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Abstract: Gremlin 1 and noggin are inhibitors of bone morphogenetic protein (BMP) signaling. They are vital dur-
ing early development but their role in adult tissues has remained largely unresolved. The BMP signaling pathway 
has also been implicated in tumorigenesis, however with emphasis on the role of the ligands and receptors. We 
performed a concurrent survey of gremlin 1 and noggin protein expression in multiple normal and cancer samples, 
using immunohistochemistry on tissue microarrays containing 96 samples from 34 different normal organs/tissue 
sites and 208 samples of 34 different tumor types. In majority of both normal and tumor samples, gremlin 1 and 
noggin expression was negative or weak. However, normal stomach and skin demonstrated distinct gremlin 1 and 
noggin expression indicating a role in adult tissues. Likewise, strong expression of both antagonists was detected in 
Leydig cells of testis. In the tumor panel, the expression patterns were more variable but elevated BMP antagonist 
expression was detected for the first time in few cases, such as glioblastoma, hepatocellular carcinoma and diffuse 
B-cell lymphoma for gremlin 1 and renal granular cell tumor and thyroid papillary carcinoma for noggin. Even though 
gremlin 1 and noggin were not widely expressed in adult tissues, in a subset of organs their expression pattern 
indicated a potential role in normal tissue homeostasis as well as in malignancies.

Keywords: Gremlin 1, noggin, cancer, normal tissue, immunohistochemistry 

Introduction

Gremlin 1 and noggin are bone morphogenetic 
protein (BMP) antagonists that inhibit BMP sig-
naling [1]. BMPs themselves are extracellular 
growth factors that were originally identified 
based on their ability to induce bone formation 
and are currently known to control various cel-
lular processes during development [2, 3]. 
Their signaling pathway is composed of type I 
and II transmembrane receptors and cytosolic 
SMAD proteins, which regulate transcription of 
BMP target genes [4]. Extracellular antagonists 
prevent the interaction between BMP ligands 
and their receptors by binding directly to BMPs 
[5]. There are several different BMP antago-
nists that share a common cysteine ring struc-
ture and that are further divided into subfami-
lies based on the ring size (8-10 membered 
ring) [6, 7]. Different antagonists bind BMP 
ligands with diverse affinities, e.g. noggin inhib-
its the actions of BMP2, -4, -5, -6, -7, GDF5 and 
-6 and gremlin 1 inhibits BMP2, -4, and -7 [8, 
9].

As expected based on the function of BMP 
ligands, BMP antagonist have also essential 
roles in bone formation and homeostasis as 
well as in various developmental processes 
[10]. Transgenic mice with noggin or gremlin 
overexpression in bone osteoblasts suffer from 
bone defects [11, 12], whereas knockout of 
gremlin 1 or noggin gene in mice are both 
embryonically lethal [13]. Due to the latter fact 
the function of BMP antagonists in fully devel-
oped tissues has been proven difficult to study. 
Yet BMP antagonists have been linked to differ-
ent disease states in bone, in fibrotic disorders 
and in cancer implicating a notable role in adult 
tissue homeostasis [10]. For example, noggin 
mutations are found in rare genetic skeletal dis-
orders and gremlin 1 is implicated in diabetic 
nephropathy and in idiopathic pulmonary fibro-
sis [10, 14, 15]. During the last decade BMP 
antagonist alongside BMP ligands have gained 
more attention also in the cancer research field. 

Expression statuses of gremlin 1 and noggin 
have been studied in some cancer cell lines and 
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there are few examples of expression data in 
clinical patient material. Low level expression 
of noggin protein in combination with high 
BMP6 and low sclerostin expression associat-
ed with poor prognosis in esophageal carcino-
ma and increased metastasis occurrence in 
prostate cancer [16, 17]. Gremlin 1 is the only 
antagonist whose expression has been evalu-
ated in different tumor samples concurrently 
and elevated mRNA levels were detected in car-
cinomas of the lung, ovary, kidney, breast, 
colon, and pancreas [18]. According to Sneddon 
and colleagues [19] gremlin 1 mRNA is 
expressed particularly in the tumor stromal 
cells, but not in the corresponding normal tis-
sues. Functionally gremlin 1 and noggin have 
been more often used as surrogates of BMP 
action than been in focus themselves. However, 
there are few mouse xenograft studies showing 
on a functional level that the BMP antagonists 
can either promote or inhibit malignant proper-
ties. In lung cancer models, noggin was shown 
to suppress subcutaneous and bone metastat-
ic tumor growth, whereas gremlin 1 increased 
tumor size [20, 21]. In a prostate cancer model, 
noggin either enhanced or inhibited osteolytic 
bone metastasis formation [22-24]. In tumors 
of skin, noggin inhibited the BMP tumor-sup-
pressive activity [25, 26]. Taken together, the 
studies on BMP antagonists in cancer are still 
scarce but do suggest a possible important 
role. In this study, we have evaluated the pro-
tein expression of gremlin 1 and noggin in 34 
normal tissues or organs and in 34 tumor 
types.

Materials and methods

Tissue arrays

Commercially available multiple organ normal 
and tumor tissue microarrays (TMA) containing 
formalin-fixed paraffin-embedded tissue sam-
ples with a core diameter of 1-1.5 mm were 
obtained from US Biomax (Rockville, MD, USA; 
cat. No. MNO961, MC2082). Information on 
TNM, clinical stage, and pathology grade were 
available from the tumor specimens. The nor-
mal TMA contained 96 tissue specimens from 
34 different types of organs or anatomical 
sites: adrenal gland, bladder, bone marrow, 
breast, cerebellum, cerebral cortex, colon, 
esophagus, eye, fallopian tube, heart, kidney, 
liver, lung, ovary, pancreas, parathyroid, pitu-
itary gland, placenta, prostate, rectum, skin, 

small intestine, spinal cord, spleen, stomach, 
striated muscle, testis, thymus, thyroid, tonsil, 
ureter, uterine cervix, and uterus endometrium. 
The tumor TMA contained 208 tumor samples 
representing the following tumor types: adeno-
carcinomas of colon, endometrium, esopha-
gus, lung, ovary, pancreas, prostate and stom-
ach, astrocytoma, ductal and lobular breast 
carcinomas, fibrosarcoma of the skin, glioblas-
toma, hepatocellular carcinoma, Hodgkin and 
non-Hodgkin lymphomas, kidney clear cell and 
granular cell carcinomas, liposarcoma, lung 
large cell and small cell carcinomas, lymphoma 
of the spleen, malignant melanoma, ovarian 
germ cell and stromal tumors, papillary and fol-
licular thyroid carcinomas, seminoma, squa-
mous cell carcinomas of esophagus, lung, skin, 
uterine cervix, and the head and neck, and 
transitional cell carcinoma of the bladder.

Immunohistochemistry

Immunohistochemistry was used to evaluate 
the gremlin 1 and noggin protein expression in 
both normal and tumor samples. The immunos-
tainings were performed using an automated 
Lab Vision staining system (Fremont, CA). The 
TMA slides were first deparaffinized and rehy-
drated, and pretreated with a PT-Module (Lab 
Vision, Fremont, CA) at 98°C for 15 min in 50 
mM Tris-HCl buffer, pH 9.0 containing 1 mM 
EDTA. Endogenous peroxidase activity was 
blocked with H202 for 5 min at RT. The following 
primary antibodies were used: gremlin 1 (FL-
184, 1:100 dilution, Santa Cruz Biotechnology, 
Santa Cruz, CA), and noggin (1:1000 dilution, 
Abcam, Cambridge, UK). The staining was visu-
alized with a PowerVision+ polymer kit (Leica 
Biosystems Newcastle Ltd., Newcastle, UK) 
and diaminobenzidine was used as chromogen 
(DABImmPact, Vectorlabs, Burlingame, CA). 
The tissue sections were counterstained with 
hematoxylin. A control without the primary anti-
body showed no staining. To further verify the 
specificity of the antibodies, immunocytochem-
ical stainings of breast cancer cell lines with 
high and low/no mRNA expression (data not 
shown) of the corresponding antagonists were 
performed and they revealed an expected 
staining pattern.

The entire tissue core for each sample was 
evaluated by pathologists, and the staining was 
classified as negative, weak, moderate or 
strong based on the staining pattern observed 
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in the majority (at least 75%) of the cells. Data 
from different tissue compartments, e.g. epi-
thelium and stroma, were recorded separately 
when applicable. For cancer samples, the same 
scoring criteria were applied but only tumor 
cells were evaluated.

Results

Gremlin 1 and noggin protein expression in 
normal tissues

Gremlin 1 and noggin protein expression was 
studied first in the normal TMA that contained 
34 different organs or tissue sites. The protein 
expression was classified into four different 
staining categories: negative, weak, moderate, 
and strong staining (Figure 1). 

Gremlin 1 expression was negative or weak in 
76% of organs or tissue sites (Table 1, Figure 
1). Moderate expression was detected alto-
gether in 15% of the tissues and for the most 
part in the epithelial cells when present (Table 
1, Figure 1). In the stomach, gremlin 1 was 
moderately expressed in the parietal and chief 
cells of the gastric gland and in the skin in the 
non-keratinized epithelial cells of epidermis. 
Moderate gremlin 1 expression was also 

detected in the bone marrow. Expression pat-
tern was variable between the samples of blad-
der and endometrium, where weak gremlin 1 
staining was also detected. Strong staining was 
observed in the Leydig cells but not in the sper-
matogenetic cells of testis (Figure 1). The lung 
pneumocytes and all cells types of nephron in 
kidney also demonstrated strong staining, how-
ever not in all samples.

For noggin, the majority of organs or tissues 
demonstrated negative or weak staining (59%), 
whereas moderate expression of noggin was 
detected in 24% of samples (Table 2, Figure 1). 
In the adrenal gland, moderate expression was 
particularly detected in the cells of zona reticu-
laris, the inner zone of cortex. In the stomach, 
moderate noggin staining was observed in the 
base of the gastric glands, whereas the cells in 
the neck of the gland and gastric pit stained 
more weakly. Moderate staining was likewise 
detected in the syncytiotrophoblasts of placen-
ta, in the epithelial cells of mammary gland and 
in spleen. In the skin, all epithelial cells includ-
ing the outermost layer harbored moderate 
noggin staining. Strong noggin expression was 
detected in parathyroid gland, and in the Leydig 
cells but not in the spermatogenetic cells of 
testis. Strong staining was also detected in 

Figure 1. Gremlin 1 and noggin expression in normal and tumor tissues. Images representing the four staining 
categories are shown for gremlin 1 (A) negative staining in spleen, (B) weak staining in prostate, (C) moderate stain-
ing in ovarian dysgerminoma and (D) strong staining of the Leydig cells in testis. E. Negative staining of noggin is 
shown in rectum, (F) weak in esophagus, (G) moderate in papillary carcinoma of thyroid, and (H) strong staining in 
fallopian tube.
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some but not all samples of fallopian tube in 
epithelial cells, and of liver in hepatocytes 
(Figure 1). Inconsistent staining for noggin was 
observed in the samples of pancreas and 
kidney.

Gremlin 1 and noggin protein expression 
in tumor tissues

Next the expression of gremlin 1 and nog-
gin were analyzed in multiple cancers. 
Gremlin 1 was expressed at weak level in 
72% and at moderate level in 22% of the 
tumor samples (Figure 2). No expression 
was detected in 6% of samples and none 
of the samples demonstrated strong 
expression. In six tumor types gremlin 1 
was expressed at moderate level in at 
least half of the samples: invasive lobular 
carcinoma of breast, glioblastoma of 
brain, granular cell tumor of kidney, hepa-
tocellular carcinoma of liver, ovarian dys-
germinoma, and diffuse B-cell lymphoma 
of spleen (Figures 1 and 2). The frequency 
of low gremlin 1 expression was most evi-
dent in the small cell carcinoma of lung. 

Altogether, noggin was expressed at weak 
level in 71% and at moderate level in 22% 
of tumor samples (Figure 2). No expres-
sion was detected in 7% of samples and 
none of the samples demonstrated strong 
expression. When compared with the over-
all staining distribution, moderate noggin 
expression was detected in majority of 
samples in the case of the squamous cell 
carcinoma of esophagus and skin, the 
granular cell tumor of kidney and the papil-
lary carcinoma of thyroid (Figures 1 and 2). 
In skin dermatofibrosarcoma, no noggin 
expression was detected in three out of 
four tumor cases whereas the general fre-
quency of noggin negative samples was 
notably lower (7%) (Figure 2).

Discussion

BMP antagonists are essential regulatory 
proteins in development and have been 
rarely studied in normal adult tissues. 
Comprehensive analysis in different can-
cers is likewise currently missing. We have 
now for the first time shown gremlin 1 and 
noggin protein expression patterns con-
currently in variety of human adult normal 
tissues and cancer types.

Both gremlin 1 and noggin expression was 
either negative or weak in the majority of nor-
mal and tumor tissues, and none of the tumor 
samples demonstrated strong expression. 
However, it is important to note that the pat-
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terns of expression across different tissues 
were not identical with e.g. ovary and prostate 
being negative for noggin and showing moder-
ate expression of gremlin 1. Similarly, patterns 
differed in the tumors e.g. frequent moderate 
noggin expression was detected in papillary 
carcinoma of thyroid and squamous cell carci-
noma of skin that demonstrated weak gremlin 
1 expression. Interestingly, strong expression 
of both antagonists was observed in the Leydig 

cells of testis, possibly indicating an 
involvement in sex hormone production.

Moderate gremlin 1 expression was noted 
in stomach, bone marrow and skin. There 
are no previous reports of human stomach 
or bone marrow tissues, but reduced 
gremlin 1 mRNA expression have been 
described in non-tumor tissues adjacent 
to basal cell carcinomas of skin [19]. 
Gremlin 1 is involved in lung and kidney 
organogenesis [8] and strong expression 
in a subset of the samples of these organs 
suggested a role also in adult tissues. 
However, increased expression has been 
previously detected in diabetic nephropa-
thy and in idiopathic pulmonary fibrosis, 
but not in their corresponding normal tis-
sues [14, 15, 27]. 

Noggin is known to be involved in parathy-
roid gland during organogenesis [28], and 
now strong expression was demonstrated 
also in the adult tissue. Previously noggin 
has also been implicated in gastric epithe-
lial homeostasis [29] and we have shown 
that BMP4 is strongly expressed in stom-
ach [30]. Here the normal stomach sam-
ples exhibited moderate expression of 
noggin, as well as gremlin 1, thus indicat-
ing an important role for BMP signaling in 
the normal stomach. Moderate expression 
was detected also in the normal skin thus 
confirming previous observations [31]. Yet, 
this is the first time that moderate noggin 
expression has been reported in normal 
adult adrenal gland, breast, spleen, fallo-
pian tube and liver.

This study demonstrated for the first time 
elevated gremlin 1 expression in glioblas-
toma, hepatocellular carcinoma and dif-
fuse B-cell lymphoma as compared to cor-
responding normal tissues. Upregulated 
expression of gremlin 1 was also detected 

in ovarian dysgerminoma, confirming previous 
observations [18]. Moderate gremlin 1 expres-
sion was observed more often in invasive lobu-
lar breast carcinomas, as compared to invasive 
ductal carcinomas and normal breast. Previous 
reports have also detected elevated gremlin 1 
expression in breast tumors, and interestingly, 
we have shown that BMP4 and BMP7 are also 
significantly more often expressed particularly 
in the lobular cancers [18, 30, 32]. In the granu-
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Figure 2. Gremlin1 and noggin expression in 208 tumor samples. White bar denotes negative, light gray bar weak, 
and dark grey bar moderate gremlin 1 (left) or noggin (right) expression. Abbreviations, ca. carcinoma, IDC invasive 
ductal carcinoma, ILC invasive lobular carcinoma, ac. Adenocarcinoma, scc. squamous cell carcinoma, ly. lympho-
ma, c.t. cell tumor, sar. sarcoma.
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examples in certain organs that defend their 
place also in adult tissues and in cancer. 
Gremlin 1 and noggin are detected in Leydig 
cells of testis, stomach and skin implying an 
involvement in the normal function of these 
organs. Likewise their elevated expression is 
detected in some tumor types indicating poten-
tial importance of BMP signaling in cancer.
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