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STUDY QUESTION: What are the effects of pre-analytical variables on the downstream analysis of patient-derived endometrial biopsies?

SUMMARY ANSWER: There are distinct differences in the protein levels of the master regulator of oxygen homeostasis, hypoxia-
inducible factor-1-alpha (HIF1a), and the protein and mRNA levels of three related genes, carbonic anhydrase 9 (CA9), vascular endothelial
growth factor A (VEGFA) and progesterone receptor (PR) in human endometrial biopsies, depending on the pre-analytical variables: disease
status (cancer vs benign), timing of biopsy (pre- vs post-hysterectomy) and type of biopsy (pipelle vs full-thickness).

WHAT IS KNOWN ALREADY: Patient-derived biopsies are vital to endometrial research, but pre-analytical variables relating to their
collection may affect downstream analysis, as is evident in other tissues.

STUDY DESIGN, SIZE, DURATION: A prospective observational study including patients undergoing hysterectomy for endometrial
cancer (EC) or benign indications was conducted at a large tertiary gynaecological unit in the UK. Endometrial biopsies were obtained at
different time points (pre- or post-hysterectomy) using either a pipelle endometrial sampler or as a full-thickness wedge biopsy.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The changes in HIF1a, CA9, VEGFA and PR protein levels were measured
by semi-quantitative analysis of immunostaining, and the expression levels of three genes (CA9, VEGFA and PR) were investigated by quanti-
tative real-time PCR, in endometrial biopsies from 43 patients undergoing hysterectomy for EC (n¼ 22) or benign gynaecological indica-
tions (n¼ 21).

MAIN RESULTS AND THE ROLE OF CHANCE: An increase in HIF1a immunostaining was observed in EC versus benign endome-
trium (functionalis glands) obtained pre-hysterectomy (P< 0.001). An increase in CA9 immunostaining was observed in EC versus benign
endometrial functionalis glands at both pre- and post-hysterectomy time points (P¼ 0.03 and P¼ 0.003, respectively). Compared with be-
nign endometrial pipelle samples, EC samples demonstrated increased mRNA expression of CA9 (pre-hysterectomy P< 0.001, post-
hysterectomy P¼ 0.008) and VEGFA (pre-hysterectomy P¼ 0.004, post-hysterectomy P¼ 0.002). In benign uteri, HIF1a immunoscores
(functionalis glands, P¼ 0.03 and stroma, P¼ 0.009), VEGFA immunoscores (functionalis glands, P¼ 0.03 and stroma, P¼ 0.01) and VEGFA
mRNA levels (P¼ 0.008) were increased in matched post-hysterectomy versus pre-hysterectomy samples. Similarly, in EC, an increase in
VEGFA immunoscores (epithelial and stromal) and VEGFA mRNA expression was observed in the matched post-hysterectomy versus pre-
hysterectomy biopsies (P¼ 0.008, P¼ 0.004 and P¼ 0.018, respectively). Full-thickness benign post-hysterectomy endometrial biopsies dis-
played increased VEGFA (P¼ 0.011) and PR (P¼ 0.006) mRNA expression compared with time-matched pipelle biopsies.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: This descriptive study explores the effect of pre-analytical variables on the expression of
four proteins and three hypoxia-related genes in a limited number of endometrial biopsies from patients with EC and benign controls. Due
to the small number, it was not possible to investigate other potential variables such as menstrual cycle phase, region-specific differences
within the endometrium, grade and stage of cancer, and surgical technicalities.
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WIDER IMPLICATIONS OF THE FINDINGS: Careful consideration of the effects of these pre-analytical variables is essential when
interpreting data relating to human endometrial biopsies. A standardized approach to endometrial tissue collection is essential to ensure
accurate and clinically transferrable data.
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Introduction
Human endometrial biopsies are fundamental to research in the fields
of gynaecology, reproduction and cancer (Maclean et al., 2020b). The
endometrium is a dynamic mucosal tissue that lines the uterine cavity,
consisting of lumen and gland-forming epithelium, stroma, blood ves-
sels, lymphatics, neurones and leucocytes (Gargett et al., 2016). It is
organized into two functionally distinct layers, the stratum functionalis
and the stratum basalis, which overlie the myometrium (Tempest
et al., 2018). The most distinctive feature of the human endometrium
is menstruation, during which the stratum functionalis is shed and sub-
sequently regenerated from the underlying basalis. Menstruation is a
unique process, shared only by humans and upper-order primates,
and is not replicated in the commonly used laboratory animal models
such as rodents (Cha et al., 2012). Therefore, patient-derived bio-
specimens are essential in translational research (Adishesh et al., 2017)
to improve the current understanding of menstrual disorders, subfertil-
ity and EC. This will contribute to providing new diagnostic and prog-
nostic indicators, and therapeutic targets (Lee et al., 2015; Adishesh
et al., 2017; Maclean et al., 2020b; Tempest et al., 2020).

Data generated by patient-derived specimens have been shown to
be affected by their quality, processing and storage, for a variety of hu-
man tissues (Jewell et al., 2002; Espina et al., 2008; Grushko et al.,
2022), and numerous studies have reported wide-ranging factors that
influence gene and protein expression data, which are specific to bio-
banking or particular to the patient (Almeida et al., 2004; Ma et al.,
2012; Lee et al., 2015; Grizzle et al., 2016; Pedersen et al., 2018).

There is preliminary evidence that endometrial tissues obtained after
hysterectomy are susceptible to changes in protein expression com-
pared to matched pre-hysterectomy endometrial aspirates (Maiques
et al., 2014). However, the full effect of pre-analytical variables such as
the sample collection method and processing has not yet been fully
elucidated in the human endometrium. These factors need to be con-
sidered when interpreting data from patient-derived biopsies, to pre-
vent misinterpretation of results (Adishesh and Hapangama, 2019).
With the advent of molecular targeted therapies, there is an increas-
ingly important clinical role for gene expression studies providing indi-
vidualized information to guide patient therapy, giving impetus to the
move towards synchronization of bio-banking standards (Sheldon
et al., 2011; Adishesh et al., 2017; Adishesh and Hapangama, 2019).

A role for hypoxia as a normal physiological process in the cycling
endometrium is supported by the presence of local tissue hypoxia at
menstruation (Critchley et al., 2006; Maybin et al., 2011b, 2018;
Cousins et al., 2016). However, endometrial biopsies obtained post-
hysterectomy are further subjected to ischaemia due to a compro-
mised blood supply during the time delay between devascularization
and resection of the uterus. Ischaemia has been reported to alter
downstream protein and gene expression in other tissues (Atkin et al.,
2006; Schlomm et al., 2008; Gundisch et al., 2012; Grizzle et al., 2016;
Pedersen et al., 2018). Hypoxia is also a common feature of cancers,
as oxygen demand is surpassed by supply in rapidly proliferating cells
(Muz et al., 2015). Hypoxia-inducible factor-1-alpha (HIF1a) protein is
the oxygen-responsive subunit of the heterodimeric nuclear transcrip-
tion factor HIF1 that mediates the cellular response to hypoxia

WHAT DOES THIS MEAN FOR PATIENTS?
Tissue biopsies from patients are vital for research, to improve our understanding of diseases and the development of treatments. Previous
studies have shown that events preceding the collection of a tissue biopsy can affect the results of subsequent experiments. This is impor-
tant to know, as it can affect the accuracy of the conclusions drawn from the data. This has not previously been investigated in human en-
dometrium (the lining of the uterus).

This research was carried out on two groups of women who were having a hysterectomy for either endometrial cancer (EC) or non-
cancer indications such as pelvic organ prolapse. Endometrial tissue biopsies were taken from the same patients at different time points
(before or after hysterectomy) using different methods. The effect of these variables was examined by comparing the levels of a protein
called hypoxia-inducible factor-1-alpha (HIF1a), which governs the tissue oxygen levels, and three proteins that are controlled by HIF1a, as
well as their gene expression levels in the biopsies. The researchers found that there were distinct differences in the protein and gene ex-
pression levels, depending on the timing and type of biopsy, and the presence or absence of EC cells.

This study highlights that, as in other tissues, human endometrial biopsies are also affected by variables related to their collection, which
can affect the results of downstream experiments. It is important to consider this when interpreting data from patient-derived biopsies
and, where possible, to use a standardized approach to endometrial biopsy collection to improve the validity of results.

2 Maclean et al.
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(Semenza, 2000). Cells constitutionally synthesize HIFa protein but,
under reduced concentrations of oxygen, the HIF1a protein level
increases due to its reduced degradation. HIF1 is vital for oxygen ho-
meostasis, through increased stability (thus increased levels) of its
monomers including HIF1a, which acts as a marker of cell hypoxia
(Zhang and Salamonsen, 2002). It regulates the transcription of many
hypoxia-related genes, including vascular endothelial growth factor A
(VEGFA), carbonic anhydrase 9 (CA9) and progesterone receptor (PR;
Henriquez et al., 2017). HIF1 generates an inflammatory response and
angiogenesis in response to the hypoxia through transcriptional activa-
tion of angiogenic genes, such as the downstream target and gene of
interest, VEGFA. VEGFA is a dominant inducer of blood vessel growth,
mediating angiogenesis from pre-existing vessels (Shweiki et al., 1992).
The enzyme CA9 is also a cellular biomarker of hypoxia, particularly in
tumours, and is one of the most sensitive endogenous sensors of HIF1
activity (Kaluz et al., 2009).

We conducted a study examining the differential HIF1a protein lev-
els, and three downstream HIF1a-related genes (VEGFA, CA9 and PR)
and the levels of proteins they encode in endometrial cancer (EC)
compared with benign endometrial tissue biopsies. High expression
levels of PR have been suggested to be associated with favourable sur-
vival after EC (Yang et al., 2014; Zhang et al., 2015), hence it was se-
lected for inclusion in this study due to its potential prognostic
relevance, as well as its involvement in the regulation of HIF1a expres-
sion (Daikoku et al., 2003; Song et al., 2008; Habib et al., 2014). The
study was designed to test the hypothesis that pre-analytical variables
alter downstream protein and gene expression in human endometrial
biopsies.

Materials and methods

Ethical approval
Adult Research Ethics Committee approval for the study was obtained
(19/WA/0271 and 19/SC/0449).

Patient population
A total of 50 patients undergoing hysterectomy at a large tertiary hos-
pital were recruited between 2017 and 2018. Each participant gave

written informed consent for the use of human samples in this study.
This included 22 patients undergoing hysterectomy for benign patholo-
gies (heavy menstrual bleeding, pelvic pain, pelvic organ prolapse or
simple ovarian cysts, without any known endometrial pathology).
Benign samples were assigned to a menstrual cycle phase by two ex-
perienced endometrial pathologists using histological criteria as previ-
ously described and patient-reported last menstrual period date
(Kamal et al., 2016). A further 28 samples were obtained from
patients undergoing hysterectomy as treatment for EC, none of whom
had received pre-operative chemo/radiotherapy. Overall, seven
patients were excluded from the study (benign group, n¼ 1; EC
group, n¼ 6) due to poor-quality endometrial samples. The remaining
22 patients in the EC group included 17 cases of endometrioid adeno-
carcinoma (grade 1¼ 8, grade 2¼ 6, grade 3¼ 3), three cases of car-
cinosarcoma, one case of clear cell carcinoma and one case of serous
carcinoma.

In the benign group of 21 patients, paired endometrial biopsies
(pre- and post-hysterectomy) were obtained from 17 patients, and ad-
ditional myometrial biopsies (post-hysterectomy only) were obtained
from four patients. From the EC group, paired endometrial biopsies
were obtained from all 22 patients. See Table I and Supplementary
Fig. S1 for patient demographics and cohorts.

Samples
Pre-hysterectomy samples were taken using a pipelle endometrial sam-
pler after induction of anaesthesia in all patients, except those having a
myometrial biopsy only. Post-hysterectomy samples were collected
from the surgically removed uterus immediately after its removal from
the patient in the operating theatre, using two methods: a pipelle sam-
pler in both groups and a further full-thickness (FT) in only post-
hysterectomy biopsies from the benign group. The FT biopsy was
obtained by removing a wedge-shaped section of endometrium from
the lumen to the myometrium, including functional and basal layers. FT
biopsies were not obtained from the EC group to prevent disruption
of the specimen prior to pathological assessment. Immediately follow-
ing removal, samples were placed in neutral buffered formalin (NBF)
or RNALater. RNALater was aspirated prior to storage at �80�C un-
til RNA extraction. Samples in NBF were stored at 4�C for 24 h, and
subsequently processed and impregnated in paraffin wax for long-term
storage at room temperature.

............................................................................................................................................................................................................................

Table I Demographic data of participants.

Group Type Number Age (years) BMI (kg/m2) Smoker (%) Parity

Benign Menstrual 1 47 35 100 3

Proliferative 10 40 (24–47) 28 (20–37) 20 2 (0–5)

Secretory 6 41 (34–46) 28 (21–32) 40 2 (2–5)

Myometrium 4 43 (34–57) 24 (20–28) 0 1 (0–3)

All benign 21 41 (24–57) 26.9 (20–35) 23 2 (0–5)

EC EAC 17 68 (58–85) 35 (23–47) 28.6 2 (0–3)

Other* 5 76 (72–83) 30 (19–51) 40 2 (0–3)

All EC 22 73 (58–85) 34 (19–51) 31.6 2 (0–3)

EAC, endometrioid adenocarcinoma; EC, endometrial cancer. Data expressed as median (range).
*Other ¼ carcinosarcoma (n¼ 3), serous carcinoma (n¼ 1), clear cell carcinoma (n¼ 1).
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Following International Federation of Gynaecology and Obstetrics

guidance (Zaino et al., 1995), gynaecological pathologists allocated his-
tological descriptors for EC type and grade. Benign endometrial sam-
ples were assigned phases according to histological features and last
menstrual date as described by Noyes et al. (1975). Haematoxylin and
eosin (H&E) staining of formalin-fixed paraffin-embedded (FFPE) tissue
sections was performed to assess the quality of biopsies, prior to per-
forming experiments. Seven patients were excluded from the original
cohort of 50 patients due to the following reasons: sample lacking any
endometrial compartments and containing only blood/mucous or EC
samples lacking cancerous epithelial cells. The remaining 43 patients
were included in the study, and the groups and biopsy types can be
seen in Supplementary Fig. S1.

Quantitative real-time PCR
RNA was extracted, quantified and reverse transcribed as previously
described using TRIzolVR Plus RNA Purification System (Life
Technologies, Paisley, UK) and iScript cDNA synthesis kit (Bio-Rad,
Hemel-Hempstead, UK) after DNase treatment (Promega,
Southampton, UK) following the manufacturers protocol (Mathew
et al., 2016). cDNA (1 lg per sample) was amplified in triplicate using
iTaq universal SYBR Green Supermix and CFX Connect Real-Time
System (Bio-Rad, Hertfordshire, UK). Primers and reaction conditions
are listed in Supplementary Table SI. Melt curves were obtained for all
genes from 65�C to 95�C in 0.5�C increments for 5 seconds. Relative
mRNA transcript expression for CA9, VEGFA and PR was calculated us-
ing the DDCT method, relative to the reference genes, beta actin
(ACTB) and peptidylprolyl Isomerase A (PPIA) and normalized to
Ishikawa cell line expression using Bio-Rad CFX Manager (Bio-Rad,
Hertfordshire, UK).

Immunohistochemistry
FFPE tissue sections (3mm) underwent heat-induced antigen retrieval
in citrate buffer at pH 6 as previously described (Kamal et al., 2016)
and were immunostained with anti-human HIF1a, CA9, VEGFA and
PR antibodies. Antibody details are given in Supplementary Table SII.

Analysis of immunohistochemistry staining
Immunostaining for HIF1a, CA9 and VEGFA was assessed semi-
quantitatively using a modified quickscore, by two independent observ-
ers, which encompasses both staining intensity and abundance, as
previously described (Valentijn et al., 2013). PR immunostaining was
assessed in a similar method, using the Liverpool Endometrial Steroid
Receptor Quickscore method (LESQS; Kamal et al., 2016).
Discrepancies between the two observers were resolved by re-
evaluating the samples and agreeing on a final score. Epithelial and
stromal staining, as well as nuclear and cytoplasmic staining of HIF1a,
were scored separately in the basalis and functionalis of the endome-
trial samples, taking into account the entire sample. Poor-quality sam-
ples were excluded and in the case of samples lacking certain regions
of the endometrium, only the present regions were scored.

Statistical analyses
All statistical analyses were performed using Graphpad Prism v 5.0,
employing non-parametric tests (Kruskal–Wallis and/or Mann–

Whitney U-test or Wilcoxon signed rank test). Descriptive values are
presented as median and range unless otherwise stated. Results were
considered statistically significant when P< 0.05.

Results

Demographic data
The patient demographics are detailed in Table 1 and the sample
group is shown in Supplementary Fig. S1. Patients with EC were signifi-
cantly older than the benign group (P< 0.0001) and had significantly
increased BMI (P¼ 0.02). There were no significant differences in
smoking status or parity between the EC and benign groups. Samples
from the benign group included premenopausal endometrium at differ-
ent stages of the menstrual cycle, with one in the menstrual phase, 10
in the proliferative phase and 6 in the secretory phase, while in 4
cases, only myometrium was obtained. The EC group participants
were all postmenopausal.

EC is associated with increased HIF1a and
CA9 immunostaining scores and increased
CA9 and VEGFA mRNA levels
HIF1a immunoexpression was significantly increased in pre-
hysterectomy pipelle samples from patients with EC compared with
samples of benign endometrial functionalis glands (6 (6–9) n¼ 19 vs 1
(0–6) n¼ 15, P< 0001, respectively; Fig. 1A). No significant difference
in HIF1a immunostaining was observed in post-hysterectomy pipelle
biopsies between EC and benign endometrial functionalis glands (5 (4–
8) n¼ 19 vs 5 (0–8) n¼ 11; Fig. 1B).

Similarly, CA9 immunoexpression was significantly increased in pre-
hysterectomy pipelle samples from EC patients compared with benign
endometrial functionalis glands (3 (0–8) n¼ 17 vs 2 (0–5) n¼ 12,
P¼ 0.03, respectively; Fig. 1C). There was also a significant increase in
CA9 immunoscores in post-hysterectomy pipelle biopsies in EC com-
pared to benign functionalis glands (6 (3–11) n¼ 17 vs 4 (0–6) n¼ 12,
P¼ 0.003, respectively; Fig. 1D). CA9 mRNA expression was signifi-
cantly increased in pre-hysterectomy pipelle samples from patients
with EC compared with benign endometrial samples (106 (5.02–
735.5) n¼ 14 vs 12.12 (0.01–47.76) n¼ 9, P¼<0.001; Fig. 1E), and
was also significantly increased in post-hysterectomy pipelle samples
from patients with EC compared to benign endometrial samples
(68.44 (2.71–1514) n¼ 14 vs 4.13 (0.08–36.3) n¼ 5, P¼ 0.008;
Fig. 1F).

VEGFA mRNA expression was significantly increased in pre-
hysterectomy pipelle samples from patients with EC compared with
benign endometrial samples (3.28 (1.24–4.87) n¼ 13 vs 0.28 (0.1–
5.12) n¼ 9, P¼ 0.004; Fig. 1G), and was also significantly increased in
post-hysterectomy pipelle samples from patients with EC compared
with benign endometrial samples (3.57 (1.93–55.41) n¼ 14 vs 0.59
(0.21–2.01) n¼ 5, P¼ 0.002; Fig. 1H). However, no significant differ-
ence in VEGFA immunoexpression was observed between EC and be-
nign functionalis glands in pre-hysterectomy (4 (1–7) n¼ 17 vs 3 (0–8)
n¼ 12, P¼ 0.34, respectively) or post-hysterectomy pipelle biopsies
(6 (1–11) n¼ 17 vs 7 (4–10) n¼ 12, P¼ 0.38, respectively; data not
shown).
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Figure 1. HIF1a and VEGFA immunoscores and VEGFA and CA9 mRNA expression in pre- and post-hysterectomy endometrial
biopsies from endometrial cancer (EC) and benign endometrium, and representative photomicrographs illustrating the distribu-
tion of immunoreactivity for HIF1a and CA9. Photomicrographs are high power (�40). Immunoreactivity is shown by brown positive nuclear
staining. Scale bars¼ 60 mm in all panels. Immunoscores are modified quickscore as previously described (Valentijn et al., 2013). Menstrual cycle
phase of samples in the benign group is indicated by colour: red ¼ menstrual phase (MP), green ¼ proliferative phase (PP), blue ¼ secretory phase
(SP). (A) HIF1a immunoscores in pre-hysterectomy biopsies from EC compared to benign endometrium functionalis glands (FG). (B) HIF1a immu-
noscores in post-hysterectomy biopsies from EC compared to benign endometrium FG. (C) CA9 immunoscores in pre-hysterectomy biopsies from
EC compared to benign endometrium FG. (D) CA9 immunoscores in post-hysterectomy biopsies from EC compared to benign endometrium FG.
(E) CA9 in pre-hysterectomy pipelle biopsies from EC compared to benign endometrium samples. (F) CA9 in post-hysterectomy pipelle biopsies
from EC compared to benign endometrium. (G) VEGFA in pre-hysterectomy pipelle biopsies from EC compared to benign endometrium. (H) VEGFA
in post-hysterectomy pipelle biopsies from EC compared to benign endometrium. HIF1a, hypoxia-inducible factor-1-alpha; VEGFA, vascular endo-
thelial growth factor A; CA9, carbonic anhydrase 9.
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No significant difference in PR mRNA expression was observed in
pipelle samples from EC compared to benign endometrium obtained
pre-hysterectomy (3.53 (0.13–24.52) n¼ 14 vs 4.8 (0.62–43.4) n¼ 9,
respectively) or post-hysterectomy (7.56§ 9.44 n¼ 14 vs 4.04§ 2.89
n¼ 5, respectively; data not shown).

PR mRNA expression is significantly
reduced in high-grade EC samples
regardless of timing of biopsy
In EC, PR mRNA expression was significantly reduced in high-
grade compared to low-grade EC samples, independent of the
timing of when the biopsy was obtained (pre-hysterectomy: 1.71
(0.13–6.7) n¼ 7 vs 5.87 (2.27–24.52) n¼ 7, P¼ 0.026, and post-
hysterectomy: 0.59 (0.04–6.08) n¼ 7 vs 9.88 (2.96–29.69) n¼ 7,
P¼ 0.038; Fig. 2). No significant differences in PR immunoscores
were observed between high-grade and low-grade EC in either
pre- or post-hysterectomy biopsies in cancerous epithelia or
stroma (Supplementary Fig. S2).

The timing of endometrial sampling affects
HIF1a protein and HIF1a-related gene and
protein expression at a cellular level
The effect of time of sampling on HIF1a protein levels and gene
(mRNA) expression levels of three HIF1a-related genes, CA9, VEGFA
and PR was investigated in 39 paired (collected from the same patient)
pre- and post-hysterectomy endometrial biopsies from EC (n¼ 22)
and benign endometrial samples (n¼ 17).

The median time from induction of anaesthesia to pre-hysterectomy
pipelle biopsy was 25 min (range: 8–98 min), and the median time be-
tween pre- and post-hysterectomy biopsies was 190 min (range: 57–
270 min).

A significant increase in HIF1a immunoscores was observed in
benign endometrium in post-hysterectomy compared to pre-
hysterectomy samples in the functionalis glands (5 (1.25–9) n¼ 12
vs 1 (0–6) n¼ 13, P¼ 0.03, respectively; Fig. 3A), and in

functionalis stroma (5 (2–6) n¼ 13 vs 1 (0–4) n¼ 13, P¼ 0.009, re-
spectively; Fig. 3B). There was no statistically significant difference
in HIF1a immunostaining between pre- and post-hysterectomy EC
biopsies (Supplementary Fig. S3).

The same was observed for VEGFA protein expression, with in-
creased immunoscores in post-hysterectomy compared to pre-
hysterectomy samples in the functionalis glands (7 (4–10) n¼ 12 vs
3 (0–10) n¼ 12, P¼ 0.03, respectively; Fig. 3C), and functionalis
stroma (8 (3–12) n¼ 12 vs 4 (1–8) n¼ 12, P¼ 0.01, respectively;
Fig. 3D). In EC, VEGFA immunoscores also increased in the post-
hysterectomy compared to pre-hysterectomy samples in both can-
cerous epithelial cells (6 (1–11) n¼ 17 vs 4 (1–7) n¼ 17,
P¼ 0.008, respectively; Fig. 3E), and cancerous stromal compart-
ments (6 (0–10) n¼ 17 vs 3.5 (0–6) n¼ 17, P¼ 0.004, respectively;
Fig. 3F).

VEGFA mRNA expression was significantly increased in benign endo-
metrial samples obtained post-hysterectomy compared to pre-
hysterectomy samples (0.93 (0.21–8.38) n¼ 9 vs 0.28 (0.1–5.12)
n¼ 9, P¼ 0.008, respectively; Fig. 3G). Also in EC samples, post-
hysterectomy samples displayed significantly increased VEGFA mRNA
compared to pre-hysterectomy samples (3.65 (2.33–55.41) n¼ 13 vs
3.28 (1.24–4.87) n¼ 13, P¼ 0.018, respectively; Fig. 3H).

EC samples also displayed an increase in CA9 immunoscores within
the cancerous epithelial cells in post-hysterectomy compared to pre-
hysterectomy samples (6 (3–11) n¼ 17 vs 3 (0–8) n¼ 17, P¼ 0.002,
respectively; Supplementary Fig. S4). No other significant differences
were seen in immunoscores or mRNA expression levels for CA9 or
PR between pre- and post-hysterectomy samples in either group
(Supplementary Fig. S5).

The sampling method employed affects
downstream analysis of some endometrial
markers
In benign endometrium, post-hysterectomy samples (n¼ 7) were
obtained using two tissue harvesting methods, a pipelle sampler and a
standard FT endometrial wedge biopsy, and the effect of the sampling
method on protein and gene expression was assessed.

Immunoexpression of HIF1a, CA9 and VEGFA were directly com-
pared between specific regions (functionalis and basalis) and cell types
(epithelial and stromal), and no significant difference was observed be-
tween the same endometrial sub-regions in post-hysterectomy pipelle
samples compared with the post-hysterectomy FT samples
(Supplementary Tables SIII, SIV and SV).

Significant increases in VEGFA and PR mRNA expression were ob-
served in the post-hysterectomy FT samples compared to time-
matched pipelle biopsies in benign endometrium (5.7 (0.75–13.4)
n¼ 8 vs 0.59 (0.21–2.01) n¼ 5, P¼ 0.011, and 42.85 (7.19–122.7)
n¼ 8, vs 3.34 (0.45–7.54) n¼ 5, P¼ 0.006, respectively; Fig. 4). FT
endometrial samples often also contain the underlying myometrium.
Therefore, to investigate if this observed increase in was due to myo-
metrial contamination, we compared VEGFA and PR mRNA expression
between time-matched post-hysterectomy myometrial samples and
endometrial pipelle samples (which do not contain any myometrium).
Significantly higher VEGFA mRNA levels were seen in myometrial biop-
sies compared to pipelle biopsies (4.43 (2.76–7.15) n¼ 4, vs 0.59
(0.21–2.01) n¼ 5, P¼ 0.0159; Fig. 5). A non-significantly higher PR

Figure 2. PR mRNA expression in low-grade (LG) and
high-grade (HG) endometrial cancer (EC). (A) Pre-hysterec-
tomy pipelle biopsy in LG versus HG EC. (B) Post-hysterectomy
pipelle biopsy in LG versus HG EC.
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Figure 3. HIF1a and VEGFA immunoscores and VEGFA mRNA expression in paired pre-hysterectomy (pipelle) and post-hyster-
ectomy (pipelle and full thickness (FT)) endometrial biopsies. Immunoscores are modified quickscore as previously described (Valentijn
et al., 2013). (A) HIF1a immunoscores in benign endometrium functionalis glands (FG) in pre- versus post-hysterectomy biopsies. (B) HIF1a immu-
noscores in benign endometrium functionalis stroma (FS) pre- versus post-hysterectomy. (C) VEGFA immunoscores in benign endometrium FG in
pre- versus post-hysterectomy biopsies. (D) VEGFA immunoscores in benign endometrium FS pre- versus post-hysterectomy. (E) VEGFA immuno-
scores in EC epithelium pre- versus post-hysterectomy. (F) VEGFA immunoscores in EC stroma pre- versus post-hysterectomy. (G) VEGFA in benign
endometrium pre- versus post-hysterectomy. (H) VEGFA in EC pre- versus post-hysterectomy biopsies. HIF1a, hypoxia-inducible factor-1-alpha;
VEGFA, vascular endothelial growth factor A.
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mRNA level was observed in post-hysterectomy myometrial biopsies
compared to pipelle biopsies (18.11 (7.99–23.01) n¼ 4 vs 4.8 (0.45–
319.6) n¼ 6, P¼ 0.114; Fig. 5).

Discussion
This study examines the effect of pre- or post-hysterectomy timing
and sampling method of endometrial biopsies on the protein and
mRNA expression levels of markers of hypoxia in paired endometrial
biopsies. The quality of endometrial biopsy on generated data was

assessed by direct visual assessment of the H&E stained tissue to de-
termine the inclusion of different cell types and all endometrial ana-
tomical regions in the biopsy.

The observed increase in markers of hypoxia in time-matched biop-
sies from patients with EC compared to benign endometrium highlights
that potential studies comparing endometrial biopsies from these two
groups must consider the effect of disease status and ischaemia on ex-
pression of downstream markers of interest. In benign endometrium,
the increase in HIF1a protein and VEGFA protein and gene expression
in post-hysterectomy samples compared to pre-hysterectomy samples
indicates exposure of tissues to warm ischaemia intra-operatively,
which was particularly evident in the functionalis glands and stroma.
Surprisingly, CA9 protein and gene expression were not significantly
different in post-hysterectomy benign endometrial samples, which may
be due to the duration of time that the tissues were exposed to warm
ischaemia. In a similar study in colorectal tissues, Atkin et al. (2006)
reported an increase in CA9 expression after at least 4 h of devasculari-
zation, and the average time between clamping uterine vessels and re-
section of the uterus in a hysterectomy is typically less than this
(Cassling et al., 2019), with a median time of 190 min in this study.
Controlling warm ischaemia time for the purpose of preserving surgical
specimen quality is not feasible, as there are many intra-operative vari-
ables which affect the duration of the operation such as extent of un-
derlying disease, previous surgery, surgical technique and other surgical
complexities. Therefore, these effects should be taken into account
when interpreting results of protein and gene expression analyses in a
post-hysterectomy biopsy, and thus a standardized approach to endo-
metrial tissue collection is essential to ensure robust interpretation of
generated data.

In benign endometrium, post-hysterectomy samples are typically col-
lected as either pipelle or FT biopsies. A recent review of human endo-
metrial biopsies highlighted that an FT sample contains functionalis and
basalis of the endometrium and underlying myometrium, whereas the
pipelle sampler will mostly contain functionalis only, depending on the
technique and phase of menstrual cycle (Maclean et al., 2020b).
Interestingly, the significant increase in VEGFA mRNA expression in post-
hysterectomy compared to pre-hysterectomy biopsies in benign endo-
metrium was lost when only pipelle samples were considered.
Furthermore, HIF1a, CA9 and VEGFA protein levels were not signifi-
cantly different when the same endometrial regions (functional glands
and stroma) were compared in time-matched post-hysterectomy pipelle
compared to FT biopsies. Therefore, we postulate that the observed
differential expression of VEGFA in post-hysterectomy benign endome-
trium is due to the presence of cells from different endometrial regions
(functionalis and basalis) in FT samples. Furthermore, samples containing
only myometrium demonstrated significantly high VEGFA mRNA expres-
sion levels when compared with time-matched pipelle biopsies, suggest-
ing that the observed increase in VEGFA in post-hysterectomy samples is
at least partly due to the myometrial contribution. The healthy myome-
trium is well vascularized and therefore highly sensitive to hypoxia,
explaining the possible high expression of VEGFA during warm ischaemia
(Harrison-Woolrych et al., 1995). This should be considered when ana-
lysing FT endometrial biopsies as a whole, in gene expression and prote-
omic experiments. Methods allowing for region separation within
tissues, such as immunostaining methods, laser capture microdissection
or spatial transcriptomic analysis, will overcome this impediment.

Figure 4. VEGFA and PR mRNA expression in benign en-
dometrium post-hysterectomy samples. (A) VEGFA pipelle
versus full-thickness samples. (B) PR pipelle versus full-thickness sam-
ples. VEGFA, vascular endothelial growth factor A; PR, progesterone
receptor.

Figure 5. VEGFA and PR mRNA expression in benign en-
dometrial pipelle biopsy obtained post-hysterectomy com-
pared to post-hysterectomy myometrial biopsy. (A) VEGFA.
(B) PR. VEGFA, vascular endothelial growth factor A; PR, progester-
one receptor.
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A good-quality pipelle endometrial biopsy contains the luminal epi-

thelium, functional glands and functional stroma in ample quantities,
and in addition to those, a good-quality FT endometrial biopsy includes
the basal glands and basal stroma. Endometrial biopsies may lack one
or more of these cellular compartments, which affects mRNA expres-
sion and downstream analysis (Evans et al., 2014; Maclean et al.,
2020b). This variable needs to be considered particularly when endo-
metrial biopsies are taken as a whole.

In EC samples, an increase in CA9 protein and VEGFA protein and
mRNA expression was observed in post-hysterectomy compared to
pre-hysterectomy pipelle biopsies, with no change in CA9 mRNA ex-
pression, or HIF1a protein expression. Several studies have previously
suggested warm ischaemia causes significant changes in gene expres-
sion in various cancer tissues (Huang et al., 2001; Schlomm et al.,
2008; Liu et al., 2013), although this was not reflected in our results.
This could be due to the small sample size in this study; however, de-
spite the aberrant vascularization through angiogenesis, tumours are
relatively hypoxic when they outgrow their oxygen supply (Muz et al.,
2015; Petrova et al., 2018). Thus, no further significant influence on
the existing hypoxia markers may be seen with post-hysterectomy
sampling.

Overall, loss of PR in high-grade EC samples was independent of
warm ischaemia, which could be inferred as validation of current bio-
banking practices. The same was not observed for PR protein levels,
with no significant differences between high- and low-grade EC either
in pre- or post-hysterectomy samples. However, the sample size of
high-grade EC was notably smaller in the immunohistochemistry
experiments.

This study investigates the effect of warm ischaemia, by exploring
the effect of the length of intra-operative time an endometrial tissue
sample is exposed to ischaemia, in the context of four and three
hypoxia-related proteins and genes, respectively. A preferred approach
recommended for further research in this area would be to measure
the expression of a larger number of genes. With a limited number of
cases in this study, we were also unable to draw comparisons and ana-
lyse alternative putative pre-analytical variables, particularly including
grade and stage of cancer, menstrual cycle phase (Maybin et al., 2018),
patient co-morbidities and mode of surgery. There are region-specific
differences in cellular phenotype of the endometrium throughout the
menstrual cycle (Valentijn et al., 2013; Hapangama et al., 2015;
Maclean et al., 2020a), and the subsequent impact on research derived
from endometrial biopsies obtained during different phases has already
been established (Maclean et al., 2020b). There are hypoxia-related
physiological changes that occur in the cycling endometrium, which un-
doubtedly regulate downstream gene and protein expression depend-
ing on menstrual cycle phase (Maybin et al., 2011a,b, 2018), To
account for this, matched endometrial biopsies were used to examine
the variation in hypoxia-related markers at different time points, using
different sampling methods. However, for the comparison between
benign and EC samples, unpaired benign endometrial biopsies at differ-
ent menstrual cycle phases were compared to mostly postmenopausal
EC samples. Menstrual cycle phase is expected to affect the expression
of hypoxia-related markers in the benign group; however, due to small
sample sizes, we did not observe any significant differences in our co-
hort. Future studies in this area would benefit from larger sample sizes
to enable examination of temporal differences related to warm hyp-
oxia across the menstrual cycle. An increase in hypoxia-related

proteins and genes was seen in the EC samples, compared to the be-
nign samples, despite the differences in menopausal status between
groups. In other studies, benign postmenopausal endometrium has
been shown to exhibit low levels of markers of hypoxia, HIF1a and
CA9 (Horrée et al., 2007), which suggests that the results indicating in-
creased hypoxia in EC samples in this study are due to a true physio-
logical effect of disease status on the endometrium.

It is evident that pre-analytical variables such as sampling method,
pre/post-hysterectomy timing of sampling and proportion of endome-
trial regions within the sample obtained can affect downstream analysis
in the human endometrium. Careful consideration of pre-analytic varia-
bles is thus essential to produce accurate and clinically transferrable
data derived from endometrial biopsies.

Supplementary data
Supplementary data are available at Human Reproduction Open online.

Data availability
The data underlying this article will be shared on reasonable request
to the corresponding author.

Acknowledgements
The authors would like to thank all patients who participated and do-
nated tissue samples to this study. The support from the staff at the
Liverpool Women’s Hospital NHS Foundation Trust is gratefully ac-
knowledged. The authors would like to acknowledge the help of Lisa
Heathcote, Helen Cox, Samantha Williams and Alan Carter within the
technical team in the Institute of Life Courses and Medical Sciences at
University of Liverpool.

Authors’ roles
D.K.H. conceived the study design and obtained ethical approval. The
samples were collected by D.K.H. and M.A. Experiments were carried
out and data collected by A.M., M.A., L.B., L.R., J.D., R.A. and E.N.
A.M., M.A., J.D., L.B. and D.K.H. analysed and interpreted data, pro-
duced figures and produced the first draft. All authors were involved in
revising the manuscript critically for intellectual content and gave ap-
proval of the final submitted version.

Funding
The work included in this manuscript was funded by Wellbeing of
Women project grants RG1073 and RG2137 (D.K.H.), Wellbeing of
Women Entry-Level Scholarship ELS706 and Medical Research Council
MR/V007238/1 (A.M./D.K.H.), Liverpool Women’s Hospital Cancer
Charity (M.A.) and University of Liverpool (L.B., L.R. and E.N.).

Conflicts of interest
The authors have no conflicts of interest to declare.

Pre-analytic variables affect endometrium-derived data 9

https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoac026#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..
References
Adishesh M, Fyson A, DeCruze SB, Kirwan J, Werner HMJ,

Hapangama DK; ENITEC Consortium. Harmonisation of biobank-
ing standards in endometrial cancer research. Br J Cancer 2017;
117:485–493.

Adishesh M, Hapangama D. Enriching Personalized Endometrial
Cancer Research with the Harmonization of Biobanking Standards.
Cancers 2019;11:1734.

Almeida A, Paul Thiery J, Magdelenat H, Radvanyi F. Gene expres-
sion analysis by real-time reverse transcription polymerase chain
reaction: influence of tissue handling. Anal Biochem 2004;328:
101–108.

Atkin G, Daley FM, Bourne S, Glynne-Jones R, Northover J, Wilson
GD. The effect of surgically induced ischaemia on gene expression
in a colorectal cancer xenograft model. Br J Cancer 2006;94:
121–127.

Cassling C, Shay R, Strassle PD, Voltzke K, Schiff L, Louie M, Carey
E. Use of historic surgical times to predict duration of hysterec-
tomy: stratifying by uterine weight. J Minim Invasive Gynecol 2019;
26:1327–1333.

Cha J, Sun X, Dey SK. Mechanisms of implantation: strategies for
successful pregnancy. Nat Med 2012;18:1754–1767.

Cousins FL, Murray AA, Scanlon JP, Saunders PT. Hypoxyprobe
reveals dynamic spatial and temporal changes in hypoxia in a
mouse model of endometrial breakdown and repair. BMC Res
Notes 2016;9:30.

Critchley HO, Osei J, Henderson TA, Boswell L, Sales KJ, Jabbour
HN, Hirani N. Hypoxia-inducible factor-1alpha expression in hu-
man endometrium and its regulation by prostaglandin E-series
prostanoid receptor 2 (EP2). Endocrinology 2006;147:744–753.

Daikoku T, Matsumoto H, Gupta RA, Das SK, Gassmann M, DuBois
RN, Dey SK. Expression of hypoxia-inducible factors in the peri-
implantation mouse uterus is regulated in a cell-specific and ovarian
steroid hormone-dependent manner. Evidence for differential func-
tion of HIFs during early pregnancy. J Biol Chem 2003;278:
7683–7691.

Espina V, Edmiston KH, Heiby M, Pierobon M, Sciro M, Merritt B,
Banks S, Deng J, VanMeter AJ, Geho DH et al. A portrait of tissue
phosphoprotein stability in the clinical tissue procurement process.
Mol Cell Proteomics 2008;7:1998–2018.

Evans GE, Martinez-Conejero JA, Phillipson GT, Sykes PH, Sin IL,
Lam EY, Print CG, Horcajadas JA, Evans JJ. In the secretory endo-
metria of women, luminal epithelia exhibit gene and protein
expressions that differ from those of glandular epithelia. Fertil Steril
2014;102:307–317.e7.

Gargett CE, Schwab KE, Deane JA. Endometrial stem/progenitor
cells: the first 10 years. Hum Reprod Update 2016;22:137–163.

Grizzle WE, Otali D, Sexton KC, Atherton DS. Effects of cold ische-
mia on gene expression: a review and commentary. Biopreserv
Biobank 2016;14:548–558.

Grushko TA, Filiaci VL, Montag AG, Apushkin M, Gomez MJ,
Monovich L, Ramirez NC, Schwab C, Kesterson JP, Seward SM et
al. Effects of Slide Storage on Detection of Molecular Markers by
IHC and FISH in Endometrial Cancer Tissues From a Clinical Trial:
An NRG Oncology/GOG Pilot Study. Appl Immunohistochem Mol
Morphol 2022;30:27–35.

Gundisch S, Hauck S, Sarioglu H, Schott C, Viertler C, Kap M,
Schuster T, Reischauer B, Rosenberg R, Verhoef C et al. Variability
of protein and phosphoprotein levels in clinical tissue specimens
during the preanalytical phase. J Proteome Res 2012;11:5748–5762.

Habib P, Dang J, Slowik A, Victor M, Beyer C. Hypoxia-induced gene
expression of aquaporin-4, cyclooxygenase-2 and hypoxia-
inducible factor 1alpha in rat cortical astroglia is inhibited by 17b-
estradiol and progesterone. Neuroendocrinology 2014;99:156–167.

Hapangama DK, Kamal AM, Bulmer JN. Estrogen receptor beta: the
guardian of the endometrium. Hum Reprod Update 2015;21:
174–193.

Harrison-Woolrych ML, Sharkey AM, Charnock-Jones DS, Smith SK.
Localization and quantification of vascular endothelial growth factor
messenger ribonucleic acid in human myometrium and leiomyo-
mata. J Clin Endocrinol Metab 1995;80:1853–1858.

Henriquez S, Kohen P, Munoz A, Godoy A, Orge F, Strauss JF 3rd,
Devoto L. In-vitro study of gonadotrophin signaling pathways in
human granulosa cells in relation to progesterone receptor expres-
sion. Reprod Biomed Online 2017;35:363–371.

Horrée N, van Diest PJ, van der Groep P, Sie-Go DMDS, Heintz
APM. Hypoxia and angiogenesis in endometrioid endometrial car-
cinogenesis. Cell Oncol 2007;29:219–227.

Huang J, Qi R, Quackenbush J, Dauway E, Lazaridis E, Yeatman T.
Effects of ischemia on gene expression. J Surg Res 2001;99:
222–227.

Jewell SD, Srinivasan M, McCart LM, Williams N, Grizzle WH,
LiVolsi V, MacLennan G, Sedmak DD. Analysis of the molecular
quality of human tissues: an experience from the Cooperative
Human Tissue Network. Am J Clin Pathol 2002;118:733–741.

Kaluz S, Kaluzova M, Liao SY, Lerman M, Stanbridge EJ.
Transcriptional control of the tumor- and hypoxia-marker carbonic
anhydrase 9: A one transcription factor (HIF-1) show? Biochim
Biophys Acta 2009;1795:162–172.

Kamal AM, Bulmer JN, DeCruze SB, Stringfellow HF, Martin-Hirsch
P, Hapangama DK. Androgen receptors are acquired by healthy
postmenopausal endometrial epithelium and their subsequent loss
in endometrial cancer is associated with poor survival. Br J Cancer
2016;114:688–696.

Lee SM, Schelcher C, Thasler R, Schiergens TS, Thasler WE. Pre-an-
alytical determination of the effect of extended warm or cold is-
chaemia on RNA stability in the human ileum mucosa. PLoS One
2015;10:e0138214.

Liu NW, Sanford T, Srinivasan R, Liu JL, Khurana K, Aprelikova O,
Valero V, Bechert C, Worrell R, Pinto PA et al. Impact of ischemia
and procurement conditions on gene expression in renal cell carci-
noma. Clin Cancer Res 2013;19:42–49.

Ma Y, Dai H, Kong X. Impact of warm ischemia on gene expression
analysis in surgically removed biosamples. Anal Biochem 2012;423:
229–235.

Maclean A, Bunni E, Makrydima S, Withington A, Kamal AM,
Valentijn AJ, Hapangama DK. Fallopian tube epithelial cells express
androgen receptor and have a distinct hormonal responsiveness
when compared with endometrial epithelium. Hum Reprod 2020a;
35:2097–2106.

Maclean A, Kamal A, Adishesh M, Alnafakh R, Tempest N,
Hapangama DK. Human uterine biopsy: research value and com-
mon pitfalls. Int J Reprod Med 2020b;2020:9275360.

10 Maclean et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Maiques O, Santacana M, Valls J, Pallares J, Mirantes C, Gatius S,

Garcia Dios DA, Amant F, Pedersen HC, Dolcet X et al. Optimal
protocol for PTEN immunostaining; role of analytical and preana-
lytical variables in PTEN staining in normal and neoplastic endome-
trial, breast, and prostatic tissues. Hum Pathol 2014;45:522–532.

Mathew D, Drury JA, Valentijn AJ, Vasieva O, Hapangama DK. In sil-
ico, in vitro and in vivo analysis identifies a potential role for ste-
roid hormone regulation of FOXD3 in endometriosis-associated
genes. Hum Reprod 2016;31:345–354.

Maybin JA, Hirani N, Brown P, Jabbour HN, Critchley HO. The reg-
ulation of vascular endothelial growth factor by hypoxia and pros-
taglandin F(2)alpha during human endometrial repair. J Clin
Endocrinol Metab 2011a;96:2475–2483.

Maybin JA, Hirani N, Jabbour HN, Critchley HO. Novel roles for
hypoxia and prostaglandin E2 in the regulation of IL-8 during endo-
metrial repair. Am J Pathol 2011b;178:1245–1256.

Maybin JA, Murray AA, Saunders PTK, Hirani N, Carmeliet P,
Critchley HOD. Hypoxia and hypoxia inducible factor-1alpha are
required for normal endometrial repair during menstruation. Nat
Commun 2018;9:295.

Muz B, de la Puente P, Azab F, Azab AK. The role of hypoxia in can-
cer progression, angiogenesis, metastasis, and resistance to ther-
apy. Hypoxia (Auckl) 2015;3:83–92.

Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. Am J
Obstet Gynecol 1975;122:262–263.

Pedersen IS, Thomassen M, Tan Q, Kruse T, Thorlacius-Ussing O,
Garne JP, Krarup HB. Differential effect of surgical manipulation on
gene expression in normal breast tissue and breast tumor tissue.
Mol Med 2018;24:57.

Petrova V, Annicchiarico-Petruzzelli M, Melino G, Amelio I. The hyp-
oxic tumour microenvironment. Oncogenesis 2018;7:10.

Schlomm T, Nakel E, Lubke A, Buness A, Chun FK, Steuber T,
Graefen M, Simon R, Sauter G, Poustka A et al. Marked gene tran-
script level alterations occur early during radical prostatectomy.
Eur Urol 2008;53:333–344.

Semenza GL. HIF-1: mediator of physiological and pathophysiological
responses to hypoxia. J Appl Physiol (1985) 2000;88:1474–1480.

Sheldon E, Vo KC, McIntire RA, Aghajanova L, Zelenko Z, Irwin JC,
Giudice LC. Biobanking human endometrial tissue and blood speci-

mens: standard operating procedure and importance to reproduc-
tive biology research and diagnostic development. Fertil Steril 2011;
95:2120–2122, 2122.e1–12.

Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth
factor induced by hypoxia may mediate hypoxia-initiated angiogen-
esis. Nature 1992;359:843–845.

Song G, Kim J, Bazer FW, Spencer TE. Progesterone and interferon
tau regulate hypoxia-inducible factors in the endometrium of the
ovine uterus. Endocrinology 2008;149:1926–1934.

Tempest N, Jansen M, Baker AM, Hill CJ, Hale M, Magee D,
Treanor D, Wright NA, Hapangama DK. Histological 3D recon-
struction and in vivo lineage tracing of the human endometrium.
J Pathol 2020;251:440–451.

Tempest N, Maclean A, Hapangama D. Endometrial Stem Cell
Markers: Current Concepts and Unresolved Questions. IJMS 2018;
19:3240.

Valentijn AJ, Palial K, Al-Lamee H, Tempest N, Drury J, Von Zglinicki
T, Saretzki G, Murray P, Gargett CE, Hapangama DK. SSEA-1 iso-
lates human endometrial basal glandular epithelial cells: phenotypic
and functional characterization and implications in the pathogenesis
of endometriosis. Hum Reprod 2013;28:2695–2708.

Yang S, Jia Y, Liu X, Winters C, Wang X, Zhang Y, Devor EJ, Hovey
AM, Reyes HD, Xiao X et al. Systematic dissection of the mecha-
nisms underlying progesterone receptor downregulation in endo-
metrial cancer. Oncotarget 2014;5:9783–9797.

Zaino RJ, Kurman RJ, Diana KL, Morrow CP. The utility of the re-
vised International Federation of Gynecology and Obstetrics histo-
logic grading of endometrial adenocarcinoma using a defined
nuclear grading system. A Gynecologic Oncology Group study.
Cancer 1995;75:81–86.

Zhang J, Salamonsen LA. Expression of hypoxia-inducible factors in
human endometrium and suppression of matrix metalloproteinases
under hypoxic conditions do not support a major role for hypoxia
in regulating tissue breakdown at menstruation. Hum Reprod 2002;
17:265–274.

Zhang Y, Zhao D, Gong C, Zhang F, He J, Zhang W, Zhao Y, Sun J.
Prognostic role of hormone receptors in endometrial cancer: a
systematic review and meta-analysis. World J Surg Oncol 2015;13:
208.

Pre-analytic variables affect endometrium-derived data 11


	tblfn1
	tblfn2



