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STAT3 activation and risk of recurrence in meningiomas
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Abstract. Several studies have suggested that activation of
signal transducer and activator of transcription 3 (STAT3)
is associated with initiation, progression and metastasis of
numerous types of malignancy. However, the role of the
Janus kinase-interleukin 6-STAT3 signaling pathway in the
pathogenesis and recurrence of meningiomas is unknown. The
present study evaluated STAT3 activation by western blotting
and immunohistochemistry and assessed its association with
Ki-67 labeling in 13 cases of meningioma in which frozen
tissue and =5.5-year follow-up information were available,
and in formalin-fixed meningioma tissues from 14 cases with
an 8.4-year follow-up. The results of the western blot analysis
indicated that STAT3 phosphorylation was markedly higher in
grade IT meningiomas compared with that in grade I, with mean
densitometric values of 8.6 and 1.7 following normalization to
actin, respectively. High STAT3 phosphorylation/activation
was identified in 2 of 3 recurrent World Health Organization
(WHO) grade I meningiomas and O of 3 non-recurrent menin-
giomas. Strong STAT3 phosphorylation/activation signal was
also found in 2 of 4 recurrent grade II meningiomas and 1 of
3 non-recurrent cases. According to the immunohistochem-
istry results, phospho-STAT3 was not increased in WHO
grade II tumors compared with that in grade I tumors, and was
not significantly different between recurrent and non-recurrent
cases. Ki-67 labeling was significantly increased in grade II
vs. grade I tumors, and was also significantly increased in
recurrent compared with non-recurrent grade I meningiomas.
The results of the current study suggest that, while detection
of phosphorylated/activated STAT3 may be useful in isolated
cases, identifying activation may be of little value in predicting
recurrence.

Correspondence to: Dr Mahlon Johnson, Department of
Pathology, Division of Neuropathology, University of Rochester,
601 Elmwood Avenue, Rochester, NY 14623, USA

E-mail: mahlon_johnson@urmc.rochester.edu

Key words: meningiomas, phosphorylated signal transducer and
activator of transcription 3, meningioma progression, meningioma
recurrence, Ki-67

Introduction

Previous studies by our group and others have identified
several key signaling pathways that are activated in menin-
giomas, including the mitogen-activated protein kinase
(MAPK) kinase kinase-MAPK/extracellular signal-regulated
kinase (ERK) kinase (MEK1)-p44/42 MAPK cascade and
the phosphoinositide 3-kinase (PI3K)-protein kinase B
(PKB/Akt)-mammalian target of rapamycin (mTOR) and
JAK1-STAT3 pathways, which regulate the proliferation of
meningiomas (1,2,3-5) and appear to be activated, in part, by
components of the cerebrospinal fluid (6) and/or paracrine
effects that activate receptor/kinases, such as the epidermal
growth factor (EGF) and platelet-derived growth factor
(PDGF) receptor/kinases, in meningiomas (6-10).

Recurrence within 5 years of gross total resection occurs in
~12% of World Health Organization (WHO) grade I meningi-
omas, while 19% recur within 10 years (11,12). For intracranial
WHO grade II tumors at all sites, the overall recurrence rate is
29-40% within 5 years of gross total resection (13). The ability
to predict early recurrence of meningiomas would facilitate
optimal postoperative management, including frequency of
surveillance scanning and possible early radiotherapy (14-16).
Tumor location, grade, Ki-67 labeling, genetic mutations and
angiogenic factors have predictive value (11,13,17-19). Acti-
vation of the growth-regulatory kinase cascade may also be
associated with recurrence (8,20). However, the identity and
role of these pathways in the early recurrence of WHO and
Simpson grade I/II meningiomas have not yet been estab-
lished. Previous studies have demonstrated that the MAPK
kinase (Raf-1)-MEK1-p44/42 MAPK/ERK cascade and the
PI3K-PKB/Akt-mTOR and JAK1-STAT3 pathways are vari-
ably activated in certain grades of meningiomas (1-3,9,20,21);
however, whether this activation of any given pathway is a
predictor of recurrence remains unknown. The present study
evaluated whether phosphorylation/activation of STAT3 is a
predictor of recurrence.

Materials and methods

Meningioma tissue. Frozen tissue from 13 Simpson resection
grade I or II meningiomas, including 6 grade I and 7 grade II
meningiomas, were collected following intraoperative diag-
nosis (by Dr Mahlon Johnson) at the University of Rochester
Medical Center, with Institutional Review Board approval from
April 2007 to September 2009. The mean duration of follow-up
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Table I. Patient and tumor characteristics for meningiomas assessed by western blotting for activation/phosphorylation of STAT3,

and by immunohistochemistry for Ki-67 labeling.

Age Approximate Relative

Patient (years)/ Simpson WHO follow-up Ki-67  phospho-STAT?3
no. gender Location grade Subtype grade Recurrence time (years) index (%) expression

1 40/F R parietal I Fibrous I No 6 2 043

2 35/F R temporal I Mixed I No 6 5 0.29

3 38/F R temporal I Transitional I No 6 2 0.02

4 73/F L frontal I Meningothelial I Yes 5 5 54

5 63/F  Posterior fossa I Transitional I Yes 6 6 0.25

6 67/F  Posterior fossa I Transitional I Yes 6 7 43.18

7 14/M  Frontal I Fibrous II Yes 6 8 4.6

8 77/F L frontal I Meningothelial  II Yes 4 13 6.26

9 53/M R frontal I Mixed I Yes 5 13 0.46
10 43/M  Thoracic I Transitional II No 6 12 11.75
11 51/F R frontal I Transitional II No 5 15 0.35
12 54/F L spine I Fibrous II No 5 25 1.15
13 91/F L frontal I Meningothelial — 1I Yes 4 16 1.29

STAT3, signal transducer and activator of transcription 3; F, female; M, male; R, right; L, left; WHO, World Health Organization.

was 5.4 years. In addition, formalin-fixed, paraffin-embedded
tissues from 14 meningiomas were collected, including 5
WHO grade I and 9 WHO grade II meningiomas, with a mean
follow-up for non-recurrences of =6 years (mean, 8.4 years)
and less for recurrences (mean, 4.9 years). Patient and tumor
characteristics are listed in Tables I and II.

Simpson grading and postoperative follow-up imaging.
Cases were assigned a Simpson grade based on operative
notes (22). Follow up magnetic resonance imaging reports by
neuroradiologists and clinical notes were reviewed to identify
recurrence. Recurrence was considered not present if opera-
tive notes identified Simpson grade I or IT and available initial
postoperative images revealed no tumor (22) (Tables I and II).

Immunohistochemical analysis of phospho-STAT3 and
Ki-67 labeling. For immunohistochemistry, a representa-
tive formalin-fixed, paraffin-embedded tissue block from
each case was analyzed with monoclonal antibodies against
phospho-STAT3 phosphorylated at tyrosine 705 (catalog
no. 9145; Cell Signaling Technology, Inc., Beverly, MA,
USA; dilution, 1:50) and Ki-67 (Dako, Carpinteria, CA, USA,;
dilution, 1:100; cat. no. M7240), or diluent control followed
by pre-diluted MACH4 Universal HRP-polymer (BioCare
Medical, Concord, CA, USA). The slides were incubated
with primary antibody overnight in humid chambers at room
temperature,and then incubated for one hour with the secondary
probe at room temperature. Ki-67 immunohistochemistry was
performed on a Dako automated immunostainer with a 3 h
primary incubation at room temperature. For antigen retrieval,
used with both antibodies, tissue sections were incubated in a
thermoresistant chamber with 10X Reveal Decloaker (Biocare
Medical, Concord, CA, USA) at 120-123°C and pressure of
20-24 psi for 45 min. Immunoreactivity for STAT3 in the

nucleus was graded as follows: 0, undetectable; 1, positive in
1-20% of cells; 2, positive in 20-40% of cells; 3, positive in
>40% of cells. Ki-67 labeling was determined as a percentage
by a manual count.

Western blot analysis of the expression of phosphorylated/acti-
vated STAT3 in meningioma tissues. For western blot analysis,
meningioma lysates were obtained by mechanical homog-
enization in Upstate RIPA Lysis Buffer (EMD Millipore,
Billerica, MA, USA) using a 1:100 Protease Inhibitor Cocktail
(Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and
then frozen at -85°C. Lysates from the tumors (30 mg protein
each) were separated with 7.5% SDS-PAGE and transferred
to nitrocellulose membranes, blocked with blotting-grade
blocker (Bio-Rad Laboratories, Inc., Hercules, CA, USA),
using a semi-dry transfer apparatus (Mini Protean tetra Cell
2 gel system; Bio-Rad Laboratories, Inc.). Western blots were
analyzed with monoclonal antibodies against phospho-STAT3
phosphorylated at tyrosine 705 (dilution, 1:4,000; #9145; Cell
Signaling Technology, Inc.) incubated whilst rocking at 4°C
overnight, followed by secondary goat anti-rabbit HRP (dilu-
tion, 1:1,000; #170-6515; Bio-Rad Laboratories, Inc.) for 1 h
at room temperature. Loading was assessed with an antibody
against [3-actin (#4967; Cell Signaling Technology, Inc.). To
evaluate the results, the majority of western blots were repeated
a second time. Band intensity was normalized relative to actin
using the Image Lab for Chemidoc version 5.1 build 8 (Bio-Rad
Laboratories, Inc.). Bands were designated as negative, weak if
the STAT3:Actin ratio was <1 or positive if >1.

Statistical analysis. Normalized values for recurrent vs.
non-recurrent WHO grade I or II, recurrent grade I vs. grade 11
and non-recurrent grades I and II were evaluated by t-tests.
Statistical analysis was performed using Microsoft Excel
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Table II. Patient and tumor characteristics for meningiomas assessed by immunohistochemistry for activation/phosphorylation

of STAT3 and Ki-67 labeling.

Age
Patient (years)/ Simpson WHO Follow-up  Ki-67 Phospho-STAT3
no. gender Location grade Subtype grade Recurrence time index (%) immunoreactivity
1 45/F R frontal I Meningothelial I No 8 yrs 6 mo 3 0
2 74/F L frontal I Meningothelial I No 8 yrs NA 0
3 49/F  Post fossa II Fibrous I No 8 yrs 4 mo 5 0
4 53/M  Cervical II Psammomatous I No 6 yrs 0 1
5 46/F R temporal I Transitional I No 6 yrs 1 0
6 58/F  Convexity II Meningothelial II Yes 7 mo 9 1
7 74/M R frontal I Meningothelial II Yes 8 mo 8 0
8 14/M L hemisphere II Fibrous 11 Yes 30 mo 14 1
9 72/M R hemisphere II Meningothelial II Yes 1yr 17 0
10 19/M  Sphenoid II Transitional II No 11 yrs 7 1
11 66/F R frontoparietal I Mixed I No 5.5 yrs 14 0
12 50/M R frontal I Meningothelial II Yes 3 yrs 14 0
13 59/M L frontal II Meningothelial II Yes 4 yrs 15 1
14 11/M R frontoparietal II Transitional II No 14 yrs 5 0

STAT3, signal transducer and activator of transcription 3; F, female; M, male; R, right; L, left; WHO, World Health Organization; mo, months;

NA, not assessed; yrs, years.
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Figure 1. Western blot analysis of p-STAT3 in non-recurrent and recurrent meningiomas. World Health Organization grade I (lanes 1-6) and grade II (lanes
7-13) meningiomas were analyzed for the expression of p-STAT3. Meningiomas 4-9 and 13 were recurrent. Actin was used as a loading control. The mean
value for phospho-STAT3 was higher, but variable, in recurrent tumors as compared with non-recurrent tumors, and consequently not statistically significant.
p-STATS3, phosphorylated/activated signal transducer and activator of transcription 3.

(version 2010; Microsoft Corporation, Redmond, WA, USA).
P<0.05 was considered to indicate a significant difference.

Results

Analysis of phospho-STAT3 in meningioma tissues. The
results of the western blot analysis are summarized in Table I
and presented in Fig. 1. In the 7 grade I meningiomas,
phospho-STAT3 was weak in 4 cases and strong in 3 cases.
In the 6 grade II meningiomas, phopsho-STAT3 was weak
in 2, moderate in 2 and strong in 2 cases. The mean value
of phospho-STAT?3 in non-recurrent tumors (n=7) was 2.65
band intensity relative to actin. For recurrent tumors (n=6),
the mean value was 9.49. Grade I tumors had a mean Ki-67
labeling index of 4.5 overall and 3 or 6 in non-recurrent or
recurrent tumors respectively. In grade II, the Ki-67 index was
14.6 overall, with 17.3 and 12.8 in non-recurrent and recurrent
cases, respectively. Overall the grade II tumors had a signifi-
cantly higher Ki-67 labeling index percentage compared with
grade I tissues, according to analysis using z-tests.

In cases used only for immunohistochemistry, none of
the WHO grade I meningiomas were recurrent. Limited

phospho-STAT3 immunoreactivity was identified in 1/4 cases.
In the grade II tumors, phospho-STAT3 immunoreactivity
was 0.33 in non-recurrent cases and 0.5 for recurrent tumors
(Table II; Fig. 2); however, this was not significantly different.
For formalin-fixed tissue, including those tumors with
frozen tissue analyzed by western blotting, and those with only
formalin-fixed tissue, WHO grade I meningiomas without
and with recurrence had mean Ki-67 labeling indexes of
2.87 and 6.00, respectively, which were significantly different
(P=0.007). WHO grade IT meningiomas without and with
recurrence had mean Ki-67 labeling indexes of 13.00 and
12.70%, respectively; this difference was not significant.

Discussion

As STATS3 regulates cell proliferation and apoptosis, it was
hypothesized that it may be more selectively activated in recur-
rent, as compared with in non-recurrent, WHO grade I and/or I
meningiomas. Furthermore, the phosphorylation/activation of
STAT3 may serve as a marker for recurrence, particularly in
postoperative years 1-6. In the present study, intense phosphor-
ylation/activation of STAT3 was more common in recurrent
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Figure 2. Phospho-STAT3 immunoreactivity in WHO grade II meningioma. (A) Phospho-STAT3 immunoreactivity in a WHO grade II meningioma exhib-
ited limited nuclear staining (red) compared with (B) the negative control. Original magnification, x400; hematoxylin counterstain. WHO, world health

organization.

meningiomas compared with non-recurrent cases; this may
have been underestimated due to the short follow-up time in
some of the non-recurrent meningiomas with weak activation.
By immunohistochemistry, activation/phosphorylation of
STAT3 was identified to be significantly higher in recurrent
compared with non-recurrent meningiomas. Thus, although
preliminary, these findings suggest the possibility that high
levels of STAT3 combined with other clinical and molecular
markers may reliably predict meningioma recurrence.

The present study identified extensive STAT3 phosphory-
lation/activation more frequently in recurrent meningiomas.
These findings are consistent with the known effects of
STATS3 activation on cell proliferation, apoptosis and angio-
genesis (20,23-25). In a previous study, we demonstrated that
cerebrospinal fluid stimulated the phosphorylation/activation
of STAT?3 in grade I/II primary meningioma cell cultures (6).
Furthermore, our previous study revealed that the mitogenic
effects of cerebrospinal fluid on WHO grade I and II menin-
gioma cells appear to be exerted, in part, via the activation
of STAT3 (6). In addition, we have identified activation
of STAT3 in grade I and II meningiomas, with increased
phosphorylation/activation in grade II tumors (9). Similar
findings were subsequently reported by Zhang et al (26),
and Magrassi et al (2) reported that the levels of JAK1-2
and STATI1-6 proteins were increased in 17 WHO grade I
meningiomas as compared with control dural tissue (15).
STAT3 activation has been implicated in the initiation and
progression of various solid malignancies, including breast,
ovarian, pulmonary, colonic, pancreatic, renal and prostatic
carcinomas (27). Involvement in gliomas has also been
reported (27).

STAT3 may be activated by the MEKI1-MAPK and
PI3K-Akt-mTOR pathways and also by a number of different
cytokine/growth factor receptors (20,24). Growth factor or
cytokine receptor activation leads to the phosphorylation
of JAK1 in receptor complexes, resulting in latent cyto-
plasmic STAT dimerization and translocation into the
nucleus (20,24,25). Latent STAT3 in the cytoplasm can be
activated by various growth factors, including PDGF and EGF,
as well as cytokines, such as IL-6 (20,23-25). Although the
role of STAT3 in meningioma recurrence is not known, inhibi-
tion of STAT3 reduces tumor formation by breast carcinoma

cells and reduces recurrence in treated xenografts of human
breast cancer (28).

A number of previous studies have found that the Ki-67
labeling index is associated with meningioma grade and
possibly with the risk of recurrence, whereas others have
failed to identify such a correlation (29-31). In WHO grade 1
meningiomas, a Ki-67 labeling index of >4% may portend
relapse (29). In the present limited study, Ki-67 labeling was
revealed to be significantly higher in recurrent compared with
non-recurrent grade I meningiomas. Ki-67 labeling was also
significantly higher in grade II than in grade I meningiomas;
however, the index was similar between non-recurrent and
recurrent cases among grade II tumors. A previous study iden-
tified a strong correlation between Ki-67 or MIB-1 labeling
and the risk of recurrence but this is influenced by the means
of calculating the percentage or labeling index, which may
vary amongst institutions; in addition, it suggests the possi-
bility that other biological markers may be at least as useful
as predictors of recurrence, and less variable, compared with
the determination of Ki-67 labeling indexes in laboratories
without automated counting (32). In the present study, Ki-67
labeling was associated with the phosphorylation/activation of
STATS3, supporting this contention.

Tissue samples used in the current study were promptly
frozen to avoid degradation. The rate of dephosphorylation and
the phosphatases that are involved in the dephosphorylation
of phospho-p44/42 MAPK, -Akt or -STAT3 in meningioma
tissue collected intraoperatively have not been established.
However, in tissue collected routinely following surgery and
placed in formalin, preservation of phosphorylation of p44/42
MAPK and mTOR has been demonstrated to be less stable
with cold ischemia than certain other phosphoproteins (33).
Nonetheless, in our previous studies, cerebrospinal fluid,
which activates STAT3 and stimulates meningioma cell
proliferation, promoted STAT3 phosphorylation that could
be detected in meningioma cells at 72 h following treatment
suggesting phospho-STAT3 maintenance or stability in at
least some in vitro conditions. Furthermore, extensive phos-
phorylation of p44/42 MAPK and Akt was detected in frozen
tissue (1,3,6). Thus, in cases of extensive cellular activation,
phospho-STAT3 may be stable and reliably detected in tissue
frozen relatively promptly following surgical extirpation.



In conclusion, the present study suggests that the activa-

tion/phosphorylation of STAT3 may be important to the biology
of meningioma cell proliferation but not a sensitive predictor
of meningioma recurrence itself. If additional studies implicate
STAT?3 activation in meningioma recurrence, the detection of
phospho-STAT3 by western blot analysis or immunohisto-
chemistry may guide therapeutic efforts to prevent recurrence.
Identification of phospho-STAT3 may be performed in clinical
laboratories to create a meningioma assessment that is more
reliable than that based on clinical features and WHO grade
alone. At present, a number of STAT3 inhibitors are under
development or in clinical trials (21,28).
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