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Context: Type 2 diabetes and obesity are risk factors for endometrial hyperplasia and cancer,
suggesting that hyperinsulinemia contributes to pathogenesis. Insulin action through insulin re-
ceptor (IR) splice variants IR-A and IR-B regulates cellular mitogenesis and metabolism, respectively.

Objective: We hypothesized that IR-A and IR-B are differentially regulated in normal endome-
trium, according to mitogenic and metabolic requirements through the menstrual cycle, as well as
in endometrial hyperplasia and cancer.

Design: IR-A, IR-B, and IGF-1 receptor (IGF-1R) mRNA was quantified in endometrium, endometrial
epithelial and stromal cells, and in vitro after hormone stimulation.

Setting: Academic center.

Patients: Endometrium was collected from women with regular cycles (n � 71), complex hyper-
plasia (n � 5), or endometrioid adenocarcinoma (n � 11).

Intervention(s): In vitro sex-steroid treatment.

Main Outcome Measure(s): IR-A and IR-B expression

Results: IR-A increased dramatically during the early proliferative phase, 20-fold more than IR-B.
In early secretory phase, IR-B and IGF-1R expression increased, reaching maximal expression,
whereas IR-A decreased. In adenocarcinoma, IR-B and IGF-1R expression was 5- to 6-fold higher
than normal endometrium, whereas IR-A expression was similar to IR-B. Receptor expression was
unrelated to body mass index.

Conclusion: IR-A was elevated during the normal proliferative phase, and in endometrial hyper-
plasia and adenocarcinoma. The dramatic early rise of IR-A in normal endometrium indicates IR-A
is the predominant isoform responsible for initial estrogen-independent endometrial proliferation
as well as that of cancer. IR-B is elevated during the normal secretory phase when glucose uptake
and glycogen synthesis support embryo development. Differing from other cancers, IR-B expres-
sion equals mitogenic IR-A in endometrial adenocarcinoma. Differential IR isoform expression
suggests a distinct role for each in endometrial physiology and cancer. (J Clin Endocrinol Metab 101:
2883–2891, 2016)
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Type 2 diabetes mellitus and obesity are risk factors for
the development of endometrial hyperplasia and type

1 endometrioid adenocarcinoma in women (1–3). Exer-
cise, weight loss, or metformin therapy are successful in
reducing cancer risk as well as treating endometrial hy-
perplasia (4–6). Notably, most women with endometrial
hyperplasia and adenocarcinoma are postmenopausal,
with low or negligible serum levels of estradiol (E2) (7–9).
This epidemiological data suggests that other, nonestro-
genic factors which are elevated with age, obesity, and
insulin resistance, contribute to pathogenesis of endome-
trial hyperplasia and adenocarcinoma. In these settings,
circulating insulin levels are elevated and may induce dys-
regulation of normal endometrial physiology, promoting
abnormal proliferation and thereby predisposing to
mutation.

The role of insulin in endometrial physiology is poorly
characterized. Insulin is a mitogenic and metabolic hor-
mone, and the endometrium requires coordinated regula-
tion of intense mitogenic stimulus and carbohydrate me-
tabolism to undergo critical structural and functional
changes during a normal 28-day cycle. The first half of the
menstrual cycle, the proliferative phase, involves simulta-
neous sloughing and repair of endometrial tissue, then
rapid glandular proliferation (10). Tissue repair and early
epithelial expansion occur independently of E2 (11), but
E2 drives later glandular proliferation to a final thickness
of approximately 10 mm (12). During the secretory phase,
under the influence of progesterone (P4), stromal cells pro-
liferate, and both epithelial and stromal cells differentiate
to prepare for embryo implantation and support through
placentation. The glands synthesize glycogen, and secrete
carbohydrate, adhesion molecules and immune-modulat-
ing chemokines, to attract and nourish an implanting em-
bryo (13). If implantation does not occur, the cycle re-
peats. Insulin may work in concert with E2 and P4 to
enable this sequence of cellular repair, proliferation, dif-
ferentiation, and metabolism.

The cellular action of insulin is determined in part by
the relative abundance and distribution of insulin receptor
(IR) isoforms, IR-A and IR-B. The 2 isoforms are derived
from alternative mRNA splicing of exon 11, which is pres-
ent in IR-B and absent in IR-A (14, 15). Exon 11 encodes
12 amino acids present in the receptor’s �-subunit (16).
Insulin has higher binding affinity for IR-A than IR-B (16)
and activates AKT, MAPK, and mTOR signaling through
each receptor, although preferential activation of each
pathway may differ (17, 18).

Activated IR-A promotes mitogenic activity in the cell
(19–21). IR-A is the dominant isoform in fetal tissue and
several cancers including breast, hepatocellular, lung, co-
lon, and thyroid cancer (14, 22–25). Endogenous hyper-

insulinemia increases tumor growth in vivo (26). IR-B is
the predominant isoform in liver and skeletal muscle (14,
22, 27), and in these tissues, insulin regulates metabolic
cellular activity, including glucose uptake, glycogen syn-
thesis, and lipid storage (18). IR-B is also involved in cell
differentiation of adipocytes, hepatocytes, and hemato-
poetic cells (15). Because the relative distribution of IR-A
and IR-B is tissue specific (14, 22, 27), alternative splicing
is likely highly regulated to support functional differences
in insulin action between tissues.

We hypothesized that insulin receptor isoforms IR-A
and IR-B are differentially regulated during the menstrual
cycle according to the mitogenic and metabolic needs of
the endometrium. We hypothesized that IR-A is elevated
during the proliferative phase in normal tissue, as well as
in endometrial hyperplasia and adenocarcinoma. How-
ever, IR-B is elevated during the secretory phase when the
epithelial cells differentiate into secretory glands and syn-
thesize glycogen.

To study insulin’s potential role in endometrial physi-
ology, we characterized the distribution of IR-A and IR-B
mRNA in normal endometrium across the menstrual cy-
cle. At pathophysiological levels, insulin may also bind to
the IGF-1 receptor (IGF-1R) (15). The IGF axis is well
defined in endometrial physiology and implicated in en-
dometrial cancer pathogenesis (28–30). We also quanti-
fied IGF-1R expression levels in normal and malignant
endometrium. Endometrial hyperplasia is a spectrum of
severity, thus we examined only complex hyperplasia,
which is associated with a 30% transformation rate to
endometrioid adenocarcinoma (31). Quantifying mRNA
is the best modality to distinguish between these receptors
due to the high homology among the proteins and un-
availability of isoform-specific antibodies. Although IR
isoform and IGF-1R levels or binding activity have been
previously reported in several human tissues, the assays
were not optimized to compare relative levels between
these receptors (23, 32–34). Here, we use a highly specific
quantitative real-time polymerase chain reaction (qRT-
PCR) assay to quantify relative mRNA levels of IR-A,
IR-B, and IGF-1R in human tissue with a focus on normal
and pathological endometrium (35).

Materials and Methods

Endometrial adenocarcinoma, hyperplasia, and
normal endometrium collection

The study of deidentified normal and pathological endome-
trium was approved by the Yale Human Investigations Com-
mittee. Written consent from patients was received by the Yale
Gynecologic Oncology Tissue Bio-Repository for the collection
of pathological endometrium and associated clinical data. Fresh
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endometrial tissue was collected from healthy, reproductive age
women undergoing elective gynecological surgery. Women who
received exogenous hormonal therapy in the 3 months before
tissue collection or had endometrial pathology were excluded.
Clinical data included subject age, height, weight, last menstrual
period or postmenopausal status, presence of type 2 diabetes,
histological diagnosis, and cancer staging, as appropriate. Body
mass index (BMI) was calculated and categorized per NIH cri-
teria (36).

Normal tissue was processed immediately for one of 3 pro-
tocols. For total tissue analysis, tissues (n � 45) were collected
into RNAlater (QIAGEN) and stored at �80°C. A portion of
tissue was also collected in 10% nonbuffered formalin for his-
tological endometrial dating by a gynecologic pathologist (37).
For the in vitro hormone assay or analysis of cell-specific gene
expression, tissue was collected and processed immediately with
enzymatic digestion and cell type separation for RNA extraction
(n � 12) or culture (n � 14).

For pathological tissue (n � 16), endometrium was collected
into RNAlater at the time of histological frozen section within
ten minutes of hysterectomy. A gynecologic pathologist diag-
nosed hyperplasia or adenocarcinoma by light microscopic ex-
amination of hematoxylin and eosin-stained slides, and tissue
was collected immediately adjacent to the diagnostic specimen.
Final histology was confirmed and classified per the World
Health Organization (38). Surgical staging was per the Interna-
tional Federation of Gynecology and Obstetrics (39). Hyperpla-
sia tissue included in this study (n � 5) was complex, with or
without atypia. All cancer tissue (n � 11) was type 1 endometri-
oid adenocarcinoma, with or without squamous differentiation.

Immunohistochemistry
Endometrial tissue was fixed in formalin, embedded in par-

affin, cut into 5-�m sections, and mounted onto charged slides.
Slides were deparaffinized and dehydrated through a series of
xylene and ethanol washes and immunohistochemically stained
with Ki67 antibody (clone MIB-1; Dako North America) using
EnVision� System-HRP (diaminobenzidine) (Dako), as previ-
ously described (40). Normal mouse ascites (clone NS-1; Sigma-
Aldrich) staining of each endometrial sample served as a negative
control, and Ki67 staining of tonsil served as a positive control.

Primary cell isolation, culture, and in vitro assays
Epithelial and stromal cells were isolated from endometrial

tissue, and evaluated separately, in experiments 1) to localize
receptor expression in each cell type, and 2) to determine hor-
mone regulation of receptor expression. Endometrial epithelial
and stromal cells were isolated from normal endometrium as
previously validated by immunocytochemical analyses (41, 42).
Tissue was minced, then enzymatically digested using Collage-
nase B and DNase I in Hank’s Balanced Salt Solution. Epithelial
and stromal cells were separated using 40-�m mesh cell strainers
(BD Falcon) and selective plating. To localize receptor expres-
sion in each phase of the menstrual cycle, isolated epithelial and
stromal cells from endometrial tissue (n � 12) were immediately
lysed, separately, and RNA was extracted from each lysate.

To evaluate the effect of E2 and P4 on receptor expression,
primary epithelial and stromal cells isolated from endometrial
tissue (n � 14) were cultured separately at 37°C in 5.5mM glu-
cose DMEM (Life Technologies) with 10% fetal bovine serum,
1% penicillin/streptomyosin, and 1% amphotericin B. Once
confluent, cells were starved for 4 hours in serum-free, phenol-
free 5.5mM glucose DMEM, then treated for 6 hours with 10nM
E2, 1�M P4, combined E2 and P4, or 0.1% ethanol (vehicle).
Cells were lysed, and RNA was extracted. P4 receptor and heart
and neural crest derivatives expressed transcript 2 (Hand2)
mRNA levels were quantified as internal controls for in vitro
experiments.

RNA extraction
Endometrial tissues and isolated endometrial cells were ho-

mogenized in TRIzol (Life Technologies). RNA was isolated
with chloroform, precipitated with isopropanol, washed with
75% ethanol, and dissolved in RNase-free water. RNA was
treated with RNase-free DNase and purified via RNeasy spin
columns. For in vitro studies, RNA was extracted from cultured
cells using RNeasy Mini kit (QIAGEN). RNA concentration and
purity analysis was determined via Nanodrop 2000 (Thermo
Scientific).

Human insulin receptor isoform and IGF-1R
qRT-PCR primers and optimization

Highly specific primers for IR-A, IR-B, and IGF-1R mRNA
were designed using Primer Premier v5 Software (Premier Biosoft

Table 1. Clinical Characteristics of Study Population

Normal
Endometrium

Complex
Hyperplasia P Valued

Endometrioid
Adenocarcinoma P Valued

n 45 5 11
Age, ya 36 � 1 56 � 2 �.0001 60 � 4 �.0001
BMI,a kg/m2 29.3 � 1.2 33.5 � 3.7 .3 37.5 � 3.0 .006

Normalb 19 (43.2%) 1 (20%) 0 (0.0%)
Overweightb 8 (18.2%) 2 (40%) 1 (9.1%)
Obeseb 12 (27.3%) 0 (0%) 7 (63.6%)
Extreme obesityb 5 (11.4%) 2 (40%) 3 (27.3%)

Postmenopausec 0 (0.0%) 4 (80%) 10 (91%)
T2DMc 0 (0.0%) 1 (20%) 3 (27.3%)

a Expressed as mean � SEM.
b Expressed as n (%). BMI categories determined by NIH definitions.
c Expressed as n (%).
d Calculated by a Student’s t test. Compared with normal endometrium.
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International) to detect accurately all 3 receptors by qRT-PCR
(35). To enable a direct comparison of relative receptor expres-
sion levels, a standard concentration curve of cDNA from each
receptor, as synthesized via plasmids, was performed as previ-
ously described (35, 43). Detailed testing of assay specificity was
performed using competition assays and postamplification anal-
ysis by gel electrophoresis and cloning (35). Primers for the P4

receptor and Hand2 were designed via Primer Blast (http://
www.ncbi.nlm.nih.gov/tools/primer-blast; NCBI, Bethesda,
MD). Primers were synthesized at the W.M. Keck Foundation
Oligo Synthesis Resource (Yale University, New Haven, CT).
Optimal primer concentrations were determined by assessing

efficiency at different forward and reverse primer concentration
combinations using 2-fold serial dilution of cDNA synthesized
from human universal RNA (QIAGEN Sciences) (Supplemental
Table 1) (35).

Reverse transcription and qRT-PCR analysis
For analysis of gene expression, qRT-PCR was performed

using 12.5 ng of RNA reverse transcribed to cDNA, in duplicate
or triplicate using assay-specific primer concentrations, SYBR
Green containing dNTPs, fluorescein, and DNA polymerase
(Bio-Rad), and amplified in a Bio-Rad CFX96 detection system
(Bio-Rad) under the following cycling conditions: 95°C for 3

minutes, 40 cycles of 95°C for 15 seconds
followed by 60°C for 30 seconds and
72°C for 25 seconds, 95°C for 1 minute,
55°C for one minute, and an increase to
95°C at 0.5°C increments.

Statistical analysis
Statistical differences for age and BMI

within each cohort were analyzed via
Student’s 2-tailed t test. Gene expression
obtained by qRT-PCR was normalized
to �-actin and graphically represented as
individual data points or as mean �
SEM. Statistical significance for tissue
experiments was determined by one-way
ANOVA or Student’s t test, using Graph-
Pad Prism (GraphPad Software, Inc). In-
terreceptor comparisons and in vitro
data were matched within tissue or per
vehicle, respectively. Significance was
defined as P � .05, after multiple-com-
parisons correction with Tukey’s test.
Receptor comparison between epithelial
and stromal cells was determined by
Wilcoxon matched pairs test, using
GraphPad Prism.

Results

Patient characteristics
Endometrial tissue was collected

from 45 reproductive-age women of
mean age 36 � 1 years with normal
menstrual cycles, who were not re-
ceiving exogenous hormone therapy
and had no endometrial pathologies
(Table 1). Mean BMI was 29.3 � 1.2
kg/m2, with 61.4% of women being
normal weight or overweight. None
of these women had type 2 diabetes.
Per endometrial dating, tissues were
categorized as early proliferative
(EP) (n � 6), late proliferative (LP)
(n � 21), early secretory (ES) (n � 8),
or late secretory (LS) (n � 10).

Figure 1. IR-A, IR-B, and IGF-1R mRNA levels across the menstrual cycle in normal endometrial
tissue from 45 women. Graphs (A) IR-A (�), (C) IR-B (�), and (E) IGF-1R (�) show individual tissue
levels by day of the menstrual cycle. Graphs (B) IR-A, (D) IR-B, and (F) IGF-1R are mean receptor
levels � SEM for each phase of the menstrual cycle: EP (d 1–7), LP (d 8–14), ES (d 15–21), and LS
(d 22–28). The y-axis for IR-A graphs are scaled differently due to higher levels in EP. The
significance is defined as follows: *, P � .05 vs EP; **, P � .001 vs EP; ***, P � .0001 vs EP;
�, P � .05 vs LP; #, P � .05 vs IR-A; ##P � .005 vs IR-A.
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Complex hyperplasia tissue was collected from 5
women of mean age 56 � 2 years and mean BMI of 33.5 �
3.7 kg/m2 (Table 1). Four (80%) women were postmeno-
pausal. Three women (60%) were normal weight or over-
weight. One (20%) woman had type 2 diabetes. On his-
tology, nuclear atypia was present in 3 (60%) tissues. Type
1 endometrioid adenocarcinoma tissues were collected
from 11 women of mean age 60 � 4 years (Table 1). Ten
(91%) women were postmenopausal. Mean BMI was
37.5 � 3.0 kg/m2, which was higher than the mean BMI
of women with normal endometrium (P � .006). Ten
(91%) of these woman were obese or morbidly obese.
Three (27%) women had type 2 diabetes. For adenocar-
cinoma specimens, International Federation of Gynecol-
ogy and Obstetrics staging (39) was stage IA (invasion to
�50% of myometrium, n � 5); stage IB (invasion to
�50% of myometrium, n � 4); or stage IIIC2 (including
paraaortic lymph node involvement, n � 2). The clinical
characteristics of these cohorts were consistent with
known risk factors in women presenting with endometrial
hyperplasia or adenocarcinoma, including age more than
50 years, postmenopausal status, obesity, and type 2
diabetes.

IR-A, IR-B, and IGF-1Rs are differentially expressed
across the menstrual cycle

In normal endometrium, IR-A, IR-B, and IGF-1R were
differentially expressed across the menstrual cycle (Figure
1). IR-A expression ascended dramatically in the first 5
days of the cycle (Figure 1A). Mean IR-A levels were high-
est in EP: 8.5-fold higher than LP (P � .0001), 5.4-fold
higher than ES (P � .001), and 4-fold higher than LS (P �

.001) (Figure 1B). Although IR-A levels were lowest in LP,
mean IR-A increased gradually during the secretory
phases. The increase in IR-A expression by the end of the
cycle indicates the physiological continuum between days
28 and 1 of the menstrual cycle.

In contrast to the expression pattern of IR-A, IR-B lev-
els were lowest in the EP phase and highest in the secretory
phases (Figure 1C). Compared with the lowest levels in EP,
mean IR-B levels were more than 3-fold higher in each of
the secretory phases, ES and LS (P � .05) (Figure 1D). IR-B
increased by 1.8-fold between LP and LS (P � .05). IR-B
expression was similar between the secretory phases, ES
and LS (P � nonsignificant [NS]).

In the normal cycling endometrium, IGF-1R expression
was also lowest in the EP phase, with highest levels in the
ES phase (Figure 1E). Mean IGF-1R levels were 4-fold
higher in ES than EP (P � .05) (Figure 1F).

The IR isoforms had a different pattern of expression
across the menstrual cycle, with IR-A peaking in the EP
phase and IR-B peaking in the secretory phases (Figure 1).

This qRT-PCR assay was optimized for interreceptor
comparisons of IR-A and IR-B (35). Mean IR-A levels
were 20-fold higher than IR-B in EP (P � .05), and 1.3-fold
higher in LP (P � .001). Overall, the ratio of IR-A to IR-B
was 20:1 in EP, 4:3 in LP, 1:1 in ES, and 3:2 in LS.

Figure 2. Distribution of IR-A and IR-B mRNA and Ki67 protein in
endometrial epithelial and stromal cells. Mean IR-A and IR-B expression
from each cell type isolated from normal endometrial tissues in EP (A), LP (B),
ES (C), and LS (D) phases. *, P � .03, epithelial vs stromal. Ki67
immunohistochemistry of benign endometrium from cycle days 2 to 25,
magnification 	900. E, Cycle day 2 endometrium reveals mixture of
menstrual debris and gland fragments, one of which has 3 Ki67 positive
nuclei (arrows). F, Cycle day 4 endometrium showing glands with many darkly
stained positive nuclei. G, Cycle day 8 endometrium with Ki67 positive glands
and intact stroma, containing scattered Ki67 positive nuclei (arrows). H, Cycle
day 14 endometrium exhibiting many Ki67 positive glands and stromal cells. I,
Cycle day 17.5 endometrium reveals large glands with sub- and supranuclear
vacuoles, and few Ki67 positive glandular nuclei (arrows). J, Cycle day 25
endometrium has complex glands without Ki67 positive nuclei; however,
several stromal nuclei are Ki67 positive (arrows).
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Epithelial and stromal cell expression of IR-A and
IR-B

After finding differences in IR isoform expression during
each phase of the menstrual cycle in total endometrial tissue,
we sought to determine relative expression in epithelial and
stromal cells. The IR-A and IR-B proteins differ by only 12
amino acids, and sensitive and specific antibodies to each
receptor isoformarenotavailable foreitherWesternblotting
or immunohistochemical localization. Hence, we extracted
mRNA from epithelial and stromal cells isolated immedi-
ately from fresh endometrial tissues, separate from those
used in the total tissue profile. IR-A and IR-B were present in
both cell types in all phases of the menstrual cycle (Figure 2).
Interestingly, the dramatic increase in IR-A during the pro-
liferativephaseoccurredpredominantly in the epithelial cells
(P � .03, epithelial vs stromal) (Figure 2A).

Ki67 staining of endometrial glands
Gland formation occurs steadily during the proliferation

phase, producing peak tissue thickness by midcycle. We
stained endometrial tissues with proliferation marker Ki67
to demonstrate the normal physiology of the glands in rela-
tion to maximal IR-A and IR-B expression (Figure 2). Early
gland formation is evident by day 2 with positive nuclear
Ki67staining inepithelialcells (Figure2E),whenIR-Abegins
to increase (Figure 1A). By day 4, epithelial proliferation is
marked although the number of glands are still few (Figure
2F), when IR-A is reaching peak levels, predominantly in the
epithelial cells (Figure 2A). By days 8 to 14 of the LP phase,

the number of glands increase substantially and stromal cells
proliferate (Figure 2, G and H). At this time, IR-A expression
is lowest in the endometrium, indicating that the dominant
role of IR-A is already complete. By day 17 (Figure 2I), Ki67
staining in glands and stroma is minimal, and instead secre-
tory vacuoles are visualized at the same time IR-B levels are
peaking (Figure 2C). IR-B remains elevated through day 25,
when Ki67 staining is absent in the epithelial nuclei and glan-
dular structure is looser in the postimplantation window
(Figure 2J).

E2 and P4 regulation of IR-A, IR-B, or IGF-1R
in vitro

Because the receptors displayed a cyclical change in ex-
pression,we investigatedwhether the receptorsare regulated
by E2 and P4. In particular, we hypothesized that IR-B and
IGF-1R are regulated by P4, because their expression levels
were highest in the secretory phase. The expression of IR-A,
IR-B, or IGF-1R was unchanged in epithelial cells treated
with E2, P4, or a combination of these hormones, relative to
vehicle (P � NS) (Figure 3, A–C). As a positive control, P4

receptor mRNA was increased in E2-treated epithelial cells
(data not shown). The lack of direct regulation of IR-A by E2

in epithelial cells aligns with findings that IR-A’s rapid in-
crease in epithelial cells occurs during low serum E2 levels in
EP (9).

In stromal cells, the expression of IR-A was modestly in-
creased 1.4-fold after E2 treatment (P � .01) (Figure 3D).
IR-B levels in stromal cells were not significantly altered by

eitherE2 orP4 (P�NS) (Figure3E). In
responsetoP4, IGF-1Rexpressionwas
increased in stromal cells (P � .05)
(Figure 3F), which is consistent with
the rise in expression levels between
LP and LS in noncultured stromal cells
(Figure 2). As a positive control for P4

response,Hand2mRNAwasfoundto
be increased in P4-treated stromal cells
(data not shown).

No Effect of BMI on receptor
expression

The mean BMI of the women with
adenocarcinoma was higher than the
mean BMI of women with normal
endometrium. Therefore, we evalu-
ated whether BMI influenced recep-
tor expression in women with nor-
mal endometrium, of whom 38.7%
were obese or morbidly obese. Nei-
ther IR-A nor IR-B correlated with
BMI (R � 0.08 and R � 0.18, re-

Figure 3. In vitro hormone assay to determine whether IR-A, IR-B, and IGF-1R are regulated by
E2 and/or P4. Isolated epithelial (n � 4) and stromal cells (n � 5) from endometrial tissues were
treated separately for 6 hours with E2 10–8M (E), P4 10–6M (P), combined E � P, or vehicle (V).
Mean � SEM mRNA levels are shown for epithelial cell IR-A (A), IR-B (B), IGF-1R (C), and stromal
cell IR-A (D), IR-B (E), and IGF-1R (F). *, P � .05 vs V; **, P � .01 vs V.
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spectively) (Figure 4, A and B). IGF-1R also did not cor-
relate with BMI (R � 0.23) (data not shown).

IR-A, IR-B, and IGF-1R expression in malignant and
premalignant endometrium

IR-A, IR-B, and IGF-1R, were elevated in complex hy-
perplasiaandendometrioidadenocarcinomacomparedwith
normal proliferative endometrial tissue, excluding compar-
ison of IR-A in the EP phase when IR-A had dramatic ele-
vations. In endometrial complex hyperplasia tissues, mean
IR-Aexpression trended lower thanEPbutwas3-foldhigher
than LP (P � .01) (Figure 5A). Surprisingly, IR-B expression
in endometrial hyperplasia was higher than in any phase of
normal endometrium, including 9-fold higher than EP (P �

.001) and 5.2-fold higher than LP (P � .0001) (Figure 5B).
Notably, IR-B expression was higher in hyperplasia than in
adenocarcinoma (P � .05). IGF-1R expression in endome-
trial hyperplasia was also elevated compared with normal
proliferative endometrium, specifically 9.9-fold higher than
EP (P � .0001) and 3.4-fold higher than LP (P � .001)
(Figure 5C).

In type 1 endometrioid adenocar-
cinoma, mean IR-A expression was
84.8% lower than EP (P � .0001),
but was similar to LP (P � NS) (Fig-
ure 5A). IR-B expression was 4.9-
and 2.7-fold higher in adenocarci-
noma than EP (P � .05) and LP (P �

.05) (Figure 5B). IGF1-R expression
in adenocarcinoma was 6.3- and 2.2-
fold higher than EP (P � .01) and LP
(P � .05) (Figure 5C).

Mean IR-A and IR-B levels were
similar in complex hyperplasia (P � NS), as well as ade-
nocarcinoma (P � NS) (Figure 5). Hence, no receptor iso-
form was dominant in the premalignant and malignant
tissue. Expression of both IR-A and IR-B were signifi-
cantly different than in benign endometrium.

Discussion

In this study, we characterized the differential expression
of IR-A, IR-B, and IGF-1R in the endometrium. We found
that IR-A was the most abundant receptor during the EP
phase, when a rapid and dramatic increase in expression
occurred predominantly in epithelial cells. High epithelial
expression occurring this early in the cycle strongly indi-
cates that activated IR-A may regulate initial epithelial
proliferation and repair of glandular surfaces in the setting
of menstruation. The formation of a new luminal epithe-
lium occurs between days 2 and 6 of the menstrual cycle
(44). Importantly, endometrial repair occurs when E2 lev-
els are very low (9) and is shown to be an estrogen-inde-

pendent process (11). Accordingly,
our findings show E2 did not regulate
IR-A expression in epithelial cells in
vitro. For women with hyperinsulin-
emia, the presence of an insulin re-
ceptor, which may promote epithe-
lial proliferation, independently of
estrogen, is concerning.

In our cohort, most women
with hyperplasia or adenocarci-
noma were postmenopausal and
obese, with 25% having type 2 di-
abetes, which is consistent with dis-
ease epidemiology (7). IR-A levels
were not influenced by BMI in nor-
mal endometrium, yet remained
high in hyperplasia and adenocar-
cinoma. Not surprisingly, IR-A
was higher in the EP phase than
in hyperplasia or adenocarcinoma

Figure 4. IR-A (A) and IR-B (B) levels from normal endometrial tissue do not correlate with BMI.

Figure 5. Mean mRNA levels � SEM of IR-A (A), IR-B (B), IGF-1R (C) in complex hyperplasia
(n � 5) and type 1 endometrioid adenocarcinoma (n � 11), as compared with normal
endometrial tissue in the EP and LP phases previously represented in Figure 2. The
significance is defined as follows: *, P � .05 vs EP; **, P � .01 vs EP; ***, P � .001 vs EP;
****, P � .0001 vs EP; �, P � .05 vs LP; ��, P � .001 vs LP; ���, P � .0001 vs LP; #, P �

.05 vs adenocarcinoma.
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because normal endometrial glands proliferate to create
a thick layer of 10 mm in less than 2 weeks (12), whereas
hyperplasia and endometrioid adenocarcinoma prog-
ress over months to years (7).

In contrast to IR-A expression patterns, IR-B reached
peak levels in the secretory phase. IR-B was more prom-
inent in epithelial cells, indicating a role in epithelial dif-
ferentiation into secretory cells during decidualization and
in metabolism, when insulin activation of IR-B may reg-
ulate glycogenesis. An abundance of glycogen is synthe-
sized rapidly in epithelial cells during the secretory phase,
with an extrusion of carbohydrate material into the lu-
men, to be used as fuel for an implanted embryo (13). If
pregnancy occurs, the glands provide the embryo with
nutrition until approximately 8–10 weeks of gestation
when the maternal-placental vascular system becomes
functional (13). Similar to embryos, tumors have high
metabolic requirements.

We found that IR-B was significantly elevated in complex
hyperplasia and adenocarcinoma, relative to normal tissue.
Because we found higher levels of IR-A than IR-B in normal
proliferative tissue but similar levels in hyperplasia and ad-
enocarcinoma tissue, abnormally proliferating endometrial
cancer cells may selectively enhance inclusion of exon 11
during splicing of IR mRNA. This finding is in contrast to
studies in breast, hepatocellular, lung, colon, and thyroid
cancer, inwhichIR-Awasthepredominant isoform(22–25).
Because the endometrium must maintain glycogenesis to
supply embryonic needs independent of maternal diet, it is
possible that theendometriumhastheuniqueability tomain-
tain elevated levels of IR-B, and this normal physiology may
be exploited by tumor cells.

Our findings that IGF-1R levels are highest in the se-
cretory phase and P4 stimulates increased IGF-1R expres-
sion is consistent with the physiological role of IGF-1 in
decidualization, as preparation for blastocyst implanta-
tion (29), and align with previous reports (28). IGF-1R is
known to have mitogenic capabilities, similar to IR-A.
Surprisingly, IGF-1R expression was lowest during glan-
dular mitogenesis in normal endometrium, suggesting
IGF-1 is not a regulator of normal endometrial prolifer-
ation, a paradigm primarily supported by studies in mice
(45, 46). However, IGF-1R was elevated in hyperplasia
and adenocarcinoma over normal endometrium, indicat-
ing a pathogenic role in malignancy, consistent with pre-
vious reports (47).

In summary, we identified IR-A as highly regulated dur-
ing the EP phase of the menstrual cycle. IR-A likely drives
endometrial repair after menstruation and early epithelial
proliferation, in the estrogen independent phase of the
menstrual cycle. IR-B expression is prominent in the se-
cretory phase when it likely promotes the metabolic

changes associated with embryo implantation. Elevated
insulin levels may alter endometrial growth and func-
tion in fertility through both IR-A and IR-B. The role of
IR-A in endometrial proliferation may be related to the
increase in endometrial cancer seen in women with obesity
and type 2 diabetes. Targeted IR-A or IR-B specific ther-
apies may be useful in disorders of endometrial develop-
ment including hyperplasia, cancer, and infertility.
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