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Tripeptidyl peptidase I promotes human
endometrial epithelial cell adhesive
capacity implying a role in receptivity
Leilani L. Santos1,2† , Cheuk Kwan Ling1,2† and Evdokia Dimitriadis1,2*

Abstract

The endometrium undergoes cyclic remodelling throughout the menstrual cycle in preparation for embryo
implantation which occurs in a short window during the mid-secretory phase. It is during this short ‘receptive
window’ that the endometrial luminal epithelium acquires adhesive capacity permitting blastocysts firm adhesion
to the endometrium to establish pregnancy. Dysregulation in any of these steps can compromise embryo
implantation resulting in implantation failure and infertility. Many factors contribute to these processes including
TGF-β, LIF, IL-11 and proteases. Tripeptidyl peptidase 1 (TPP1) is a is a lysosomal serine-type protease however the
contribution of the TPP1 to receptivity is unknown. We aimed to investigate the role of TPP1 in receptivity in
humans.
In the current study, TPP1 was expressed in both epithelial and stromal compartments of the endometrium across
the menstrual cycle. Expression was confined to the cytoplasm of luminal and glandular epithelial cells and stromal
cells. Staining of mid-secretory endometrial tissues of women with normal fertility and primary unexplained
infertility showed reduced immunostaining intensity of TPP1 in luminal epithelial cells of infertile tissues compared
to fertile tissues. By contrast, TPP1 levels in glandular epithelial and stromal cells were comparable in both groups in
the mid-secretory phase. Inhibition of TPP1 using siRNA compromised HTR8/SVneo (trophoblast cell line) spheroid
adhesion on siRNA-transfected Ishikawa cells (endometrial epithelial cell line) in vitro. This impairment was
associated with decreased sirtuin 1 (SIRT1), BCL2 and p53 mRNA and unaltered, CD44, CDH1, CDH2, ITGB3, VEGF A,
OSTEOPONTIN, MDM2, CASP4, MCL1, MMP2, ARF6, SGK1, HOXA-10, LIF, and LIF receptor gene expression between
treatment groups. siRNA knockdown of TPP1 in primary human endometrial stromal cells did not affect
decidualization nor the expression of decidualization markers prolactin (PRL) and insulin-like growth factor-binding
protein 1 (IGFBP1). Taken together, our data strongly suggests a role for TPP1 in endometrial receptivity via its
effects on epithelial cell adhesion and suggests reduced levels associated with unexplained infertility may
contribute to implantation failure.
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Background
The endometrium undergoes a coordinated cyclic re-
modelling during the menstrual cycle in preparation for
embryo implantation. During a short ‘receptive period’
or ‘implantation window’ which occurs within the mid-
secretory phase, the endometrium transforms from a
non-receptive to an embryo-responsive state to allow for
embryo implantation [1]. The natural fate of the recep-
tive endometrium, in the absence of implantation, is de-
velopment of a second set of changes that ultimately
lead to menstruation [2, 3]. Dysregulation in any step
during this process may cause abnormal remodelling of
the endometrium leading to implantation failure and
infertility.
Endometrial transformation during the implantation

window is a result of the interplay between the ovarian
steroid hormones, oestrogen and progesterone, the ac-
tions of which drive cellular and molecular mechanisms
that operate in embryo implantation and development
and the reproductive process [4–6]. The endometrial
surface or luminal epithelium undergoes extensive
changes to become adhesive to blastocysts [1] the mid-
secretory phase or the implantation window thought to
occur between ~days 19–23 of the cycle [1]. During the
implantation window, the endometrial stromal cells
which maximally express steroid hormone receptors dif-
ferentiate to transform into decidualized stromal cells
[1]. Endometrial stromal cells can act on the epithelial
cells either by cell-cell or paracrine interactions during
implantation [1]. Additionally, endometrial stromal cells
isolated from women with infertility do not decidualize
as effectively in vitro as stromal cells isolated from
women with infertility [7]. Several cytokines, chemo-
kines, growth factors, matrix metalloproteases and adhe-
sion molecules all have important contributions to the
implantation process as well as processes preceding it
[8–12]. Information on lesser known proteases such as
tripeptidyl peptidase I (TPP1) are lacking.
TPP1 is a lysosomal serine-type protease that sequen-

tially removes tripeptides from the unmodified N-ter-
minal of polypeptides and small proteins [13]. TPP1 is
encoded by the TPP1 gene [13] and is synthesized as an
inactive 68-kDa proenzyme which is then processed in
the lysosome into a mature 48-kDa form [14]. It is
highly conserved and widely distributed in higher organ-
isms and has a broad range of substrate specificity [15].
TPP1 has numerous functions one of which is digestion
of various proteins in the lysosomes to release free
amino acids and dipeptides which are then transported
back to the cytoplasm for use in cell metabolism [14].
TPP1 has been associated with osteoclast degradation of
bone [16], localised in the invasive front of tumours [14],
positively correlated with breast cancer biomarkers ca-
thepsin G, estrogen and progesterone receptors [17] and

increased in other cancers such as thyroid adenocarcin-
oma and liver cancer [18]. Factors and processes operating
in these pathologies overlap with that observed in endo-
metrial receptivity and embryo implantation [19–21], thus
supporting our rational for investigating the relevance and
function of TPP1 in the above processes. We investigated
the contribution of TPP1 to endometrial receptivity and
embryo implantation via immunohistochemistry studies
to localise TPP1 in the endometrium as well as in vitro
epithelial cell adhesion and decidualization assays to ex-
plore its functional relevance.
We demonstrated that TPP1 immunoprotein is pro-

duced in human endometrial epithelial and stromal cells
across the menstrual cycle. TPP1 staining intensity in
endometrial luminal epithelial cells was reduced during
receptivity in primary unexplained infertility. siRNA
knockdown of TPP1 compromised Ishikawa cell line (re-
ceptive endometrial epithelial cell line) adhesive capacity
for HTR8SVneo cell line (human trophoblast cell line)
spheroids and reduced the expression of SIRT1, a known
regulator of steroid hormone receptors. Gene expression
of anti-apoptotic B-cell lymphoma 2 (BCL-2) and the
tumour suppressor p53 were similarly decreased in
TPP1 siRNA-treated Ishikawa cells. By contrast, knock-
down of TPP1 in primary human endometrial stromal
cells (HESC) during decidualization had not effect on
decidualization as measured by the effects on the expres-
sion of the decidualization markers, prolactin (PRL) and
insulin like growth factor-binding protein 1 (IGFBP1).
Our study suggests TPP1 promotes endometrial recep-
tivity and embryo implantation via effects on endomet-
rial epithelial cell adhesion and SIRT1, Bcl-2 and p53
stimulation and likely not via effects on endometrial
stromal cell decidualization.

Methods
Ethics statement
Written informed consent was obtained from each pa-
tient and the study was approved by the Human Re-
search Ethics Committee at the Royal Women’s Hospital
(ID: #03066B).

Primary endometrial tissue collection
Endometrial biopsies were collected by curettage from
fertile women (26–42 years of age) with regular men-
strual cycles (28–32 day cycles), during the proliferative
(Days 6–13), early (Days 14–18), mid (Days 19–23) and
late secretory phases (Days 24–28) of the menstrual
cycle (n = 3–5/phase). Fertile women (28–40 years of
age) had proven parity (> 1 parous pregnancy), no
apparent endometrial abnormalities and were having
surgery for Mirena insertion, benign ovarian cyst assess-
ment or polypectomy. The endometrial tissue samples
were collected by curettage and were from the
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functionalis layer. Women had regular menstrual cycles
(27–32 days) and were not using pharmacological or
intrauterine contraceptives and had not used hormones
for at least 3 months prior to surgery. Additional sam-
ples were collected from women with primary unex-
plained infertility in the mid-secretory phase (n = 4;
infertile). The infertility was defined as being unable to
conceive for 1 year without the use of contraceptives
and had no apparent endometrial dysfunction assessed
by routine clinical investigations including hysteroscopic
and laparoscopic diagnosis, including endometriosis,
endometritis or other endometrial related disorders.
Women with primary infertility were investigated for
non-endometrial causes of their infertility, for example,
ovarian dysfunction and tubal patency which were also
used as exclusion criteria.
Partners of the infertile group had normal sperm ana-

lysis including sperm counts, motility and morphology.
Mid-secretory phase was defined as days 19–23 of an ide-
alized 28-day menstrual cycle. Samples collected were ex-
amined by gynaecological pathologists to confirm cycle
stage and the absence of any histological abnormalities.

Immunohistochemistry
Immunohistochemistry for TPP1 was performed on
formalin-fixed endometrial tissue as described [12]. Fixed
4 μm sections on tissue slides were rehydrated and then
antigen retrieval performed by microwave heating in 10
mM sodium citrate buffer for 5min. Endogenous peroxid-
ase activity was quenched in 3% hydrogen peroxide in
methanol for 15min. Sections were then incubated sequen-
tially with nonimmune block (10% normal goat serum, 2%
normal human serum in TBS; 30min at RT), anti-human
TPP1 primary antibody (0.14 μg/ml, #ab54685, Abcam,
Cambridge, UK) or isotype negative control (Rabbit IgG,
0.14 μg/ml, #X0903, DAKO, Denmark) nonimmune block
overnight at 4 °C) then finally with avidin/biotin reagents
(Vectastain ABC Elite kit; Vector Laboratories, CA, USA)
as per manufacturer’s instructions. Colour was developed
with peroxidase substrate 3,3′-diaminobenzidine (DAB,
DAKO) and sections counter-stained with haematoxylin
(Sigma). Sections were dehydrated and mounted with cov-
erslips using DPX (Sigma). Images were taken with an
Olympus light microscope.
Staining intensity scores were determined by two indi-

vidual scorers blinded to the patient characteristic and
cycle stage of each section, as previously described [12].
Briefly, scores were given to each tissue type (luminal
epithelium, glandular epithelium, stroma) on a scale of
0–3 (0: no stain, 3: strong stain).

Cell lines
Ishikawa endometrial epithelial cells were provided by
Dr. M. Nishida (Tsukuba University, Tochigi, Japan) and

cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum (FCS; Gibco). Ishikawa cells are
receptive endometrial epithelial cells possessing apical ad-
hesiveness, as such are commonly used to study endomet-
rial receptivity [12, 22] as it has similar characteristics to
endometrial luminal and glandular epithelium, including
the expression of steroid hormone receptors and possess
apical cell adhesiveness [23]. The HTR8/SVneo tropho-
blast cell line (CRL-3271) exhibits features of invasive
trophoblast cells, such as human leukocyte antigen-G
(extravillous trophoblast marker) and cytokeratin-7 ex-
pression [23]. These cells were cultivated and maintained
in Roswell Park Memorial Institute medium (RPMI) 1640
(Sigma-Aldrich) supplemented with 10% FCS.

siRNA transfection of Ishikawa cells
Ishikawa cells (70–80% confluence) were transfected
with TPP1 siRNA (10 nM, based on a concentration re-
sponse) (Dharmacon, Lafayette, CO, USA) or scramble
control (50 nM, Dharmacon) using Lipofectamine RNAi-
MAX transfection reagent (Thermo Fisher, Waltham,
MA, USA) in Opti-MEM media (Thermo Fisher) ac-
cording to the manufacturer’s instructions. After 24 h
the transfection medium was replaced with fresh culture
medium and Ishikawa cells were cultured for 48 h before
being subjected to spheroid adhesion assay or other
downstream analyses.

HTR8/SVneo spheroid adhesion assay
Spheroids were formed using HTR8/SVneo cells (2000
cells/spheroid) in an ultra-low adhesion U-shaped 96
well plate (Corning, NY, USA) and cultured for 48 h at
37 °C. S Spheroids were harvested and transferred to
transfected Ishikawa cell monolayer (20 spheroids/well
of 96-well plate). Spheroid number per well was counted
and recorded using a light microscope before incubation
at 37 °C for 2 h. Following incubation, wells were gently
washed with serum-free DMEM/F12 to remove non-
adherent spheroids. The remaining spheroids were
counted, and a percentage of adhered spheroids calcu-
lated [12, 24]. For qPCR analysis, Ishikawa cells were
washed to remove spheroids then collected in TRI re-
agent for RNA extraction.

Primary human endometrial stromal cell isolation and
culture
Primary human endometrial stromal cells were isolated
from patient endometrial biopsies as previously de-
scribed [12, 24] with modifications. Briefly, endometrial
tissue was subjected to collagenase (#CLS-3; Worthing-
ton Biochemical Corp, NJ, USA) digestion and filtration
through 45- and 11-mm nylon meshes. Stromal cells
contained in the filtrate were washed then resuspended
in HESC media (DMEM/F12 (Sigma), 10% charcoal-
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stripped (cs) FCS (Gibco), 1% antibiotics (Sigma)) and
adhered for 1–2 h to remove non-HESC contaminants.
This method results in a 97% pure stromal cell culture
[25]. Stromal cells were maintained in HESC media until
required.

Primary human endometrial stromal cell decidualization
assay
Endometrial stromal cells were passaged into 6- and 12-
well plates and grown to 70% confluency prior to siRNA
transfection. Cells were transfected with TPP1 siRNA or
scramble control (both 10 nM) for 48 h until they
reached confluence. After transfection cells were cul-
tured in decidualisation media (DMEM/F12, 2% csFCS,
1% P/S) containing 10− 8 M estrogen (Oestradiol; Sigma)
and 10− 7 M methoxyprogesterone acetate (MPA; Sigma)
or only 10− 8 estrogen as control. Decidualization media
were replaced every 2–3 days and decidualization main-
tained until day 12 when cells were trypsinised and
collected in 1 ml TRI reagent for RNA extraction. Decid-
ualization was assessed by observation of characteristic
cell morphology and measurement of PRL and IGFBP1
expression.

RNA isolation and qPCR
Ishikawa cells and HESC were lysed with 1 ml TRI Re-
agent (Sigma) and RNA extracted according to the man-
ufacturer’s protocol (Qiagen; MD, USA). Genomic DNA
contamination was removed by treatment with TURBO
DNA-free Kit (Thermo Fisher #AM1907) and RNA con-
centration determined in a Nanodrop spectrophotom-
eter (Nanodrop 2000, Thermo). For RT-qPCR, 300 ng
total RNA was converted to cDNA using SuperScript™
III First-Strand Synthesis System (18080–051, Thermo).
PCR was performed on the Applied Biosystems ViiA7
system using SYBR Green Master Mix (#4367659,
Thermo) as follows: 95 °C for 10 min and 40 cycles of
95 °C for 15 s followed by 60 °C for 1 min using relevant
primers (Supplementary Table 1). Gene expression was
normalized to 18S. Relative expression levels were calcu-
lated using the comparative cycle threshold method
(ΔΔCt).

Statistical analysis
Statistical analysis was performed on original data using
GraphPad Prism 8.0 and student’s t-test or one-way
ANOVA as appropriate with a significance threshold of P <
0.05. Graphical data were presented as the mean ± SEM.

Results
TPP1 is abnormally reduced in the endometrial luminal
epithelium in infertile women
We immunolocalised TPP1 in normal endometrial tis-
sues across all phases of the menstrual cycle as well as in

the mid-secretory phase endometrium of women with
primary unexplained infertility. Diffused cytosolic TIPP1
was observed in both stromal and epithelial compart-
ments of the endometrium from all phases (Fig. 1a-d).
There were TPP1-positive cells in spiral arteries and its
surrounds. There was no staining observed with isotype
control-incubated tissues (Fig. 1e) while strong and spe-
cific positive stain was observed in positive control pla-
cental tissue (Fig. 1f). TPP1 production was comparable
across the menstrual cycle as shown by similar staining
intensity scores in luminal (Fig. 1g) and glandular epi-
thelium (Fig. 1h) and stroma (Fig. 1i).
Compared to fertile tissues (Fig. 2a), mid-secretory tis-

sues from women with infertility exhibited reduced
staining intensity of TPP1 (Fig. 2b and e) specifically in
luminal epithelial cells. No staining was observed in iso-
type control-incubated tissues (Fig. 2c and d). TPP1
staining intensity scores in the endometrial glandular
epithelium did not change between fertile and infertile
tissues during receptivity cells (Fig. 2f). Similarly, TPP1
immunostaining intensity was not significantly different
between infertile and fertile endometrium in the stroma
(Fig. 2g).

TPP1 siRNA knockdown impaired endometrial epithelial
cell adhesive capacity and SIRT1, p53 and BCL2 gene
expression
To investigate the functional relevance of TPP1 on
endometrial receptivity, an epithelial cell-spheroid cell
adhesion assay was performed using TPP1 siRNA-
transfected Ishikawa epithelial cell lines and HTR8/
SVneo spheroids (Fig. 3). Ishikawa cells transfected with
TPP1 siRNA had significantly reduced spheroid adhe-
sion compared to scrambled control (Fig. 3a, P < 0.01).
This reduction was associated with significant TPP1
knock down by 54 ± 12% (Fig. 3b, N = 4, P < 0.01) and
reduced SIRT1 (Fig. 3c, P < 0.05), p53 (Fig. 3d, P < 0.05)
and BCL2 gene expression (Fig. 3e, P < 0.05). TPP1
knockdown in Ishikawa cells had no effect on the ex-
pression of CD44, CDH1, CDH2, ITGB3, VEGF A,
OSTEOPONTIN, MDM2, CASP4, MCL1, MMP2, ARF6,
SGK1, HOXA-10, LIF, and LIF receptor genes.

TPP1 did not affect the expression of decidualization
markers and primary human endometrial stromal cell
morphology during decidualization
We next sought to determine the function of TPP1 in
endometrial stromal cell decidualization. Treatment of
primary human endometrial stromal cells with estrogen
and MPA for 12 days resulted in decidualization as indi-
cated by a change from characteristic elongated
fibroblast-shaped stromal cells (Fig. 4a) into a more
rounded morphology characteristic of decidualized stro-
mal cells (Fig. 4b). TPP1 siRNA-transfected HESC did
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not affect the morphology of HESC during decidualiza-
tion in response to estrogen and MPA (Fig. 4c), despite
sufficient TPP1 knockdown by 95 ± 1% (Fig. 4d, N = 4,
P < 0.001) compared to scrambled siRNA control. More-
over, estrogen and MPA significantly induced the ex-
pression of the decidualization marker prolactin (PRL)
(P < 0.05, Fig. 4e) and while the expression of IGFBP1
did not reach significance compared to estrogen non-
decidualized control treatment (Fig. 4f, P = 0.0553). Es-
trogen and MPA treatment of HESC did not signifi-
cantly alter TPP1 expression compared to estrogen
treatment alone after 12 days of culture (Fig. 4g). Lastly,
siRNA knockdown of endogenous TPP1 in HESC did
not alter PRL (Fig. 4h) and IGFBP1 (Fig. 4i) expression

compared to estrogen and MPA treated decidualization
control cells.

Discussion
In this study, we report for the first time the endometrial
expression of TPP1 across all phases of the menstrual
cycle in both stromal and epithelial compartments of the
endometrium. More importantly, compared to mid-
secretory fertile endometrial tissues, infertile tissues
exhibited significantly reduced TPP1 immunostaining
intensity in the luminal epithelium. Targeted siRNA-
mediated knockdown of TPP1 in Ishikawa cells resulted
in reduced HTR8-spheroid adhesion which was associ-
ated with upregulation of Ishikawa cell SIRT1, BCL2 and

Fig. 1 Immunohistochemistry staining of TPP1 in fertile human endometrial tissues across the cycle. a Proliferative phase, b early secretory phase,
c mid-secretory phase, d late secretory phase, e mid-secretory phase probed with isotype-matched negative control, f human placental tissue
positive control probed with TPP1. Immunohistochemistry staining intensity scores (mean ± SEM) of TPP1 expression in (g) luminal epithelial cells,
(h) glandular epithelial cells and (i) stromal cells. PF = proliferative fertile, ESF = early-secretory fertile, MSF =mid-secretory fertile, LSF = late-
secretory fertile, Scale bar = 100 μm. Unpaired student t-test were used with statistical threshold of p < 0.05
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p53 mRNA. By contrast, TPP1 knockdown in primary
HESC did not affect decidualization. While TPP1 local-
ised to endometrial stromal cells in human endomet-
rium, TPP1 expression levels were not altered during
decidualization in vitro.
TPP1 is a lysosomal aminopeptidase and is synthesized

as an inactive proenzyme or zymogen that undergoes lim-
ited proteolysis to realize enzyme activity [14]. With a
broad range of substrate specificity, the catalytic activity of
TPP1 involves removal of tripeptides from an unmodified
N-terminus of small proteins and polypeptides [13]. Hu-
man TPP1 is an integral part of the lysosomal proteolytic
apparatus that includes hydrolytic enzymes such as cyst-
eine, serine and aspartic proteases [14]. These enzymes

are responsible for the digestion of proteins that are trans-
ported to the lysosomes [26].
TPP1 is widely expressed in various tissues and organs

including bone marrow, placenta, lung, pineal, and liver
[18, 26]. Under pathological conditions, TPP1 immunoreac-
tivity has been demonstrated in neurological disorders,
lysosomal storage diseases, inflammation and differentiated
neoplasms [18, 26]. TPP1 protein has also been implicated
in bone resorption involved in the degradation of bone col-
lagen [16]. Although widely distributed, TPP1 appears to
have a predilection for specific cell types. In the current
study, TPP1 was widely expressed in the fertile endomet-
rium across the menstrual cycle but was reduced in mid-
secretory infertile tissues only in the luminal epithelium,

Fig. 2 Immunohistochemistry staining of TPP1. Mid-secretory (a) fertile and (b) primary infertile human endometrial tissues, (c) anti-mouse isotype
negative control, (d) human placental tissue positive control. Immunohistochemistry staining intensity scores (mean ± SEM) of TPP1 expression in
(e) luminal epithelial cells, (f) glandular epithelial cells and (g) stromal cells. MSF =mid-secretory fertile, MSINF =mid-secretory infertile. Scale bar =
100 μm. Unpaired student t-test were used with statistical threshold of p < 0.05. *p < 0.05

Santos et al. Reproductive Biology and Endocrinology          (2020) 18:124 Page 6 of 10



conferring a likely location- and cell-specific function for
TPP1. This is in keeping with reports that TPP1 is highly
expressed in cells involved in peptide-hormone production
or phagocytic function such as in epithelial cells of thyroids
[18]. The extensive distribution of TPP1 in human tissues
and its activity in various pathological conditions, imply
that TPP1 activity is critical for efficient protein degradation
in lysosomes of many cell types. In support, protease activ-
ity is important in the development of a receptive endomet-
rium supporting its wide distribution demonstrated in this
study [1]. Immunohistochemistry studies report TPP1 lo-
calized mainly in the invasive front of tumours where it acts
as a matrix protease [26]. TPP1 participates in degradation
of collagen and possibly other matrix protein [16]. Matrix
protein breakdown is an important process in endometrial
remodelling [27] suggesting this activity as a possible mech-
anism of action of TPP1 in the processes stated above.
An overlap in factors and processes involved in tumour

invasion and blastocyst invasion of the receptive

endometrium has been suggested [20, 21]. For a cell to in-
vade it must adhere, de-adhere, migrate, degrade extracel-
lular matrix to invade, therefore adhesion is a major
process facilitating cell invasion. We report herein the re-
duction of Ishikawa cell adhesive capacity following
knockdown of TPP1 suggesting it acts at the very early
stages of implantation. This suggests that normal levels of
TPP1 in the endometrial epithelium facilitates adhesion
and migration of blastocysts to the endometrium.
TPP1 was produced by human endometrial stromal

cells in the endometrium during the mid stromal cells
[1]. Positive immunostaining was found in endometrial
stromal cells surrounding the spiral arteries resembling
decidualized endometrial stromal cells, where deciduali-
zation of endometrial stromal cells,is thought to be initi-
ated [1]. We sought to determine whether blocking
endogenous TPP1 altered decidualization in vitro. How-
ever, knockdown of TPP1 in primary HESC did not
affect decidualization as measured by PRL expression a
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commonly used marker of decidualization. It is possible
that other decidual markers may have been affected fol-
lowing knockdown of TPP1 during decidualization, or
that other processes such as effects on endometrial stro-
mal cell survival may have been affected. This remains
to be determined in future studies. We also found in our
culture model that TPP1 was not significantly increased
following treatment with estrogen and MPA which in-
duced decidualization markers. Previous studies have
demonstrated that decidualization of HESC in vitro can
be induced by estrogen and MPA over a 12 day period
and also treatment with cAMP [28]. It is a possibility
that TPP1 expression in HESC may require cAMP treat-
ment to induce its expression during decidualization as

has been previously demonstrated for other factors such
as interleukin 11 [25].
Mechanistically, we demonstrated that TPP1 may act

to regulate human endometrial cell adhesion via the al-
teration of SIRT1. SIRT1 is an enzyme that deacetylates
proteins that contributes to cellular regulation [29]. Sir-
tuin proteins are increasingly implicated in the regula-
tion of steroid hormone receptor activity suggesting it
may be involved in decidualization, the endometrial cell
types that maximally expresses progesterone-receptor dur-
ing receptivity [29]. Sirtuin 1 inhibits ligand-independent
activation of estrogen receptor, regulate nucleo-cytoplasmic
shuttling of the progesterone receptor while inducing slow
versus rapid response genes [29]. While TPP1 knockdown

Fig. 4 Effect of TPP1 siRNA knockdown on stromal cell decidualization and gene expression. Day 12 decidualization of HESC treated with either
(a) estrogen only, (b) estrogen with MPA, or (c) estrogen with MPA and TPP1 siRNA transfection. HESC were treated with estrogen or estrogen
with MPA (E + MPA) for 12 days before measuring TPP1 RNA and siRNA knockdown efficiency confirmed by qPCR (d). Effect of E + MPA on
expression of PRL (e), IGFBP1 (f) and TPP1 (g). Expression of decidualization markers PRL (h) and IGFBP1 (i) were compared between E +MPA
treated HESC that has been transfected with either TPP1 siRNA or a scrambled (scrmb) siRNA control. Scale bar = 400 μm. Analysis via paired
student t-test or paired ANOVA test with significant threshold of p < 0.05. * = p < 0.05, ** = p < 0.01, *** = p < 0.001
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did not alter decidualization of human endometrial stromal
cells that express high levels of progesterone receptor, it
may affect their survival or genes expressed by the cells in-
cluding sirtuins however this remains to be determined.
Other activities of SIRT1 that may be relevant to the

contribution of TPP1 to endometrial receptivity and em-
bryo implantation include regulation of tumour cell
apoptosis [30], association with the tumour suppressor
protein p53 [31] and its direct activation of E-cadherin
in Ishikawa cells [32]. SIRT1 expression is reported to be
unchanged in all phases during the normal menstrual
cycle [33]. However, in Ishikawa cells forced overexpres-
sion of SIRT1 increased their adhesion while knockdown
reduced their adhesive capacity [32] supporting our
study that TPP1 may alter receptivity via SIRT1.
Furthermore, TPP1 knockdown in Ishikawa cells re-

duced the expression of the anti-apoptotic B-cell lymph-
oma 2 (Bcl-2) the cells. Bcl-2 is potent regulator of
apoptosis and plays a pro-survival role in various cell types
[34]. Well known for its tumour suppressive properties,
additional alternate roles in maternal reproduction has
been shown for p53 [24], another factor reduced following
TPP1 knockdown in Ishikawa cells. p53 is involved in a
negative feed-back loop with leukemia inhibitory factor
(LIF), a key regulator of endometrial receptivity and im-
plantation [35]. LIF expression is stimulated by p53 via
direct binding to the molecule’s promoter and LIF in turn
negatively regulates p53 by phosphorylation of STAT3
which activates other downstream targets causing activa-
tion of a negative regulator of p53 [36]. This interaction
suggests a pro implantation role for p53. While the Ishi-
kawa cells are a commonly used cell line to model endo-
metrial receptivity studies, studies in primary endometrial
epithelial cells are required to confirm this data.
By contrast, the expression of other genes strongly im-

plicated in endometrial receptivity and adhesive capacity
including CASP4 [37], MMP2 [38], SGK1 [39], ARF6
[40], CD44 [41], CDH1 [42], CDH2 [42], and MDM2
remained unchanged in TPP1 siRNA-transfected Ishi-
kawa cells, suggesting TPP1 does not act via these mole-
cules in exerting its effects on epithelial cells and
receptivity associated adhesive capacity.

Conclusion
This study identified that TPP1 likely contributes to endo-
metrial receptivity and blastocyst attachment to the endo-
metrial surface or luminal epithelium at least in part, via
effects on SIRT1, p53 and BCL-2 expression, genes associ-
ated with cell survival. Collectively, while these data war-
rant further exploration of the exact contribution of TPP1
in endometrial receptivity and implantation in vivo, it sug-
gests that reduced levels of TPP1 in endometrial epithe-
lium contribute to implantation failure.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12958-020-00682-0.

Additional file 1: SupplementaryTable 1. Primers.

Abbreviations
Bcl-2: B-cell lymphoma 2; HESC: Human endometrial stromal cell;
IGFBP1: Insulin-like growth factor-binding protein 1; PRL: Prolactin;
SIRT1: Sirtuin 1; TPP1: Tripeptidyl peptidase 1

Acknowledgements
The authors thank Ms. Teresa So and Ms. Emily-jane Bromley for assistance
with stromal cell isolations and endometrial sample collection, and the
women who donated the samples.

Authors’ contributions
L.S. conducted experiments, analysed data and wrote the manuscript. C.L.
designed and conducted the experiments, analysed data and reviewed the
manuscript. E.D. conceived and designed the study, contributed to data
interpretation and analysis, and wrote the manuscript. All authors approved
the final version and submission of this article.

Funding
This work was supported by a project grant and a senior research fellowship
from the National Health and Medical Research Council (NHMRC) of Australia
to E.D.

Availability of data and materials
All data generated through this study are included in this article.

Ethics approval and consent to participate
Written informed consent was obtained from each patient and the study
was approved by the Human Research Ethics Committee at the Royal
Women’s Hospital (ID: #03066B).

Consent for publication
Not applicable.

Competing interests
The authors report no competing interests.

Received: 25 October 2020 Accepted: 6 December 2020

References
1. Evans J, Salamonsen LA, Winship A, Menkhorst E, Nie G, Gargett CE,

Dimitriadis E. Fertile ground: human endometrial programming and lessons
in health and disease. Nat Rev Endocrinol. 2016;12:654–67. https://doi.org/
10.1038/nrendo.2016.116.

2. Idelevich A, Vilella F. Mother and embryo cross-communication, genes
(Basel) 11; 2020. https://doi.org/10.3390/genes11040376.

3. Young SL. Oestrogen and progesterone action on endometrium: a
translational approach to understanding endometrial receptivity. Reprod
BioMed Online. 2013;27:497–505. https://doi.org/10.1016/j.rbmo.2013.06.010.

4. Lessey BA. Two pathways of progesterone action in the human
endometrium: implications for implantation and contraception. Steroids.
2003;68:809–15. https://doi.org/10.1016/j.steroids.2003.09.004.

5. Kumar R, Clerc AC, Gori I, Russell R, Pellegrini C, Govender L, Wyss JC,
Golshayan D, Canny GO. Lipoxin A (4) prevents the progression of de novo
and established endometriosis in a mouse model by attenuating
prostaglandin E (2) production and estrogen signaling. PLoS One. 2014;9:
e89742. https://doi.org/10.1371/journal.pone.0089742.

6. Kumar R, Vicari M, Gori I, Achtari C, Fiche M, Surbeck I, Damnon F, Canny
GO. Compartmentalized secretory leukocyte protease inhibitor expression
and hormone responses along the reproductive tract of postmenopausal
women. J Reprod Immunol. 2011;92:88–96. https://doi.org/10.1016/j.jri.2011.
06.103.

7. Karpovich N, Klemmt P, Hwang JH, McVeigh JE, Heath JK, Barlow DH,
Mardon HJ. The production of interleukin-11 and decidualization are

Santos et al. Reproductive Biology and Endocrinology          (2020) 18:124 Page 9 of 10

https://doi.org/10.1186/s12958-020-00682-0
https://doi.org/10.1186/s12958-020-00682-0
https://doi.org/10.1038/nrendo.2016.116
https://doi.org/10.1038/nrendo.2016.116
https://doi.org/10.3390/genes11040376
https://doi.org/10.1016/j.rbmo.2013.06.010
https://doi.org/10.1016/j.steroids.2003.09.004
https://doi.org/10.1371/journal.pone.0089742
https://doi.org/10.1016/j.jri.2011.06.103
https://doi.org/10.1016/j.jri.2011.06.103


compromised in endometrial stromal cells derived from patients with
infertility. J Clin Endocrinol Metab. 2005;90:1607–12. https://doi.org/10.1210/
jc.2004-0868.

8. Dimitriadis E, White CA, Jones RL, Salamonsen LA. Cytokines, chemokines
and growth factors in endometrium related to implantation. Hum Reprod
Update. 2005;11:613–30. https://doi.org/10.1093/humupd/dmi023.

9. Takamura M, Zhou W, Rombauts L, Dimitriadis E. The long noncoding RNA
PTENP1 regulates human endometrial epithelial adhesive capacity in vitro:
implications in infertility. Biol Reprod. 2020;102:53–62. https://doi.org/10.
1093/biolre/ioz173.

10. Van Sinderen M, Oyanedel J, Menkhorst E, Cuman C, Rainczuk K, Winship A,
Salamonsen L, Edgell T, Dimitriadis E. Soluble Delta-like ligand 1 alters
human endometrial epithelial cell adhesive capacity. Reprod Fertil Dev.
2017;29:694–702. https://doi.org/10.1071/RD15313.

11. Winship A, Correia J, Zhang JG, Nicola NA, Dimitriadis E. Leukemia inhibitory
factor (LIF) inhibition during mid-gestation impairs Trophoblast invasion and
spiral artery Remodelling during pregnancy in mice. PLoS One. 2015;10:
e0129110. https://doi.org/10.1371/journal.pone.0129110.

12. Zhou W, Santos L, Dimitriadis E. Characterization of the role for cadherin 6
in the regulation of human endometrial receptivity. Reprod Biol Endocrinol.
2020;18:66. https://doi.org/10.1186/s12958-020-00624-w.

13. Bernardini F, Warburton MJ. The substrate range of tripeptidyl-peptidase I.
Eur J Paediatr Neurol. 2001;5(Suppl A):69–72. https://doi.org/10.1053/ejpn.
2000.0438.

14. Golabek AA, Kida E, Walus M, Wujek P, Mehta P, Wisniewski KE. Biosynthesis,
glycosylation, and enzymatic processing in vivo of human tripeptidyl-
peptidase I. J Biol Chem. 2003;278:7135–45. https://doi.org/10.1074/jbc.
M211872200.

15. Tomkinson B. Tripeptidyl peptidases: enzymes that count. Trends Biochem
Sci. 1999;24:355–9. https://doi.org/10.1016/s0968-0004(99)01435-8.

16. Page AE, Fuller K, Chambers TJ, Warburton MJ. Purification and
characterization of a tripeptidyl peptidase I from human osteoclastomas:
evidence for its role in bone resorption. Arch Biochem Biophys. 1993;306:
354–9. https://doi.org/10.1006/abbi.1993.1523.

17. Junaid MA, Clark GM, Pullarkat RK. A lysosomal pepstatin-insensitive
proteinase as a novel biomarker for breast carcinoma. Int J Biol Markers.
2000;15:129–34.

18. Kida E, Golabek AA, Walus M, Wujek P, Kaczmarski W, Wisniewski KE.
Distribution of tripeptidyl peptidase I in human tissues under normal and
pathological conditions. J Neuropathol Exp Neurol. 2001;60:280–92. https://
doi.org/10.1093/jnen/60.3.280.

19. Henderson IWD. Congenital deformities associated with Bendectin. Can
Med Assoc J. 117(1977):721–2.

20. Murray MJ, Lessey BA. Embryo implantation and tumor metastasis: common
pathways of invasion and angiogenesis. Semin Reprod Endocrinol. 1999;17:
275–90. https://doi.org/10.1055/s-2007-1016235.

21. Sliva D. Signaling pathways responsible for cancer cell invasion as targets
for cancer therapy. Curr Cancer Drug Targets. 2004;4:327–36. https://doi.org/
10.2174/1568009043332961.

22. Ling CK, Santos LL, Zhou W, Dimitriadis E. Chloride intracellular channel 4 is
dysregulated in endometrium of women with infertility and alters
receptivity. Biochem Biophys Res Commun. 2020;531:490–6. https://doi.org/
10.1016/j.bbrc.2020.07.046.

23. Hannan NJ, Paiva P, Dimitriadis E, Salamonsen LA. Models for study of
human embryo implantation: choice of cell lines? Biol Reprod. 2010;82:235–
45. https://doi.org/10.1095/biolreprod.109.077800.

24. Winship A, Ton A, Van Sinderen M, Menkhorst E, Rainczuk K, Griffiths M,
Cuman C, Dimitriadis E. Mouse double minute homologue 2 (MDM2)
downregulation by miR-661 impairs human endometrial epithelial cell
adhesive capacity. Reprod Fertil Dev. 2018;30:477–86. https://doi.org/10.
1071/RD17095.

25. Dimitriadis E, Robb L, Salamonsen LA. Interleukin 11 advances
progesterone-induced decidualization of human endometrial stromal cells.
Mol Hum Reprod. 2002;8:636–43. https://doi.org/10.1093/molehr/8.7.636.

26. Golabek AA, Kida E. Tripeptidyl-peptidase I in health and disease. Biol Chem.
2006;387:1091–9. https://doi.org/10.1515/BC.2006.135.

27. Salamonsen LA, Dimitriadis E, Jones RL, Nie G. Complex regulation of
decidualization: a role for cytokines and proteases--a review. Placenta. 2003;
24(Suppl A):S76–85. https://doi.org/10.1053/plac.2002.0928.

28. Dimitriadis E, Stoikos C, Baca M, Fairlie WD, McCoubrie JE, Salamonsen LA.
Relaxin and prostaglandin E (2) regulate interleukin 11 during human

endometrial stromal cell decidualization. J Clin Endocrinol Metab. 2005;90:
3458–65. https://doi.org/10.1210/jc.2004-1014.

29. Sinclair DA, Guarente L. Unlocking the secrets of longevity genes. Sci Am.
2006;294:48–51, 54-47. https://doi.org/10.1038/scientificamerican0306-48.

30. Yamamoto H, Schoonjans K, Auwerx J. Sirtuin functions in health and
disease. Mol Endocrinol. 2007;21:1745–55. https://doi.org/10.1210/me.2007-
0079.

31. Nemoto S, Fergusson MM, Finkel T. Nutrient availability regulates SIRT1
through a forkhead-dependent pathway. Science. 2004;306:2105–8. https://
doi.org/10.1126/science.1101731.

32. Shirane A, Wada-Hiraike O, Tanikawa M, Seiki T, Hiraike H, Miyamoto Y, Sone
K, Hirano M, Oishi H, Oda K, Kawana K, Nakagawa S, Osuga Y, Fujii T, Yano T,
Kozuma S, Taketani Y. Regulation of SIRT1 determines initial step of
endometrial receptivity by controlling E-cadherin expression. Biochem
Biophys Res Commun. 2012;424:604–10. https://doi.org/10.1016/j.bbrc.2012.
06.160.

33. Yoo JY, Kim TH, Fazleabas AT, Palomino WA, Ahn SH, Tayade C, Schammel
DP, Young SL, Jeong JW, Lessey BA. KRAS activation and over-expression of
SIRT1/BCL6 contributes to the pathogenesis of endometriosis and
progesterone resistance. Sci Rep. 2017;7:6765. https://doi.org/10.1038/
s41598-017-04577-w.

34. Otsuki Y, Misaki O, Sugimoto O, Ito Y, Tsujimoto Y, Akao Y. Cyclic bcl-2 gene
expression in human uterine endometrium during menstrual cycle. Lancet.
1994;344:28–9. https://doi.org/10.1016/s0140-6736(94)91051-0.

35. Kimber SJ. Leukaemia inhibitory factor in implantation and uterine biology.
Reproduction. 2005;130:131–45. https://doi.org/10.1530/rep.1.00304.

36. Nag S, Qin J, Srivenugopal KS, Wang M, Zhang R. The MDM2-p53 pathway
revisited. J Biomed Res. 2013;27:254–71. https://doi.org/10.7555/JBR.27.
20130030.

37. Papoff G, Presutti D, Lalli C, Bolasco G, Santini S, Manelfi C, Fustaino V,
Alema S, Ruberti G. CASP4 gene silencing in epithelial cancer cells leads to
impairment of cell migration, cell-matrix adhesion and tissue invasion. Sci
Rep. 2018;8:17705. https://doi.org/10.1038/s41598-018-35792-8.

38. Zhang S, Mesalam A, Joo MD, Lee KL, Hwang JY, Xu L, Song SH, Koh PO,
Yuan YG, Lv W, Kong IK. Matrix metalloproteinases improves trophoblast
invasion and pregnancy potential in mice. Theriogenology. 2020;151:144–
50. https://doi.org/10.1016/j.theriogenology.2020.02.002.

39. Salker MS, Christian M, Steel JH, Nautiyal J, Lavery S, Trew G, Webster Z, Al-
Sabbagh M, Puchchakayala G, Foller M, Landles C, Sharkey AM, Quenby S,
Aplin JD, Regan L, Lang F, Brosens JJ. Deregulation of the serum- and
glucocorticoid-inducible kinase SGK1 in the endometrium causes
reproductive failure. Nat Med. 2011;17:1509–13. https://doi.org/10.1038/nm.
2498.

40. Donaldson JG. Multiple roles for Arf6: sorting, structuring, and signaling at
the plasma membrane. J Biol Chem. 2003;278:41573–6. https://doi.org/10.
1074/jbc.R300026200.

41. Berneau SC, Ruane PT, Brison DR, Kimber SJ, Westwood M, Aplin JD.
Investigating the role of CD44 and hyaluronate in embryo-epithelial
interaction using an in vitro model. Mol Hum Reprod. 2019;25:265–73.
https://doi.org/10.1093/molehr/gaz011.

42. Fukuda MN, Sugihara K. Cell adhesion molecules in human embryo
implantation. Sheng Li Xue Bao. 2012;64:247–58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Santos et al. Reproductive Biology and Endocrinology          (2020) 18:124 Page 10 of 10

https://doi.org/10.1210/jc.2004-0868
https://doi.org/10.1210/jc.2004-0868
https://doi.org/10.1093/humupd/dmi023
https://doi.org/10.1093/biolre/ioz173
https://doi.org/10.1093/biolre/ioz173
https://doi.org/10.1071/RD15313
https://doi.org/10.1371/journal.pone.0129110
https://doi.org/10.1186/s12958-020-00624-w
https://doi.org/10.1053/ejpn.2000.0438
https://doi.org/10.1053/ejpn.2000.0438
https://doi.org/10.1074/jbc.M211872200
https://doi.org/10.1074/jbc.M211872200
https://doi.org/10.1016/s0968-0004(99)01435-8
https://doi.org/10.1006/abbi.1993.1523
https://doi.org/10.1093/jnen/60.3.280
https://doi.org/10.1093/jnen/60.3.280
https://doi.org/10.1055/s-2007-1016235
https://doi.org/10.2174/1568009043332961
https://doi.org/10.2174/1568009043332961
https://doi.org/10.1016/j.bbrc.2020.07.046
https://doi.org/10.1016/j.bbrc.2020.07.046
https://doi.org/10.1095/biolreprod.109.077800
https://doi.org/10.1071/RD17095
https://doi.org/10.1071/RD17095
https://doi.org/10.1093/molehr/8.7.636
https://doi.org/10.1515/BC.2006.135
https://doi.org/10.1053/plac.2002.0928
https://doi.org/10.1210/jc.2004-1014
https://doi.org/10.1038/scientificamerican0306-48
https://doi.org/10.1210/me.2007-0079
https://doi.org/10.1210/me.2007-0079
https://doi.org/10.1126/science.1101731
https://doi.org/10.1126/science.1101731
https://doi.org/10.1016/j.bbrc.2012.06.160
https://doi.org/10.1016/j.bbrc.2012.06.160
https://doi.org/10.1038/s41598-017-04577-w
https://doi.org/10.1038/s41598-017-04577-w
https://doi.org/10.1016/s0140-6736(94)91051-0
https://doi.org/10.1530/rep.1.00304
https://doi.org/10.7555/JBR.27.20130030
https://doi.org/10.7555/JBR.27.20130030
https://doi.org/10.1038/s41598-018-35792-8
https://doi.org/10.1016/j.theriogenology.2020.02.002
https://doi.org/10.1038/nm.2498
https://doi.org/10.1038/nm.2498
https://doi.org/10.1074/jbc.R300026200
https://doi.org/10.1074/jbc.R300026200
https://doi.org/10.1093/molehr/gaz011

	Abstract
	Background
	Methods
	Ethics statement
	Primary endometrial tissue collection
	Immunohistochemistry
	Cell lines
	siRNA transfection of Ishikawa cells
	HTR8/SVneo spheroid adhesion assay
	Primary human endometrial stromal cell isolation and culture
	Primary human endometrial stromal cell decidualization assay
	RNA isolation and qPCR
	Statistical analysis

	Results
	TPP1 is abnormally reduced in the endometrial luminal epithelium in infertile women
	TPP1 siRNA knockdown impaired endometrial epithelial cell adhesive capacity and SIRT1, p53 and BCL2 gene expression
	TPP1 did not affect the expression of decidualization markers and primary human endometrial stromal cell morphology during decidualization

	Discussion
	Conclusion
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

