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INTRODUCTION
v Medulloblastoma (MB) is the most common malignant pediatric

brain tumor.

v MB is classified into 4 dis:nct molecular subgroups (WNT, SHH, 
Group 3, and Group 4) based on genomic altera:ons, gene 
expression profile, response to treatment and cell of origin. 

v SHH MB is associated with an intermediate prognosis and 
characterized by dysregula:ons in the SHH signalling pathway.

v Due to the extensive heterogeneity between and within the 
subgroups, there is a cri:cal need for subgroup-specific, 
func:onally validated biomarkers and therapeu:c strategies

v We previously iden:fied CD271 as a diagnos:c and prognos:c 
marker in SHH MB, with CD271+ cells exhibi:ng elevated levels 
of MAPK signaling. 

v Targe:ng the MAPK pathway with the MEK inhibitor selume:nib
aRenuated SHH MB tumor progression; however animals 
eventually succumbed to disease progression.

Hypothesis: We hypothesize that compensatory pathways play a 
role in SHH MB tumor progression and targe:ng these addi:onal 
pathways will aid in enhancing survival.

METHOD
v RNA sequencing was performed on selume:nib vs. control 

treated UI226 SHH MB xenograZs to evaluate the molecular 
mechanisms underlying selume:nib resistance in SHH MB 
xenograZs. 

v Tumorsphere assay and 3D collagen migra:on assay were 
performed following treatment with control, selume:nib, 
pacri:nib (or AZD1480) or selum:nib+pacri:nib (or AZD1480)
to evaluate sphere forma:on and migra:on respec:vely in vitro

v In vivo orthotopic xenograZ mouse models were u:lized to 
evaluate the effects of selume:nib, pacri:nib or 
selume:nib+pacri:nib vs. vehicle control on SHH MB.  

v Mul:plex digital spa:al profiling was performed to explore the 
molecular changes following drug treatment in SHH MB 
xenograZs 

Dual MEK + JAK/STAT3 pathway inhibition elicits a reduction in 
SHH MB tumorgenic properties in vitro

Dual MEK + JAK/STAT3 pathway inhibition significantly improves 
survival and reduces tumor growth in vivo

MulEplex digital spaEal profiling of proteins in drug-
treated xenograIs reveals shiIed molecular dependencies  

examine pSTAT3 levels following extended treatment. While Daoy
tumorspheres are amenable to this long-term exposure and
maintained over multiple passages, UI226 tumorspheres are not
(Supplementary Fig. 1c). Indeed, under these conditions, Daoy
tumorspheres also exhibit an increase in pSTAT3 levels following
MEK inhibition (Supplementary Fig. 1d).

As lower pSTAT3 levels were observed in the UI226 xenograft
vehicle controls in vivo, we next evaluated JAK/STAT pathway
gene expression in primary MB patient samples. Analyses of
Hallmark JAK/STAT signature genes34 in a dataset consisting of
218 tumors across 7 types of pediatric brain cancers35
demonstrate that the majority of JAK/STAT-related transcripts
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CONCLUSION
v Our study revealed that the JAK/STAT3 pathway exhibits increased ac:va:on in 

response to selume:nib treatment.

v We have shown that the combined inhibi:on of MEK and JAK/ STAT3 pathway 
ac:vity abrogates tumor proper:es in 3 different MB cell models in vitro as well 
as in 2 in vivo models of SHH MB.

v Our study reveals new insight into the altered molecular mechanisms associated 
with selume:nib treatment and warrants further inves:ga:on into dual MEK 
and JAK/STAT3 inhibi:on as a novel combinatory therapeu:c strategy for SHH 
MB. 

We believe that this lower dose, combined with the 5-day on,
2-day off drug holiday treatment schedule, helped to mitigate
long-term toxicities in our model. However, similar to the pre-
vious studies26,42, pacritinib alone did not improve survival in our
animal models. Interestingly, Jensen et al.26 demonstrated that
pacritinib was rapidly metabolized by mouse but not human liver
microsomes. This rapid clearance, combined with lower overall
JAK/STAT3 pathway activity in vehicle controls, may account for
the lack of efficacy as a single agent in the xenografts.

Resistance to MEK inhibition due to the upregulation of
STAT3 signaling has been well documented in a number of
cancers including melanoma28,29, low-grade gliomas43, colon44,
pancreatic45, thyroid30, lung46, and breast cancer31. Consequently,
combination-based therapeutic approaches utilizing both MEK and
STAT3 inhibitors have been tested and led to reduced tumor
growth and increased survival in preclinical animal models44–46.
Selumetinib has undergone extensive testing for the treatment
of refractory low-grade gliomas47,48 as well as plexiform

Fig. 6 MEK+ JAK/STAT3 inhibition increases survival of NOD SCID mice transplanted with UI226 SHH MB cells. a NOD SCID mouse weights over
time following vehicle control (N= 5), 25 mg/kg (N= 4), 50mg/kg (N= 4) or 100mg/kg (N= 4) pacritinib treatment. Arrows denote initiation of drug
treatment at day 14 following injection of UI226 tumor cells. Bars: SEM. b Kaplan–Meier curves following transplantation of NOD SCID mice with 2.5 × 105

UI226 SHH MB cells and treated with vehicle control (N= 5), 25mg/kg (N= 4), 50mg/kg (N= 4) or 100mg/kg (N= 4) pacritinib. P-value was
determined using the log-rank method. Treatment was initiated 14 days following UI226 tumor cell injection. Animals were treated twice daily, 5 days a
week by oral gavage, with a 2-day drug holiday on weekends until they reached endpoint. c NOD SCID mouse weights over time following vehicle (N= 13)
(black), pacritinib only (N= 15) (gray), selumetinib only (N= 14) (blue), or pacritinib + selumetinib (N= 15) (red) combination drug treatment. Arrows
denote initiation of drug treatment at day 14 following injection of UI226 tumor cells. Bars: SEM. d Kaplan–Meier curves following transplantation of NOD
SCID mice with 2.5 × 105 UI226 SHH MB cells and treated with vehicle control (N= 4) (black), pacritinib (N= 5) (gray), selumetinib (N= 5) (blue) or
pacritinib + selumetinib (N= 5) (red). P-value determined using the log-rank method. p < 0.01**. Vehicle vs selumetinib and vehicle vs pac/sel,
p= 0.0027; pac vs pac/sel, p= 0.002; sel vs pac/sel, p= 0.0026. Treatment was initiated 14 days following UI226 tumor cell injection. e Kaplan–Meier
curves following transplantation of NOD SCID mice with 1.0 × 105 HDMB03 MB cells and treated with vehicle control (N= 4) (black), pacritinib (N= 5)
(gray), selumetinib (N= 4) (blue) or pacritinib + selumetinib (N= 4) (red). P-value determined using the log-rank method. p < 0.05*. pac vs pac/sel,
p= 0.0178. Treatment was initiated 5 days following HDMB03 tumor cell injection.
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neurofibromas49,50, and has shown very good efficacy as well as
excellent tolerability in both conditions. The MEK1/2 inhibitor
trametinib is approved for adult BRAF V600E mutant cancers (ie.
NCT01682083) and is also currently undergoing testing in both
refractory low-grade gliomas and plexiform neurofibromas
(NCT03363217, NCT02124772)51,52. Both MEK inhibitors have

excellent toxicity profiles in children. However, our results as well as
previous studies in other cancers do raise the possibility that
upregulation of other signaling pathways, particularly JAK/STAT3
activation, could potentially compensate for MEK inhibition fol-
lowing treatment of both diseases. Results of a recent retrospective
centrally reviewed multi-center study underscore the need to

Fig. 7 MEK+ JAK/STAT3 inhibition decreases tumor growth in 2 SHH MB in vivo xenograft models. Representative IHC images of STEM121 levels at
low magnification (a) and higher magnification (b) from three independent tumors from each of the vehicle control, pacritinib, selumetinib, and
combination pacritinib + selumetinib treatment groups. Scale bars: 1500 μm (a) and 600 μm (b). c ImageJ quantification of UI226 tumor area from
STEM121 stained slides representing the vehicle control (N= 4), pacritinib (N= 3), selumetinib (N= 4), and combination pacritinib + selumetinib (N= 4)
treatment groups. Results were analyzed using ANOVA and a Dunnett’s test for multiple comparisons. Error bars: SEM. p < 0.05*. vehicle vs pac/sel,
p= 0.0105. d Representative MRI images from three independent RCMB18 tumors representing the vehicle control, pacritinib, selumetinib, and
combination pacritinib + selumetinib treatment groups. Arrows denote individual or multiple tumor lobes in representative images from each treatment
group. e ImageJ quantification of RCMB18 tumor volume from compiled MRI images representing the vehicle control (N= 3), pacritinib (N= 3),
selumetinib (N= 3), and combination pacritinib + selumetinib (N= 3) treatment groups. Results were analyzed using ANOVA and a Dunnett’s test for
multiple comparisons. Error bars: SEM. p < 0.05*. vehicle vs pac/sel, p= 0.0308.
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UI226 SHH MB xenogra1s RCMB18 SHH MB PDX

Figure 3. Dual MEK+JAK/STAT3 pathway inhibi=on elicits a reduc=on in SHH MB tumorigenic proper=es in vitro. a-b. Combenefit synergy 
plots for UI226 (a) and Daoy (b) tumorspheres for pacriCnib + selumeCnib and AZD1480 + selumeCnib. Numbers in the synergy matrices 
represent the percentage in tumorsphere size reducCon that is greater than predicted by an addiCve model ± SD. Drug combinaCons are 
color-coded as Blue: Synergy, Green: AddiCve, and Red: Antagonism. c-d. CumulaCve frequency distribuCon of tumorsphere size for UI226 (c) 
and Daoy (d) following treatment with pacriCnib + selumeCnib or AZD1480 + selumeCnib. Tumorsphere size was analyzed using two-sample 
Kolmogorov–Smirnov tests. p < 0.05*, p < 0.01**, p < 0.001***. e. RepresentaCve images of migraCon through collagen type I gels following 
pacriCnib, selumeCnib or pacriCnib + selumeCnib treatment over 3 days. Scale bar: 400 μm. f-h. QuanCficaCon of cell migraCon in UI226 (f), 
Daoy (g) and Ptch+/−:p53+/− SHH MB (h) aggregates following treatment with pacriCnib + selumeCnib or AZD1480 + selumeCnib treatment. 
Error bars: SE. Results were analyzed using ANOVA followed by a Tukey’s test for mulCple comparisons. p < 0.05*, p < 0.01**.

pacritinib treatment (Fig. 8e, f). However, a significant down-
regulation was observed after selumetinib treatment and a further
reduction was seen with combination therapy (Fig. 8e, f). These
results support our current (Fig. 1) and previous findings
demonstrating decreased CD271 levels following selumetinib
treatment24 across platforms.

While our tumor samples were positive for the human cell
marker STEM121 (Fig. 7a), we cannot exclude the possibility that
there are mouse cells infiltrating the tumor, particularly along the
border. As a significant portion of the 56 antibodies cross-react
with mouse antigens, we next compared the 56 chosen proteins in
the tumor core vs. the border across all 4 samples. No significant
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reduction was seen with combination therapy (Fig. 8e, f). These
results support our current (Fig. 1) and previous findings
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there are mouse cells infiltrating the tumor, particularly along the
border. As a significant portion of the 56 antibodies cross-react
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pacritinib treatment (Fig. 8e, f). However, a significant down-
regulation was observed after selumetinib treatment and a further
reduction was seen with combination therapy (Fig. 8e, f). These
results support our current (Fig. 1) and previous findings
demonstrating decreased CD271 levels following selumetinib
treatment24 across platforms.

While our tumor samples were positive for the human cell
marker STEM121 (Fig. 7a), we cannot exclude the possibility that
there are mouse cells infiltrating the tumor, particularly along the
border. As a significant portion of the 56 antibodies cross-react
with mouse antigens, we next compared the 56 chosen proteins in
the tumor core vs. the border across all 4 samples. No significant
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pacritinib treatment (Fig. 8e, f). However, a significant down-
regulation was observed after selumetinib treatment and a further
reduction was seen with combination therapy (Fig. 8e, f). These
results support our current (Fig. 1) and previous findings
demonstrating decreased CD271 levels following selumetinib
treatment24 across platforms.

While our tumor samples were positive for the human cell
marker STEM121 (Fig. 7a), we cannot exclude the possibility that
there are mouse cells infiltrating the tumor, particularly along the
border. As a significant portion of the 56 antibodies cross-react
with mouse antigens, we next compared the 56 chosen proteins in
the tumor core vs. the border across all 4 samples. No significant
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regulation was observed after selumetinib treatment and a further
reduction was seen with combination therapy (Fig. 8e, f). These
results support our current (Fig. 1) and previous findings
demonstrating decreased CD271 levels following selumetinib
treatment24 across platforms.

While our tumor samples were positive for the human cell
marker STEM121 (Fig. 7a), we cannot exclude the possibility that
there are mouse cells infiltrating the tumor, particularly along the
border. As a significant portion of the 56 antibodies cross-react
with mouse antigens, we next compared the 56 chosen proteins in
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RESULTS

JAK/STAT3 pathway acEvity is upregulated following MEK 
inhibiEon in vivo 

The JAK/STAT3 signalling signature is lower in SHH MB 
primary paEent tumors

Figure 1. RNA sequencing of SHH MB xenograLs from selume=nib vs. vehicle control treatment reveals upregula=on of the 
JAK/STAT3 pathway. a. Volcano plot depicCng the log2 fold change and p-values in RNA-seq data with points in red idenCfying 
the 576 significantly differenCally expressed genes (FDR < 0.05). b. Normalized counts for representaCve differenCally 
expressed transcripts from RNA-seq data. IFIT2, IGFN1, RIMBP2 and JAK2 are increased while CD271 expression is decreased in 
selumeCnib-treated UI226 SHH MB xenograls relaCve to vehicle controls. p < 0.05 *, p < 0.01**, p < 0.001***. c. GSEA 
demonstraCng that genes associated with a downregulated MEK signature, increased JAK/ STAT3, TNFalpha, and apoptosis 
signaling are enriched in genes sets that are upregulated in selumeCnib-treated xenograls. padj < 0.05* for all signatures. d.
Most significantly downregulated genes in selumeCnib-treated xenograls. padj < 0.05* for all genes. e. RepresentaCve images 
of IHC staining for pSTAT3 (Tyr705) in FFPE secCons from two independent control (upper) and selumeCnib-treated (lower) 
UI226 SHH MB xenograls. Scale bar: 150 μm. f. QuanCtaCve analyses of IHC pSTAT3 (Tyr705) staining in vehicle control (white) 
and selumeCnib-treated (blue) xenograls. P <0.05*.

Figure 2. The JAK/STAT3 signalling signature is lower in SHH MB primary pa=ent tumors. a.  Heatmap illustraCng transcript 
(lel) and protein (right) levels of JAK/STAT3 signalling signature across 218 samples represenCng several classes of childhood
brain cancer. Individual samples are aligned verCcally into columns, with the 22 MB samples colored in purple. b. Violin plots 
depicCng z-scores for 2 JAK/STAT signaling cascade transcriptome signatures across the 4 MB subgroups. Significance was 
determined by ANOVA with a Tukey’s test for mulCple comparisons. p<0.05*, p<0.001***. For all violin plots, the center line is 
the median, the 25th and 75th percenCles are depicted by the lower and upper doned lines, respecCvely and the extremes of 
the distribuCon extend to the minima and maxima. 

reductions in migration compared to single agents and/or DMSO
controls were observed for UI226, Daoy and Ptch+/−:p53+/−
MB cells (Fig. 4e–h). Taken together, our in vitro assays
demonstrate that dual MEK+ JAK/STAT3 inhibition results in
further reductions in SHH MB cell tumorigenic properties
in vitro.

RNA sequencing reveals significant molecular changes in SHH
MB tumorspheres following MEK inhibition or dual MEK and
JAK/STAT3 pathway inhibition. As dual JAK/STAT3+MEK
inhibition reduced tumorsphere size and cell migration, we next
performed RNA-seq on selumetinib and/or pacritinib treated
UI226 tumorspheres to characterize the sustained transcriptomic
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a b

examine pSTAT3 levels following extended treatment. While Daoy
tumorspheres are amenable to this long-term exposure and
maintained over multiple passages, UI226 tumorspheres are not
(Supplementary Fig. 1c). Indeed, under these conditions, Daoy
tumorspheres also exhibit an increase in pSTAT3 levels following
MEK inhibition (Supplementary Fig. 1d).

As lower pSTAT3 levels were observed in the UI226 xenograft
vehicle controls in vivo, we next evaluated JAK/STAT pathway
gene expression in primary MB patient samples. Analyses of
Hallmark JAK/STAT signature genes34 in a dataset consisting of
218 tumors across 7 types of pediatric brain cancers35
demonstrate that the majority of JAK/STAT-related transcripts
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tumorspheres are amenable to this long-term exposure and
maintained over multiple passages, UI226 tumorspheres are not
(Supplementary Fig. 1c). Indeed, under these conditions, Daoy
tumorspheres also exhibit an increase in pSTAT3 levels following
MEK inhibition (Supplementary Fig. 1d).

As lower pSTAT3 levels were observed in the UI226 xenograft
vehicle controls in vivo, we next evaluated JAK/STAT pathway
gene expression in primary MB patient samples. Analyses of
Hallmark JAK/STAT signature genes34 in a dataset consisting of
218 tumors across 7 types of pediatric brain cancers35
demonstrate that the majority of JAK/STAT-related transcripts
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Figure 4. Dual MEK+JAK/STAT3 pathway inhibi=on significantly improves survival and decreases tumor growth in vivo. a-b. RepresentaCve 
IHC images of STEM121 levels at low magnificaCon (a) and higher magnificaCon (b) from three independent tumors from each of the vehicle 
control, pacriCnib, selumeCnib, and combinaCon pacriCnib + selumeCnib treatment groups. Scale bars: 1500 μm (a) and 600 μm (b). c. 
RepresentaCve MRI images from three independent RCMB18 tumors represenCng the vehicle control, pacriCnib, selumeCnib, and 
combinaCon pacriCnib + selumeCnib treatment groups. Arrows denote individual or mulCple tumor lobes in representaCve images from each 
treatment group. d-e. ImageJ quanCficaCon of UI226 tumor area from STEM121 stained slides (d) and RCMB18 tumor volume from complied 
MRI images (e) represenCng the vehicle control, pacriCnib, selumeCnib, and combinaCon pacriCnib + selumeCnib treatment groups. Results 
were analyzed using ANOVA and a Dunnen’s test for mulCple comparisons. Error bars: SEM. p < 0.05*.  f. Kaplan–Meier curves following 
transplantaCon of NOD SCID mice with 2.5 × 105 UI226 SHH MB cells and treated with vehicle control, pacriCnib, selumeCnib, or pacriCnib + 
selumeCnib. P-value determined using the log-rank method. p < 0.01**. Treatment was iniCated 14 days following UI226 tumor cell injecCon. 

Figure 5. Mul=plex digital spa=al profiling of 56 proteins on MEK and/or JAK/STAT3 inhibitor-treated UI226 tumors in vivo. a-
d. RepresentaCve immunofluorescent images depicCng 12 regions of interests (ROIs) from the vehicle control (a), pacriCnib (b), 
selumeCnib (c) and pacriCnib + selumeCnib (d) treated samples uClized for analyses of 56 different proteins. Samples were 
stained for CD271 (yellow), MAP2 (green), Ki67 (pink), and Syto13 (blue) for tumor visualizaCon. e. Heat map depicCng CD271 
levels across 12 ROIs in vehicle control, pacriCnib, selumeCnib, and pacriCnib + selumeCnib treated samples. f. Boxplots 
depicCng quanCficaCon of CD271 levels by mean fluorescent intensity across vehicle control, pacriCnib, selumeCnib and 
pacriCnib + selumeCnib treated samples. Bars represent minimum and maximum counts. Significance was determined using 
ANOVA and a Tukey’s test for mulCple comparisons. p < 0.05*, p < 0.001***. g-i. Volcano plots displaying significantly 
differenCally expressed proteins (based on signal-to-noise-raCo for each target relaCve to negaCve control IgG probes 
comparing the vehicle control to the pacriCnib (g), selumeCnib (h), and pacriCnib + selumeCnib-treated (i) tumor. For each 
volcano plot, significance of a specific protein was determined using a two-tailed t-test. FDR: false discovery rate. Of note, 36 of 
the 56 proteins reached threshold levels based on signal-to-noise raCo and were used for further analyses. j–s. Boxplots 
depicCng select differenCally expressed proteins based on signal-to-noise-raCo in vehicle control, pacriCnib, selumeCnib, and 
pacriCnib + selumeCnib treated samples. Bars represent minimum and maximum counts. ns: not significant. Significance was 
determined using ANOVA and a Dunnen’s test for mulCple comparisons. p < 0.05*, p < 0.01**, p < 0.001***.
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further understand the molecular mechanisms leading to rapid
tumor progression in some patients following MEK inhibitor
treatment53. Thus, more pre-clinical studies with additional brain
tumor models are necessary to determine the appropriate timing for
drug delivery and to more thoroughly assess sustained responses
long-term. Interestingly, recent work in Group 3 MB demonstrated
increased JAK/STAT3 pathway activity in chemoresistant cell
lines54. While pacritinib treatment did not improve survival in our

Group 3 MB xenograft model, this does not exclude the possibility
that treatment of chemoresistant Group 3 MB cells with JAK/
STAT3 inhibitors could further improve survival in vivo.
In addition to JAK/STAT3 signaling, our RNA-seq data also

suggested that the TNFα /NFκB pathway could also compensate
for selumetinib treatment in SHH MB xenografts. While less
widely studied than STAT3 compensation, elevated expression of
TNFα has also been shown to confer resistance in response to
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