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Original Article
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glioblastoma growth in preclinical models through the 
inhibition of STAT3 phosphorylation
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Abstract

New therapeutic strategies against glioblastoma multiforme (GBM) are urgently needed. Signal transducer and activator of 
transcription 3 (STAT3), constitutively active in many GBM tumors, plays a major role in GBM tumor growth and represents 
a potential therapeutic target. We have documented previously that phospho-valproic acid (MDC-1112), which inhibits 
STAT3 activation, possesses strong anticancer properties in multiple cancer types. In this study, we explored the anticancer 
efficacy of MDC-1112 in preclinical models of GBM, and evaluated its mode of action. MDC-1112 inhibited the growth of 
multiple human GBM cell lines in a concentration- and time-dependent manner. Normal human astrocytes were resistant 
to MDC-1112, indicating selectivity. In vivo, MDC-1112 reduced the growth of subcutaneous GBM xenografts in mice by up 
to 78.2% (P < 0.01), compared with the controls. Moreover, MDC-1112 extended survival in an intracranial xenograft model. 
Although all vehicle-treated mice died by 19 days of treatment, 7 of 11 MDC-1112-treated mice were alive and healthy by 
the end of 5 weeks, with many showing tumor regression. Mechanistically, MDC-1112 inhibited STAT3 phosphorylation 
at the serine 727 residue, but not at tyrosine 705, in vitro and in vivo. STAT3 overexpression rescued GBM cells from the 
cell growth inhibition by MDC-1112. In addition, MDC-1112 reduced STAT3 levels in the mitochondria and enhanced 
mitochondrial levels of reactive oxygen species, which triggered apoptosis. In conclusion, MDC-1112 displays strong efficacy 
in preclinical models of GBM, with the serine 727 residue of STAT3 being its key molecular target. MDC-1112 merits further 
evaluation as a drug candidate for GBM.

Introduction
Glioblastoma multiforme (GBM), the most common primary 
malignant brain tumor, is a devastating disease (1). Despite an 
aggressive standard-of-care regimen combining maximum safe 
surgical resection plus radiation therapy and chemotherapy 

(temozolomide), the median progression-free survival is 
~7 months, the median overall survival is 15 months, and the 
2-year overall survival is 27% (2,3). Despite extensive efforts to 
improve GBM therapy, the prognosis of the patients continues 
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to be dismal (3,4). Thus, there is an urgent need to develop new 
agents against GBM.

The signal transducer and activator of transcription 3 
(STAT3) transcription factor is a major intracellular signaling 
protein, regulating important biological functions, such as 
cell proliferation, differentiation, survival, angiogenesis and 
immune response (5). STAT3 signaling activation involves 
the formation of a signaling-competent receptor complex 
that upon binding activates the receptor-associated Janus 
family of tyrosine kinases (6). Janus family of tyrosine kin-
ases phosphorylate STAT proteins that once phosphor-
ylated at the tyrosine 705 (Tyr705) residue form homo- or 
heterodimers. This allows its translocation to the nucleus, 
where it regulates the transcription of multiple proteins re-
lated to inflammation and cancer (7). Besides Tyr705 phos-
phorylation, STAT3 is also activated by serine 727 (Ser727) 
phosphorylation, where it mediates the actions of mitochon-
drial STAT3 in controlling respiration and Ras-dependent 
transformation (8,9).

Constitutive activation of STAT3 is important in oncogenic 
signaling and occurs at high frequency in human cancers, 
including GBM (5,10). Activation of STAT3 in GBM correlates with 
malignancy and poor prognosis, and has been shown to be es-
sential to the maintenance of GBM stem cells (11). Furthermore, 
constitutive activation of STAT3 in gliomas is positively asso-
ciated with tumor grade (12,13). In particular, high expression 
of phosphorylated STAT3, at both Tyr 705 and Ser727 residues, 
has been detected in human GBM specimens and both were 
predictive of poorer clinical outcome; however, only the high 
proportion of phosphorylated STAT3 Ser727 positive neoplastic 
cells in GBM was shown to be an independent unfavorable prog-
nostic factor (14). Moreover, inhibition of STAT3 enhances the 
radiosensitizing effect of temozolomide in GBM (15). These data 
clearly indicate that STAT3 represents a potential target for GBM 
treatment (16).

We have identified previously the new agent MDC-1112 
(Figure 1A) as a potent STAT3 inhibitor (17). We have shown 
that MDC-1112 is effective in inhibiting the growth of pan-
creatic cancer in mice, through the inhibition of STAT3 at the 
cytosolic and mitochondrial level (17). This novel agent has 
been synthesized based on a general approach where a specific 
chemical modification of known drugs enhances their desired 
anticancer properties, primarily their efficacy (18,19).

In the current work we examined, for the first time, the effi-
cacy of MDC-1112 in preclinical models of GBM and explored its 
mode of action. Our data show that MDC-1112 strongly inhibited 
the growth of subcutaneous GBM murine xenografts; extended 
survival of mice bearing intracranial tumors; reduced STAT3 
phosphorylation selectively at the Ser727 residue, leading to a 
decrease in mitochondrial STAT3 levels; enhanced the gener-
ation of reactive oxygen species (ROS) by the mitochondria and 
induced GBM cell death by apoptosis.

Materials and methods

Reagents
MDC-1112 (Figure 1A) was a gift from Medicon Pharmaceuticals (Stony 
Brook, NY). MDC-1112 was prepared as a 100-mM stock solution in sterile 
dimethyl sulfoxide. Valproic acid (VPA) was purchased from Sigma–Aldrich 
(St Louis, MO). Annexin V-FITC was purchased from Invitrogen (Carlsbad, 
CA). All general solvents and reagents were of HPLC grade or the highest 
grade commercially available.

Cell culture and cell growth assay
Human GBM cell lines [U87, LN-18, LN-229, U118; American Type Culture 
Collection (ATCC), Manassas, VA] were grown as monolayers in the me-
dium suggested by ATCC and supplemented with 10% fetal bovine serum 
(Mediatech, Herndon, VA), penicillin (50 U/ml) and streptomycin (50 µg/ml; 
Life Technologies, Grand Island, NY). Cells were grown in a humidified in-
cubator at 37°C with 5% CO2. We have not authenticated these cell lines, 
however we routinely test each cell line every 3 months for mycoplasma 
contamination. All the cell lines were characterized by cell morphology 
and growth rate and passaged in our laboratory <6  months after being 
received. Normal human astrocytes (NHA) were obtained from Lonza 
(Walkersville, MD) and cultured in astrocyte basal growth medium, supple-
mented with 25 μg/ml bovine insulin, 20 ng/ml epidermal growth factor, 
5% fetal bovine serum, 20 ng/ml progesterone and 50 μg/ml transferrin.

To determine cell growth, NHA and GBM cells were treated with 
various concentrations of MDC-1112 for 24, 48 or 72  h. Following 
treatment, the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide dye (MTT) was monitored, as described previ-
ously (20).

Clonogenic assay
This was performed as described previously (21). Briefly, U87 and LN-18 
cells, plated in 6-well plates (1000 cells per well), were treated with MDC-
1112 for 24 h. Following treatment, cells were grown for 10 days, with their 
media replaced every 3 days. Cells were then stained with 1% crystal violet 
in borate-buffered saline (0.1 M, pH 9.3) and 0.02% ethanol, and colonies 
were counted.

Apoptosis
GBM cells (1.0 × 105 cells per well) were treated with various concentra-
tions of MDC-1112 for 24 h. Briefly, after treatment with the test agent, 
cells were trypsinized, stained with Annexin V-FITC (100X dilution; 
Invitrogen) and propidium iodide (0.5 µg/ml; Sigma), and the fluorescence 
intensities were analyzed by FACSCalibur (BD Bioscience).

Determination of mitochondrial superoxide by 
FACSCalibur
LN-18 and U87 cells (1.0 × 105 cells per well) were incubated in the pres-
ence of 1× or 2 × IC50 MDC-1112 or VPA or equivalent volumes of dimethyl 
sulfoxide for 1 h. After treatment with the test drug, cells were trypsinized 
and stained with 10-µM MitoSOX Red for 30 min at 37°C and the fluores-
cence intensity was analyzed by FACSCalibur (BD Bioscience).

Determination of mitochondrial superoxide by 
fluorescence microscopy
LN-18 and U87 cells were seeded overnight in glass bottom culture dishes 
(MatTek, Ashland, MA) and incubated in the presence of 1 × IC50 MDC-1112 
or VPA or equivalent volumes of dimethyl sulfoxide for 0, 30, 60 or 120 min. 
Following treatment, mitochondrial superoxide was determined by fluor-
escence microscopy as described previously (22).

Determination of mitochondrial membrane potential
LN-18 and U87 cells were incubated with 1.5  × IC50 MDC-1112 for 
3  h. The mitochondrial membrane potential was determined by flow 
cytometry using the JC-1 cationic dye (5,5′,6,6′-tetrachloro-1,1′,3,3′- tet
raethylbenzimidazolylcarbocyanine iodide; Invitrogen), as described 
previously (23).

Abbreviations 

GBM glioblastoma multiforme
NHA normal human astrocytes
PBS phosphate-buffered saline
ROS reactive oxygen species
Ser727 serine 727
STAT3 signal transducer and activator of 

transcription 3
Tyr705 tyrosine 705
VPA valproic acid
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Western blot analysis
Following treatment with MDC-1112 at various concentrations, or 
for various lengths of time, cells were collected, total cell fractions 
obtained and western blots performed as described previously (24). 
Membranes were probed overnight with the following antibodies from 
Cell Signaling Technologies (Danvers, MA): p-STAT3Ser727 (cat no. 9134), 
STAT3 (cat no.  12640), survivin (cat no.  2802), PARP (cat no.  9542), 
Caspase 3 (cat no.  9665), caspase 9 (cat no.  9508), p21 (cat no.  2949), 
p-ERK (cat no.  4370), ERK (cat no.  4675)  and COX IV (cat no.  4850), or 
from Santa Cruz Biotechnology: HSP-60 (cat no. sc-136291) using a 
1:1000 dilution of antibody in 5% (w/v) fat-free milk. β-actin (cat no. 
A1978 from Millipore-Sigma, Saint Louis, MO) was used as a loading 

control. The membranes were allowed to incubate in secondary anti-
body, HRP conjugated (1:5000 dilution), for 60  min. Conjugates were 
visualized by chemiluminescence.

Data mining analysis of STAT3
A search of genome-wide expression study with both GBM and non-
tumor brain tissue yielded two independent data sets. The NCBI GEO 
GSE4290 data set contains 23 non-tumor samples and 81 glioblast-
omas. Normalized expression values from the downloaded sites were 
transformed to linear scale and used for statistical analysis. The 
TCGA GBM Affymetrix U133A data set (2013-12-18 freeze) contains 10 
normal tissues and 529 primary GBM tumors. Two-tailed Welch’s t-test 

Figure 1. MDC-1112 inhibits GBM cell growth. (A) Chemical structure of MDC-1112 (Phospho-valproic acid). (B) IC50 values for glioblastoma cells treated with MDC-

1112 or VPA for 24 h. These values are representative of three experiments, each performed in triplicates; results were within 10%. The table shows the 13.4- to 

25.4-fold enhancements in potency of MDC-1112 over VPA in four human GBM cell lines. (C) MDC-1112 reduces human U87 cell growth in a concentration- and time-

dependent manner. Results are expressed as % control. (D) MDC-1112 inhibits GBM cell colony formation in a concentration-dependent manner in U87 and LN-18 cells. 

(*P < 0.05, versus control). (E) Differential cytotoxic effect of MDC-1112 in GBM cells compared with the NHA. MDC-1112 inhibits human GBM cancer cell growth in a 

concentration-dependent manner. Cell growth was determined in U118, LN-229 and LN-18 GBM cells and in NHA after treatment with escalating concentrations of 

MDC-1112 for 48 h. Results are expressed as % control. *Significantly different compared with all other cell lines (P < 0.05, one-way analysis of variance test).
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and false discovery rate calculation were performed using R and samr 
bioconductor package. In TCGA GBM data set, 522 GBM samples have ex-
pression data information available.

STAT3 overexpression
U118 and LN-18 cells were transiently transfected with non-specific con-
trol plasmid (control cDNA) or 100  nmol/L STAT3 expression plasmid 
(STAT3 cDNA; OriGene, Rockville, MD) for 48 h using Lipofectamine 3000 
following the manufacturer’s instructions. Following transfection, cells 
were replated and treated with various concentrations of MDC-1112 to de-
termine cell growth.

Small interfering RNA gene knock-down
U118 cells were transfected with 200 ng of control or stat3 small interfering 
RNA in Lipofectamine 3000 (Invitrogen), following the manufacturer’s 
protocol. After 24 h, cells were trypsinized, and a fraction of the cells (5000 
cells per well) were replated in 96-well plates and treated without or with 
MDC-1112 1 × IC50 for an additional 24 h. The remaining of the cells were 
used to confirm the silencing of STAT3 by western blot.

Immunohistochemistry
Immunohistochemical staining for Ki-67 and p-STAT3Ser727 (Santa Cruz 
Biotechnology, Santa Cruz, CA), p21, p-STAT3Tyr705, Bcl-xL, Mcl-1, cleaved 
caspase 3 and cyclin D1 (Cell Signaling Technology, Beverly MA) was per-
formed as described previously (25).

Scoring: At least five fields per sample (at magnification ×200) were 
scored independently by an investigator blinded to the identity of the 
samples. Cells with a blue nucleus were considered unlabeled, whereas 
those with a brown nucleus were considered labeled. We calculated the 
percentage of positive cells by dividing the number of labeled cells by the 
number of cells in each field and multiplying by 100.

Animal studies
All animal studies were approved by our Institutional Animal Care and 
Use Committee.

Efficacy study in nude mouse xenografts
Female immune deficient BALB/c nude mice at 6 weeks of age were pur-
chased from Charles River Laboratories (Wilmington, MA), and main-
tained in pathogen-free conditions with irradiated chow. Animals were 
injected bilaterally, subcutaneously with 1.5 × 106 U87 (study 1) or U118 
(study 2) cells per side in 0.1 ml sterile phosphate-buffered saline (PBS). 
When the tumors became palpable, mice were divided randomly into 
two groups (n = 7/group), treated with vehicle control (PBS) or MDC-1112 
(50 mg/kg), in PBS given i.p.1×/day, 5 days per week for 15 days (study 
1)  or 25  days (study 2). MDC-1112’s 50  mg/kg dose represents 25% of 
its maximum tolerated dose, as we have determined previously (17). 
Body weight was determined once a week and tumor size twice weekly. 
Tumor size was calculated by the formula: [length × width × (length + 
width/2) × 0.56] in mm3. At the end of the experiment, animals were 
killed by CO2 asphyxiation and tumor weights were determined after 
their careful resection.

Orthotopic model of GBM and bioluminescence imaging
Female immune deficient BALB/c nude mice at 6 weeks of age were pur-
chased from Charles River Laboratories, and maintained in pathogen-free 
conditions with irradiated chow. Animals were injected into the right 
basal ganglia of anesthetized athymic nude mice, with each mouse re-
ceiving 10  µl injections containing 0.3  ×106 U87-Luc cells. After a week, 
tumor size was monitored with bioluminensece and mice were divided 
randomly into two groups (n = 10–11/group), treated with vehicle control 
(PBS) or MDC-1112 (50  mg/kg), in PBS given i.p.1×/day, 5  days per week 
until killing. Body weight was determined once a week.

For bioluminescence imaging, mice were anesthetized with isoflurane, 
injected with 100 mg/ml D-luciferin (PerkinElmer) suspended in PBS and 
after 10 min intracranial tumor growth was quantified using an IVIS im-
aging system (PerkinElmer). Images were captured and analyzed by Living 
Image software (PerkinElmer).

Statistical analysis
The data, obtained from at least three independent experiments, were 
expressed as the mean ± SEM. Statistical evaluation was performed by 
one-factor analysis of variance followed by Tukey test for multiple com-
parisons. Kaplan–Meier analyses with log rank statistics for animal sur-
vival curves were generated using GraphPad Prism Software version 7.0.1. 
P < 0.05 was regarded statistically significant.

Results

MDC-1112 inhibits the growth of GBM cell lines 
more potently than VPA

To evaluate the effect of MDC-1112 on cell growth, we initially 
determined the 24-h IC50 values (drug concentration inhibiting 
cell growth by 50% at 24  h) of MDC-1112 and VPA in various 
human GBM cell lines (Figure 1B). The IC50 values of MDC-1112 
varied among these GBM cell lines (64–167 µM), whereas those 
of VPA were consistently higher. In all cases, the potency of 
MDC-1112 was substantially greater than that of its parent com-
pound, being enhanced between 13.4- and 25.4-fold. As shown 
in Figure 1C, MDC-1112 reduced U87 growth in a concentration- 
and time-dependent manner. Then, we examined the effect of 
MDC-1112 on colony formation in two GBM cell lines. MDC-
1112 inhibited colony formation in a concentration-dependent 
manner, inhibiting colony formation in U87 and LN-18 cells by 
79% and 72%, respectively (P < 0.05, for both), at MDC-1112 1 × 
IC50 (Figure 1D).

We next treated a panel of three human GBM cells with or 
without increasing concentrations of MDC-1112 (20–80 μM) for 
48  h, and compared the effect of MDC-1112 on the growth of 
GBM cells against that of the NHA. As shown in Figure 1E, MDC-
1112 reduces GBM cell growth in a concentration-dependent 
manner in all cell lines tested. For instance, 40  µM MDC-1112 
at 48 h reduced cell growth in LN-18, LN-229 and U118 cells by 
93.7%, 85.7% and 88.8% (P < 0.05, for all), respectively. In contrast, 
under the same experimental conditions, 40 µM MDC-1112 for 
48 h had a lesser effect on NHA cells, reducing growth by 40.6% 
(Figure 1E). This indicates that MDC-1112 decreases cell growth 
preferentially in GBM cells compared with NHA.

MDC-1112 inhibits the growth of human GBM 
xenografts in nude mice

To assess the anticancer potential of MDC-1112 in vivo, we 
used heterotopic (subcutaneous) GBM xenografts in nude mice. 
Initially, we evaluated the chemotherapeutic effect of MDC-1112 
on subcutaneous U87 xenografts. Once the tumors reached 
~120 mm3, the mice were treated intraperitoneally with either 
MDC-1112 50  mg/kg or vehicle. On day 15 of treatment, the 
tumor volume (mean ± SEM) for the vehicle control and MDC-
1112 groups were 1016 ± 112 and 319.9 ± 110 mm3, respectively, 
resulting in a 78% reduction in the rate of tumor growth, without 
signs of toxicity (P < 0.05; Figure 2A and B).

To rule out a cell-specific effect, we then assessed the in vivo 
chemotherapeutic potential of MDC-1112 using a human U118 
GBM xenograft model. In this model, the mice were treated 
intraperitoneally with either MDC-1112 50  mg/kg or vehicle. 
At the end of the treatment (day 30), MDC-1112 inhibited U118 
xenograft growth by 55% and tumor weight by 45%, compared 
with control (P  <  0.01; Figure 2C and D). To note, body weight 
of vehicle control and MDC-1112-treated mice were comparable 
throughout the treatment period (Figure 2E).

To investigate the mechanism by which MDC-1112 reduced 
tumor growth, we determined cell proliferation (KI-67 expres-
sion), cell cycle (p21 expression) and apoptosis (cleaved caspase 
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Figure 2. MDC-1112 reduces GBM xenograft growth. (A) MDC-1112 inhibits the growth of human U87 xenografts. U87 cells were injected s.c. into the flank areas of nude mice, 

and when palpable tumors were observed, the mice received MDC-1112 (50 mg/kg per day) in PBS or just PBS (control) by intraperitoneal injection for 15 days. U87 tumor 

volume growth over time for vehicle control- and MDC-1112-treated mice. *Significantly different compared with control group [P < 0.01, one-way analysis of variance (ANOVA) 

test]. (B) Mice weight progression for control and MDC-1112-treated mice. (C) MDC-1112 inhibits the growth of human U118 xenografts. U118 cells were injected s.c. into the 

flank areas of nude mice, and when palpable tumors were observed, the mice received MDC-1112 (50 mg/kg per day) in PBS or just PBS (control) by intraperitoneal injection 

for 30 days. U118 tumor volume growth over time for vehicle control- and MDC-1112-treated mice. *Significantly different compared with control group (P < 0.01, one-way 

ANOVA test). (D) Tumor weight at sacrifice. *Significantly different compared with control group (P < 0.01, one-way ANOVA test). (E) Body weight over time of mice bearing 

U118 xenografts treated with vehicle control (PBS) or MDC-1112 50 mg/kg. All values: mean ± SD. (F) Ki-67 and p21 immunostaining were performed on U87 tumor sections 

and photographs were taken at ×20 magnification. Representative images are shown. The consecutive section was stained with isotype IgG as negative staining control 

and it is shown in the upper right corner. Quantification is displayed on the right. Results were expressed as percent of Ki-67+ or p21+ cells ± SEM per ×20 field. *Significant 

compared with control group; P < 0.05. (G) Ki-67 and cleaved caspase 3 (CC3) immunostaining were performed on U118 tumor sections and photographs were taken at ×20 

magnification. Representative images are shown. The consecutive section was stained with isotype IgG as negative staining control and it is shown in the upper right 

corner. Quantification is displayed on the right. Results were expressed as percent of Ki-67+ cells ± SEM per ×20 field. *Significant compared with control group; P < 0.05.
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Figure 3. Treatment with MDC-1112 extends survival in mice bearing GBM intracranial tumors. (A) U87-Luc cells were intracranially injected, and when tumor size was 

confirmed by bioluminensence, mice received MDC-1112 (50 mg/kg 5×/week) in PBS or just PBS (control) by intraperitoneal injection for up to 35 days. Tumor growth 

over time until endpoint in vehicle control (red) or MDC-1112 (blue)-treated mice determined by bioluminescent imaging. (B) MDC-1112 therapy significantly prolonged 

survival of animals as compared with vehicle control group (P < 0.005). Kaplan–Meier survival curve of vehicle control (red) or MDC-1112-treated mice (blue) is shown. 

Seven of eleven MDC-1112-treated animals were intentionally killed (censored) for histological analysis of brain at day 35 despite being healthy. (C) Tumor growth was 

monitored by bioluminescent imaging in mice bearing intracranial U87-Luc cells (n = 10–11 per group). Representative IVIS images of U87-Luc-bearing animals over 

time treated as indicated.

3 expression) levels by immunohistochemistry in tumor tissue 
sections from control and MDC-1112-treated mice (Figure 2F and 
G). The expression of Ki-67 and p21 was strongly positive in the 
nuclei. Compared with controls, MDC-1112 inhibited cell prolif-
eration by 52% (P < 0.05) and 40% in the U87 and U118 xenografts, 
respectively (Figure 2F and G). In addition, MDC-1112 increased 
the percentage of p21(+) cells by 2.6 fold and cleaved caspase 
3(+) cells by 10.9-fold (P < 0.05; Figure 2F and G). The increase in 
p21 levels was also observed in vitro. MDC-1112 treatment led 
to a concentration-dependent increase in p21 expression levels 

in U87 cells (Supplementary Figure 1, available at Carcinogenesis 
Online).

MDC-1112 extends the survival of mice bearing 
intracranial tumors

We then used an intracranial orthotopic model to evaluate the 
anticancer effect of MDC-1112 in GBM. For this purpose, we in-
jected U87 cells constitutively expressing luciferase (U87-Luc) 
in the right basal ganglia of nude mice. After 5 days, we deter-
mined the presence and size of the tumor by bioluminescence 

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/advance-article-abstract/doi/10.1093/carcin/bgz069/5474385 by U

niversity of C
alifornia, D

avis user on 30 April 2019

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgz069#supplementary-data


Copyedited by: oup

D.Luo et al. | 7

Figure 4. MDC-1112 inhibits STAT3 Ser727 signaling in vitro and in vivo. (A) Immunoblots of STAT3, phosphorylated STAT3 at the Ser727 residue (p-STAT3Ser727), from 

U87 cells treated with MDC-1112, 1 × IC50 for different periods of time. Bands were quantified and results are shown as the ratio p-STAT3Ser727:STAT3. Values are mean ± 

SEM. *P < 0.05 versus control. (B) Immunoblots of STAT3 and phosphorylated STAT3 at the Ser727 residue (p-STAT3Ser727), from U87 and LN-18 cells treated with various 

concentrations of MDC-1112 for 4 h. Bands were quantified and results are shown as the ratio p-STAT3Ser727:STAT3. Values are mean ± SEM. *P < 0.05 versus control. 

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/advance-article-abstract/doi/10.1093/carcin/bgz069/5474385 by U

niversity of C
alifornia, D

avis user on 30 April 2019



Copyedited by: oup

8 | Carcinogenesis, 2019, Vol. XX, No. XX

and randomized the mice in vehicle-treated controls and MDC-
1112-treated mice. Tumors in vehicle-treated controls grew fast 
(Figure 3A) and by day 19 following randomization, all mice (10 
of 10)  died (Figure 3B). In contrast, 7 of 11 MDC-1112-treated 
mice were alive at 19 days and remained alive at the end of the 
study (35 days of treatment; P < 0.005; Figure 3B and C).

MDC-1112 reduces STAT3 Ser727 signaling in GBM 
cells and xenografts

STAT3 plays a critical role in GBM. For example, constitutive ac-
tivation of STAT3 is important in oncogenic signaling and oc-
curs at high frequency in GBM (5,10). Furthermore, activation of 
STAT3 in GBM correlates with malignancy and poor prognosis.

Using publicly available data sets (NCBI GEO GSE4290 and 
TCGA GBM Affymetrix U133A 2013-12-18 freeze), we explored 
the expression status of the stat3 gene (STAT3) in human GBM 
samples. STAT3 gene expression was significantly increased in 
GBM tumor samples compared with non-tumor samples. The 
fold-increase of STAT3 expression for GBM tumor/normal tissue 
was 2.3 (false discovery rate < 5%) and 1.5 (false discovery rate < 
1%) for each data set. Moreover, GBM patients expressing higher 
tumor levels of STAT3 experienced worse survival than those 
expressing lower STAT3 tumor levels (Supplementary Figure 
2A, available at Carcinogenesis Online), indicating that STAT3 is 
overexpressed in human GBM and could represent a therapeutic 
target.

Given that we have shown that MDC-1112 inhibits STAT3 
signaling in pancreatic cancer (17), we evaluated whether 
MDC-1112 could inhibit STAT3 in GBM cells. We first exam-
ined the effect of MDC-1112 on STAT3 phosphorylation at the 
Ser727 residue, because it has been shown to influence GBM 
clinical outcome (14). MDC-1112 strongly inhibited STAT3 ac-
tivation at the Ser727 residue, reducing its phosphorylation in 
a time- and concentration-dependent manner (Figure 4A and 
B). This was confirmed in vivo. Immunohistochemical studies 
of subcutaneous U87 xenografts revealed that MDC-1112 in-
hibited p-STAT3Ser727 expression by 75% in vivo, compared with 
control (P < 0.05; Figure 4C). Moreover, MDC-1112 also reduced 
p-STAT3Ser727 expression in tumor lysates (Figure 4E).

Because ERK1/2 can phosphorylate STAT3 at the Ser727 
residue (26,27), we explored whether MDC-1112 affected 
ERK1/2 phosphorylation. In U87 cells, MDC-1112 treatment re-
duced p-ERK1/2 levels in a concentration-dependent manner, 
reducing p-ERK1/2 levels by 79% and 92% at 1 × IC50 and 1.5 × 
IC50, respectively (Figure 4D). Furthermore, in U87 xenografts, 
MDC-1112 significantly reduced p-ERK1/2 levels by 60.5%, 
as shown by immunohistochemistry and immunoblotting 
(P < 0.05; Figure 4C–E).

We also examined the effect of MDC-1112 on STAT3 at 
the Tyr705 residue, because its phosphorylation is critical for 
STAT3 dimerization, nuclear translocation, and DNA binding 
(7). MDC-1112 failed to inhibit STAT3 phosphorylation at 

Tyr705 residue, nor did it reduce STAT3-dependent proteins 
(Figure 4C and Supplementary Figure 2B and C, available at 
Carcinogenesis Online). In GBM cells and xenografts, MDC-1112 
and control groups showed similar expression levels of down-
stream effectors of STAT3 Tyr705, including Bcl-xL, Mcl-1, cyclin 
D1 and survivin (Supplementary Figure 2B and C, available at 
Carcinogenesis Online).

To evaluated whether STAT3 pathway is a key pathway of 
MDC-1112, we generated U118 and LN-18 cells overexpressing 
STAT3 (STAT3 cDNA), using as controls cells transfected with 
scramble cDNA (control cDNA). The overexpression of STAT3 
in the GBM cells was confirmed by immunoblotting (Figure 4F).  
Interestingly, STAT3 overexpression abrogated, in part, the 
growth inhibitory effect of MDC-1112. For instance, treatment of 
U118 and LN-18 cells with MDC-1112 100 µM for 48 h reduced cell 
growth by 75% and 64%, respectively. In contrast, overexpression 
of STAT3 partially prevented the reduction in cell growth in-
duced by MDC-1112 100 µM (48% and 61% of cells are viable in 
STAT3 overexpressing U118 and LN-18 cells at 48  h; Figure 4F 
and Supplementary Figure 3, available at Carcinogenesis Online).

To confirm the role of STAT3 in MDC-1112-induced cell 
growth inhibition, we silenced STAT3 in U118 cells and ex-
plored the effect of MDC-1112 on control and STAT3-silenced 
cells. Knocking-down stat3 reduced U118 cell growth by 30%. In 
cells transfected with non-specific small interfering RNA, MDC-
1112 decreased their number of viable cells by 45%, whereas in 
STAT3-silenced cells, MDC-1112 reduced cell growth by 47%, 
indicating that knocking-down stat3 had no additional effect on 
the growth inhibitory effect of MDC-1112 (Figure 4G).

MDC-1112 reduces STAT3 mitochondrial levels in 
GBM cells

STAT3 has been shown to be present in mitochondria where it 
(i) regulates a metabolic function, by supporting Ras-dependent 
malignant transformation (8) and (ii) is important for the op-
timal function of the electron transport chain (9). As phosphor-
ylation at the Ser727 residue is critical for the translocation of 
STAT3 into the mitochondria (27), we evaluated whether MDC-
1112 affected mitochondrial STAT3 levels.

In U87 cells treated with MDC-1112 for 3 h, we observed a 
concentration-dependent decrease of STAT3 levels in the mito-
chondria (Figure 5A). This was also confirmed in U118 and 
LN-18 cells. On the contrary, no differences in Hsp60 chaperone 
protein or GRIM-19 levels were observed between the groups, 
indicating that the transport of these proteins was unaffected 
by MDC-1112.

To further evaluate the mechanism by which MDC-1112 pre-
vents STAT3 translocation into the mitochondria, we evaluated 
whether MDC-1112 could affect GRIM-19, which has been shown 
to facilitate STAT3 entry into the mitochondria. As shown in 
figure 5B and C, MDC-1112 did not affect the expression GRIM-
19 levels nor its mitochondrial levels.

(C) Immunostaining for phosphorylated STAT3 at the Ser727 residue (p-STAT3Ser727) or Tyr705 residue (p-STAT3Tyr705) or p-ERK1/2 expression on tissue sections of U87 

tumors from control and MDC-1112-treated mice (×20). Representative images are shown. The consecutive section was stained with isotype IgG as negative staining 

control and it is shown in the upper right corner. Quantification is displayed on the right. Results were expressed as percent of p-STAT3Ser727, p-STAT3Tyr705 or p-ERK1/2 

positive cells per field. *Significant compared with control group; P < 0.05. (D) Immunoblots of ERK1/2 and phosphorylated ERK1/2 (p-ERK), from U87 cells treated with 

various concentrations of MDC-1112 for 4 h. Bands were quantified and results are shown as the ratio p-ERK:ERK. Values are mean ± SEM. *P < 0.05 versus control. (E) 

Immunoblots of STAT3, p-STAT3Ser727, ERK1/2 and phosphorylated ERK1/2 (p-ERK), from U87 tumor lysates. Loading control: β-actin. Each lane represents a different 

tumor sample. Bands were quantified and results are expressed as the ratio of phospho over total expression levels for each protein. Values are mean±SEM. *P < 0.05 

versus control. (F) STAT3 overexpression ameliorates, in part, the cell growth inhibition by MDC-1112. U118 cells were transfected with a control (cDNA) or STAT3-

expressing plasmid for 48 h and then treated with 50 or 100 µM MDC-1112 for 48 h. Cell growth was evaluated by the MTT assay; *P < 0.05 versus control. Top: STAT3 

expression status in whole cell protein lysates following transfection. (G) Effect of silencing STAT3 on MDC-1112-induced cell growth reduction. U118 cells were trans-

fected with either control or STAT3 small interfering RNA. After transfection, cells were treated with MDC-1112 for 24 h and cell growth was evaluated; *P < 0.05 versus 

control. Immunoblots to verify STAT3 silencing were performed on whole cell extracts obtained from these cells (top panel).
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Figure 5. MDC-1112 reduces mitochondrial STAT3 levels and induces mitochondrial ROS in GBM cells. (A) Immunoblots for STAT3, Hsp60 or COX IV in mitochondrial 

(MF) fractions from U87 cells treated with MDC-1112 for 3 h. Bands were quantified and results expressed as percent control for each protein. Values are mean ± SEM. 

*P < 0.05 versus control. (B) Immunoblots for STAT3, phosphorylated STAT3 at the Ser727 residue (p-STAT3Ser727), GRIM-19 and COX IV in MF from U118 and LN-18 cells 

treated with MDC-1112 for 3 h. Bands were quantified and results expressed as percent control for each protein. Values are mean ± SEM. *P < 0.05 versus control. (C) 

Immunoblots of GRIM-19 in total fractions from U87 cells treated with various concentrations of MDC-1112 for 4 h. Bands were quantified and results are shown as the 

ratio GRIM-19:β-actin. (D) U87 and LN-18 cells were treated with MDC-1112 for 1 h as indicated. The levels of superoxide anion in the mitochondria were determined by 

flow cytometry using the MitoSOX-Red fluorescent probe. Bar graph analysis of Geometric means of cells that underwent MitoSOX Red Staining. (E) U87 and LN-18 cells 

were treated without (Control) or with MDC-1112 1 × IC50 or VPA (1 × IC50) for 1 h. Superoxide anion levels in the mitochondria was determined by confocal microscopy. 

Representative images are shown. (F) Treatment with Mito-TEMPO prevents the increase in MitoSOX-Red induced by MDC-1112 in various GBM cells. Values are mean 

± SEM. *P < 0.05 versus control.
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Figure 6. MDC-1112 induces intrinsic apoptosis in GBM cells. (A) MDC-1112 collapses the mitochondrial membrane potential (ΔΨm) in a concentration-dependent 

manner. Cells were stained with JC-1 and analyzed with flow cytometry after treatment with MDC-1112 for 3 h. Data were quantified and results are shown as mean 

± SEM; *P < 0.05 versus control. (B) Immunoblots for full-length caspase 9 in total cell protein extracts from LN-18 or U87 cells treated with MDC-1112, as indicated, for 

24 h. Loading control: β-actin. Bands were quantified and results are shown as the ratio cleaved:β-actin; *P < 0.05 versus control. (C) Immunoblots for full length and 
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MDC-1112 induces mitochondria ROS levels and 
intrinsic apoptosis in GBM cells

Given that STAT3 in the mitochondria is required for the op-
timal function of the electron transport chain (9), and because 
ROS can mediate at least part of the anticancer effect of various 
agents (28), we assessed whether MDC-1112 could induce the 
production of mitochondrial ROS in GBM cells, by determining 
if MDC-1112 could induce superoxide anion in mitochondria, 
using the selective probe MitoSOX Red. Incubation of U87 and 
LN-18 cells with MDC-1112 induced a concentration-dependent 
increase in mitochondrial superoxide anion levels (Figure 5D). 
This finding was confirmed by confocal microscopy (Figure 5E). 
In contrast to MDC-1112, VPA failed to increase mitochondrial 
superoxide anion (Figure 5F and Supplementary Figure 4, avail-
able at Carcinogenesis Online). The increase in superoxide anion 
levels by MDC-1112 was ameliorated by pre-treating GBM cells 
with the mitochondrial antioxidant TEMPO (Figure 5F).

Next, we evaluated whether MDC-1112 could affect the 
mitochondrial membrane potential. MDC-1112 induced a 
concentration-dependent decrease in mitochondrial membrane 
potential (Figure 6A). Incubation of U87 and LN-18 cells with 
MDC-1112 1 × IC50 and 1.5 × IC50 for 3 h decreased the red:green 
fluorescent ratio by 17% and 46% in U87 cells and by 84% and 89% 
in LN-18 cells, respectively, compared with controls, indicating 
the collapse of the mitochondrial membrane potential.

As a consequence of the aforementioned process, MDC-
1112 induced the intrinsic apoptotic pathway, as shown by the 
cleavage of procaspase 9, following treatment with MDC-1112 
(Figure 6B). This was followed by the activation of caspase 3, ob-
served after treatment with MDC-1112 for 24 h (Figure 6C and 
D). To confirm the apoptotic effect of MDC-1112, we performed 
flow cytometry using the dual marker Annexin V/PI staining. As 
shown in Figure 6E, MDC-1112 strongly induced cell death by 
apoptosis. Treatment of U87 cells with MDC-1112 for 24  h in-
creased the proportion of apoptotic cells in a concentration-
dependent manner compared with controls. This increase 
became statistically significant (P  <  0.05) at 0.5  × IC50 (4.0-fold 
over control), 1 × IC50 (9.3-fold over control) and 1.5 × IC50 (12.2-
fold over control). Incubation of LN-18 and LN-229 cells with 
MDC-1112 1 × IC50 for 24 h also induced a 2.1- and 7.3-fold in-
crease (P < 0.05, for both) in annexin V(+) cells, compared with 
controls (Figure 6F).

Discussion
Existing therapies for GBM have fallen short of improving dismal 
patient outcomes, with an average 15-month median overall 
survival. Therefore, new therapeutic strategies are critically 
needed to improve clinical outcome. Our results establish MDC-
1112 as a strong inhibitor of GBM growth in preclinical models, 
whose distinct mechanism of action is dominated by inhibition 
of STAT3 at the Ser727 residue. All these attributes make MDC-
1112 a promising candidate drug for the treatment of GBM.

A common practice in drug development involves exploiting 
the properties of putative molecular targets. We have modified 
VPA to generate MDC-1112 (phospho-valproic acid) in such a 

way as to enhance its pharmacological properties, in particular 
its efficacy (17). The present results establish MDC-1112 as an 
agent with significantly improved anticancer activity over its 
parent compound VPA. MDC-1112 is a potent inhibitor of GBM 
cell growth in vitro (>13.4-fold more potent than VPA). In vivo, 
MDC-1112 suppressed the growth of subcutaneous U87 and U118 
tumors in immunodeficient mice, and this effect was charac-
terized by decreased cell proliferation and increased apoptosis. 
Furthermore, MDC-1112 extended the survival of mice bearing 
intracranial GBM tumors, with some tumors regressing in size. 
Importantly, MDC-1112 was safe, showing essentially no signs of 
toxicity in GBM mouse models. This finding is in agreement with 
our previous report showing that MDC-1112 lacked genotoxicity 
and was well tolerated (17), highlighting MDC-1112’s safety in 
multiple animal models of disease. These results indicate that 
MDC-1112 is a promising agent for GBM treatment.

An important feature of an anticancer drug is its selectivity. 
Anticancer drugs should preferentially target the tumor and 
not the normal surrounding tissue. MDC-1112 displays such se-
lectivity. Compared with several GBM cell lines, normal human 
astrocytes, e.g. NHA cells, were more resistant to MDC-1112-
suppression of their growth. Such selectivity, if broadly con-
firmed, will be a significant advantage of MDC-1112.

STAT3 is an important oncogenic signaling molecule, found 
to be activated at high frequency in human cancers, including 
GBM (5,10). Because the activation of STAT3 in GBM correl-
ates with malignancy and poor prognosis (11–13), there have 
been multiple efforts, including ours, to develop and evaluate 
anticancer drugs that target STAT3 during the last years (29–31). 
The molecular mechanism underlying the anticancer effect of 
MDC-1112 is dominated by its ability to inhibit STAT3, which is 
supported by two findings: (i) that STAT3 overexpression ameli-
orated the anticancer effect of MDC-1112 and (ii) the fact that 
silencing STAT3 did not lead to additional growth inhibitory ef-
fect by MDC-1112.

However, to our surprise, the main STAT3 target was not the 
inhibition of STAT3 activation at the Tyr705 residue, a residue 
important for nuclear translocation of STAT3 and its function as 
a transcription factor, and which we have shown to be affected 
by MDC-1112 in pancreatic cancer (17). At present, there is no 
readily explanation for this seemingly discrepancy regarding 
the effect of MDC-1112 on the phosphorylation of STAT3 Tyr705 
residue in pancreatic cancer and GBM. On the contrary, MDC-
1112 strongly inhibited STAT3 phosphorylation at the Ser727 
residue, which appears to be the key residue affected by MDC-
1112 in GBM and in pancreatic cancer. As Ser727 phosphoryl-
ation is achieved by serine/threonine kinases, including ERK1/2 
(27), the inhibition of STAT3 Ser727 phosphorylation is due in 
part by the inhibition of ERK phosphorylation by MDC-1112, as 
shown in vitro and in vivo.

High expression levels of phosphorylated STAT3, at both 
Tyr705 and Ser727 residues, are predictive of poorer clinical 
outcome in GBM patients. However, only the high propor-
tion of phosphorylated STAT3 Ser727 positive neoplastic cells 
in GBM were shown to be an independent unfavorable prog-
nostic factor (14). Therefore, MDC-1112 by targeting STAT3 at the 

cleaved caspase 3 in total cell protein extracts from LN-18 or U118 cells treated with MDC-1112, as indicated, for 24 h. Loading control: β-actin. Bands were quantified 

and results are shown as the ratio cleaved:full length protein; *P < 0.05 versus control. (D) Immunoblots for full length and cleaved PARP in total cell protein extracts 

from LN-18 or U87 cells treated with MDC-1112, as indicated, for 24 h. Bands were quantified and results are shown as the ratio cleaved/full length protein; *P < 0.05 

versus control. (E) Cell death by apoptosis was determined by flow cytometry using the dual staining (Annexin V and PI) in U87 cells treated with increasing concentra-

tions of MDC-1112 for 24 h. Results are expressed as fold-increase compared with the percentage of Annexin V (+) cells in the control group. (F) Cell death by apoptosis 

was determined by flow cytometry in LN-18 and LN-229 cells incubated without or with MDC-1112 1 × IC50 for 24 h. Results are expressed as fold-increase compared 

with the percentage of apoptotic cells in the control group.
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critical Ser727 residue may offer a useful avenue for therapeutic 
intervention.

The phosphorylation state of STAT3 at the Ser727 residue me-
diates the actions of mitochondrial STAT3 (32). The reduction of 
mitochondrial STAT3 by MDC-1112 had serious implications be-
cause STAT3 regulates cellular respiration in mitochondria (9). The 
decrease in STAT3 levels was responsible for the enhanced gener-
ation of O2

− selectively by the mitochondria, and the resultant oxi-
dative stress triggered the intrinsic apoptotic cascade of the GBM 
cells, manifested by the collapse of the mitochondrial membrane 
potential and the downstream activation of execution caspases. 
STAT3 disruption was reported to decrease mitochondrial function 
and increase oxidative stress in astrocytes (33) and cardiomyocytes 
(34,35). In agreement with our findings, Zhang et al.(32) have shown 
that mitochondrial STAT3 is critical in promoting breast cancer 
growth, and the functional presence of STAT3 in mitochondria 
reduces ROS and allows the proper functioning of the electron 
transport chain. These results indicate that targeting STAT3 at the 
mitochondrial level may represent a potential therapeutic strategy.

In conclusion, MDC-1112 is an effective anticancer agent in 
preclinical models of GBM, is selective towards GBM cells versus 
NHA, and STAT3 at the Ser727 residue represents a key mo-
lecular target for its effect. Therefore, MDC-1112 deserves fur-
ther investigation as a potential agent for GBM treatment.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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