2 mRNA levels after transfection with 
pEX3 or pEX3-PKM2-OE (n=3, Student's t-test). (F) Representative Western blotting images and statistical 
analysis of PKM1 and PKM2 after transfection with pEX3 or pEX3-PKM2-OE (n=3, Student's t-test). (G) qRT-
PCR results of relative PKM1 and PKM2 mRNA levels after transfection with pEX3 or pEX3-PKM2-OE under 
in vitro decidualization for 4 days (n=3, Student's t-test). (H) Representative Western blotting images and 
statistical analysis of PKM1 and PKM2 after transfection with pEX3 or pEX3-PKM2-OE under in vitro 
decidualization for 4 days (n=3, Student's t-test). Error bars represent SEMs, and the data represent at least 3 
independent experiments. **: p < 0.01, *: p < 0.05.
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Figure S6. The schematic diagram of PKM alternative splicing analysis
(A) PKM 1/2 PCR product using universal primers without PstI digestion. (B) one band for PKM1 and two
bands for PKM2 after PstI digestion.
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Figure S7. HOXA11-AS regulates PKM1 and PKM2 dependent on PTBP1
(A) qRT-PCR showing relative mRNA levels of PKM1/2 after transfection with snoVector or HOXA11-AS-OE
with or without in vitro decidualization (Dec) for 4 days (n=7, One-way ANOVA, Bonferroni test). (B)
Representative Western blotting images and statistical analysis of PKM1 and PKM2 after transfection with
snoVector or HOXA11-AS-OE with or without in vitro decidualization for 4 days. (n=4, One-way ANOVA,
Bonferroni test). (C) qRT-PCR showing relative mRNA levels of PKM1/2 and PTBP1 after PTBP1 knockdown
or HOXA11-AS overexpression as indicated with in vitro decidualization for 4 days (n=4, One-way ANOVA,
Bonferroni test). (D) Representative Western blotting images and statistical analysis of PTBP1, PKM1 and PKM2
after PTBP1 knockdown or HOXA11-AS overexpression as indicated with in vitro decidualization for 4 days
(n=4, One-way ANOVA, Bonferroni test). Error bars represent SEMs, and the data represent at least 3
independent experiments. ***: p < 0.001, **: p < 0.01, *: p < 0.05.



Table S1. Potential HOXA11-AS interacting proteins predicted by 4 databases 
 

Database (number) Potential interacting proteins 
AnnoLnc (5) FMR1, PTBP1, CPSF1, CSTF2T, SRSF1 
ENCORI (42) CNBP, CSTF2T, DDX54, DGCR8, DICER1, DKC1, EIF4A3, ELAVL1, 

EWSR1, FBL, FMR1, FUS, HNRNPA1, HNRNPC, HNRNPK, IGF2BP3, 
KHDRBS2, LARP4B, LIN28, LIN28A, MOV10, NOP56, NOP58, 
NUMA1, PTBP1, QKI, RANGAP1, RBFOX2, RBM10, RNF219, RTCB, 
SRSF1, SRSF3, SRSF7, TIAL1, U2AF2, UPF1, VIM, YTHDC1, 
YTHDF1, ZFP36, ZNF184 

RBPDB (21) NCL, SNRPA, NONO, PABPC1, RBMY1A1, a2bp1, EIF4B, FUS, Pum2, 
SFRS9, MBNL1, Vtsl, KHSRP, YBX1, YTHDC1, RBMX, SFRS13A, 
RBM4, SFRS1, ELAVL1, KHDRBS3 

starBase (12) HuR, PTB, IGF2BP3, eIF4AIII, DGCR8, FMRP, FUS, C22ORF28, FUS-
mutant, U2AF65, TIAL1, UPF1 

 
 
 
Table S2. Baseline characteristics of LH+2 and LH+7 patients 
 

Clinical features LH+2 (n=4) LH+7 (n=4) p value 
Age (years) 26.00 ± 3.65 29.25 ± 2.99 0.217 
BMI (kg/m2) 21.25 ± 1.60 20.06 ± 1.31 0.295 
Basal FSH level (IU/L) 5.80 ± 1.55 7.58 ± 2.37 0.257 
Basal LH level (IU/L) 3.65 ± 0.85 3.83 ± 1.39 0.827 
Basal E2 level (pg/ml) 68.04 ± 26.14 54.50 ± 35.52 0.562 

The data are presented as mean ± SD and analyzed with Student’s t-test. BMI, body mass index; FSH, 
follicle stimulating hormone; LH, luteinizing hormone; E2, estradiol. 
 
 
 
Table S3. Baseline characteristics of control and recurrent implantation failure patients 
 

Clinical features CTRL (n=11) RIF (n=11) p value 
Age (years) 27.64 ± 1.91 28.55 ± 2.30 0.325 
BMI (kg/m2) 20.63 ± 2.54 21.98 ± 2.44 0.219 
Basal FSH level (IU/L) 6.17 ± 0.88 5.75 ± 1.49 0.432 
Basal LH level (IU/L) 4.50 ± 1.46 5.44 ± 2.13 0.241 
Basal E2 level (pg/ml) 38.42 ± 8.98 36.92 ± 10.18 0.718 

The data are presented as mean ± SD and analyzed with Student’s t-test. CTRL, control; RIF, recurrent 
implantation failure; BMI, body mass index; FSH, follicle stimulating hormone; LH, luteinizing hormone; 
E2, estradiol. 
 
 
 



Table S4. Primer sequences  
 

Gene name (species) Forward primer sequence 
(5’-3’) 

Backward primer sequence 
(5’-3’) 

ACTB (Homo sapiens) CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 

HOXA11-AS (Homo sapiens) CACCCATCTGCCTGGTCTTCTG GGCTAAGCTCGGCTGTTGGAC 

EPCAM (Homo sapiens) AATCGTCAATGCCAGTGTACTT TCTCATCGCAGTCAGGATCATAA 

VIM (Homo sapiens) AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC 

U6 (Homo sapiens) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 

PRL (Homo sapiens) GGAGCAAGCCCAACAGATGAA GGCTCATTCCAGGATCGCAAT 

IGFBP1 (Homo sapiens) TTGGGACGCCATCAGTACCTA TTGGCTAAACTCTCTACGACTCT 

HOXA10 (Homo sapiens) CTTCCGAGAGCAGCAAAGCCTC TCCAGTGTCTGGTGCTTCGTGT 

HOXA11 (Homo sapiens) TGCCAAGTTGTACTTACTACGTC GTTGGAGGAGTAGGAGTATGTCA 

EMX2 (Homo sapiens) GCTCATCCACCGCTACCGATAT TTCTCAAAGGCGTGTTCCAGCC 

ITGB3 (Homo sapiens) CATGGATTCCAGCAATGTCCTCC TTGAGGCAGGTGGCATTGAAGG 

LIF (Homo sapiens) AGATCAGGAGCCAACTGGCACA GCCACATAGCTTGTCCAGGTTG 

MMP2 (Homo sapiens) AGCGAGTGGATGCCGCCTTTAA CATTCCAGGCATCTGCGATGAG 

MMP9 (Homo sapiens) GCCACTACTGTGCCTTTGAGTC CCCTCAGAGAATCGCCAGTACT 

PTBP1 (Homo sapiens) AGCGCGTGAAGATCCTGTTC CAGGGGTGAGTTGCCGTAG 

PKM1/2 (Homo sapiens) CATTGATTCACCACCCATCA AGACGAGCCACATTCATTCC 

PKM1 (Homo sapiens) GGACTATCCTCTGGAGGCTGTG CATGAGGTCTGTGGAGTGACTTG 

PKM2 (Homo sapiens) TCTGGAGAAACAGCCAAAGGG GGGGTCGCTGGTAATGGG 

PKM (Homo sapiens) for PCR 

and PstI digestion 

GAGAAACAGCCAAAGGGGACTATC CATCACGGCACAGGAACAACAC 

 
 
Table S5. siRNAs sequences used for transfection 
 

Gene name (species) Sense（5'-3'） Antisense（5'-3'） 
NC (Homo sapiens) UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT 

PKM2 (Homo sapiens) UCCUUCAAGUGCUGCAGUGTT CACUGCAGCACUUGAAGGATT 

PTBP1 (Homo sapiens) GCACAGUGUUGAAGAUCAUTT  AUGAUCUUCAACACUGUGCTT 

 
 
Table S6. Primary antibodies used for Western blotting 
 

Protein Manufacturer Catalog number Dilution 
HOXA10 Santa Cruz Biotechnology sc-17158 1:200 
HOXA11 Santa Cruz Biotechnology sc-393440 1:100 
PTBP1 Cell Signaling Technology 57246 1:2000 
Lamin A/C Cell Signaling Technology 4777 1:2000 
PKM1 Cell Signaling Technology 7067 1:1000 
PKM2 Cell Signaling Technology 4053 1:1000 
GAPDH Proteintech Group Inc 60004-1-Ig 1:10000 
ACTB Proteintech Group Inc 20536-1-AP 1:10000 
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