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Abstract

Disrupting Serine Synthesis for Pediatric Medulloblastoma Therapy

By Sanjana Kunnikuru

Medulloblastomas, the most prevalent malignant brain tumor in children, originate from the
cerebellum and pose significant challenges due to their propensity to metastasize through the
central nervous system. One of the most common types of neurons that resides in the cerebellum,
the cerebellar granular neurons, is primarily regulated by the Sonic Hedgehog pathway.
Dysregulation of this pathway has been known to contribute to the development of
medulloblastomas. The genes, Phgdh and Shmti, are expressed during the SHH-driven
proliferation, and their patterns of expression suggest that they play an important role in the
pathogenesis of tumors. This study sought to 1) understand whether SHH induces PHGDH and
SHMT1 and 2) how these genes could affect medulloblastoma growth. Mice were bred to induce
a mutant of the Smoothened (SMO) protein, a key player in the SHH pathway, resulting in the
development of SHH medulloblastomas, termed G-Smo mice. We utilized Western blotting to
quantify PHGDH and SHMT1 protein levels in G-Smo mice injected with vismodegib, an inhibitor
of the SHH pathway. To understand how these genes could alter tumor growth, we compared
tumors in 1) G-Smo mice, 2) G-Smo/Shmt1-KO, 3) G-Smo/Phgdh f/f, and 4) G-Smo/P&S-KO.
We sectioned and immunostained brains with tumors using antibodies for the proliferation
marker, phosphorylated-Rb, apoptosis marker, cC3, and differentiation marker, NEUROD1. The
stained cells were annotated and counted using Tissue Studio. Our study found that SHH induces
SHMT1 expression. We also found that there were significantly higher proliferative cells in G-Smo
Phgdh f/f, SHMT1 -/- compared to G-Smo mice and significantly fewer differentiated cells in G-
Smo Phgdh f/fmice compared to G-Smo controls. There were no significant differences in
apoptotic cells between genotypes. Further investigation into these mechanisms of tumor
metabolism will allow for the development of novel, targeted therapies for medulloblastomas.
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Introduction

Medulloblastoma is the most common malignant brain tumor in children,
accounting for almost 20% of pediatric tumors (Mahapatra & Amsbaugh, 2023).
Medulloblastomas originate from the cerebellum and due to its proximity to the fourth
ventricle which houses cerebrospinal fluid these tumors can easily metastasize to other
parts of the CNS. If the tumor obstructs these ventricles and causes cerebrospinal fluid
buildup, patients can present with obstructive hydrocephalus leading to increased
intracranial pressure (Mahapatra & Amsbaugh, 2023). Other clinical manifestations of
medulloblastomas in patients include, ataxia, due to impaired muscle coordination, gait
disturbances, and headaches (Mahapatra & Amsbaugh, 2023). The five-year survival
rate after initial diagnosis ranges anywhere from 20 to 100 percent, and can be
influenced by various factors, such as age, subtype of medulloblastoma, and presence of
metastases (Mahapatra & Amsbaugh, 2023).

There are four main types of medulloblastomas: Sonic hedgehog, WNT, Group 3,
and Group 4. Each subset of medulloblastomas is modulated by different genes
(Mahapatra & Amsbaugh, 2023). Current treatments for medulloblastomas consist of
surgical resection followed by radiation and chemotherapy (Mahapatra & Amsbaugh,
2023). However, these current treatments utilizing radiation have drawbacks. Since
certain radiation therapies target the entire brain a common adverse side effect is
disruptions to hormones in the hypothalamic-pituitary axis, such as decreased thyroid
stimulating and adrenocorticotropic hormones (Jackson & Parker, 2023).

Cerebellar Development
The cerebellum contains the most numerous types of neuron in the brain: the

cerebellar granule neurons (CGNs). This large population of cells is generated in early
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postnatal life through the proliferation of cerebellar granule progenitors (cGNPs); these
cells divide repeatedly throughout the first year of life in humans and from postnatal day
1to 15 (P1to P15) in mice with a peak in proliferation around P7 (Roussel & Hatten,
2011). During the development of cGNPs, these cells exit the cell cycle in progressively
greater numbers and migrate from the external granule cell layer to the internal granule
cell layer - along the radial processes of Bergmann glia - where they will begin to
differentiate (Roussel & Hatten, 2011). Sonic Hedgehog protein (SHH), secreted by the
established Purkinje neurons, induces the proliferation of cGNPs, and excessive
mitogenic signaling in GCPs during this critical development period can cause
medulloblastomas (Roussel & Hatten, 2011).
Sonic Hedgehog Signaling

SHH signaling is integral to physiologic growth in organ development but has
also been implicated in pathologic growth in cancer, due to its potential to induce
excessive mitogenic signaling (Carballo et al., 2018). The SHH receptor complex
includes two key transmembrane proteins, protein patched homolog 1 (PTC1) and
Smoothened (SMO). PTC1 binds to and inhibits SMO. When the SHH ligand binds to
PTC1, it releases SMO, which activates the intracellular signal cascade. Once activated,
SMO triggers the production of transcription factors essential for cell proliferation

(Carballo et al., 2018).
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Figure 1a: Sonic Hedgehog Signaling Pathway.

Loss of function mutations that inactivate PTC or gain of function mutation that
constitutively active Smo can hyperactivate the SHH pathway, ultimately leading to
uncontrolled cell proliferation and medulloblastoma formation (Yao et al., 2022,
Carballo et al., 2018). Specifically, a mutation at Smo 535 Tryptophan (W) into Leucine
(L) has been found to induce basal cell carcinomas and medulloblastomas (Yao et al.,
2022). Smo mutations engineered into transgenic mice that also induce SHH
medulloblastomas, providing genetically precise tumor models. For example, mice bred
to express both (1)SmoM2, a Cre-conditional mutant, constitutively active allele of
human Smo, and (2) Gfap-Cre, a transgene that induces Cre recombinase in brain stem
cells during development where the Cre activates SmoM2 expression in the brain results
in SHH hyperactivation and development of SHH medulloblastomas with complete

penetrance by postnatal day 10 (Malawsky et al., 2023). These Gfap-Cre/SmoM2 (G-



Smo) mice serve as an efficient model for studying SHH medulloblastoma in a species
conducive to experimental investigation, facilitating investigations of the mechanisms of
SHH-induced tumorigenesis. Understanding the mechanisms induced by SHH signaling
that promote medulloblastoma growth in G-Smo mice may lead to new therapies that

can target these mechanisms in SHH-driven cancers.

Serine Biosynthetic Pathway

The serine biosynthetic pathway has been found to be important for the synthesis
of proteins, nucleic acids, and lipids. Serine provides the building blocks such as methyl
groups for the folate pathway. Phosphoglycerate dehydrogenase (Phgdh) gene encodes
the enzyme responsible for catalyzing the conversion of 3-phosphoglyceric acid, an
intermediate of glycolysis, into 3-phosphohydroxypyruvate which contributes to serine
synthesis (McKusick, 1998). Subsequent along this molecular pathway is serine/glycine
synthesis in which serine hydroxymethyltransferase (Shmt1) interconverts serine to
glycine, while donating a one-carbon unit from serine to tetrahydrofolate to produce 5,
10-methylenetetrahydrofolate (Sun et al., 2023). Serine/glycine interconversion is a
bridge to the folate cycle which supports purine and thymidine synthesis and amino acid
homeostasis (Lionaki et al., 2023). Additionally, due to the folate pathway’s
contributions to these processes, it has been suggested that it plays a key role in cell

proliferation and tumor cell viability.
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Figure 1b: Serine Synthesis Pathway

Mullarky, Edouard & Lairson, Luke & Cantley, Lewis & Lyssiotis, Costas. (2016). A Novel Small-Molecule Inhibitor of 3-Phosphoglycerate Dehydrogenase.

. Molecular & Cellular Oncology. 3. 00-00. 10.1080/23723556.2016.1164280.

The Gershon lab has found that the genes, Phgdh and Shmti are expressed by
cerebellar progenitors during the period of SHH-driven proliferation and that their
pattern of expression suggests these genes may be induced by SHH. Phgdh has been
implicated in the growth of brain metastases (Ngo et al., 2020), and Shmt1 has been
shown to be important for brain progenitor proliferation (Abarinov et al., 2023). These
known functions of Phgdh and Shmti, together with their expression in cerebellar
progenitors suggest that Phgdh and Shmt1 play an important role in SHH-driven

proliferation in normal cerebellar growth and in medulloblastoma.



Current literature on the role of SHMT1 and PHGDH in the development of
pediatric medulloblastomas are limited with most research confined to other cancers
such as breast cancer. Yet the findings of serine-glycine metabolism in other cancers can
be translated to medulloblastomas because increased serine biosynthesis and folate
metabolism are observed in most cancers (Mattaini et al., 2016).

In one study that was investigating the impact of Shmt1 deletion on cognitive
decline and neurogenesis compared folate activity levels in mice with a wild-type,
heterozygous, and complete deletion of the Shmt1 gene (Abarinov et al., 2013). They
found that there was a 98% reduction in cell proliferation in mice with a Shmti1
heterozygous genotype compared to wild-type Shmt1 mice. Additionally, it was found
that there was a disruption to normal neurogenesis and differentiation since there was a
decreased number of mature neurons in the dentate gyrus (Abarinov et al., 2013). Paone
et al., corroborated with the findings of this study and found that Shmtz is commonly
overexpressed in lung cancer but that there were lower levels of apoptosis during Shmti
knockout (Paone et al., 2014).

Previous clinical studies have shown that therapies and drugs targeting folate
metabolism may be effective (Zarou et al., 2021). Folate metabolism is essential for the
functioning of many processes in the cell including nucleotide synthesis which can help
drive cell proliferation. It has been shown that certain enzymes in this pathway are
consistently upregulated in cancer, especially SHMT1 (Zarou et al., 2021). Antifolates
that actively inhibit folate metabolism have been used to treat leukemia and have
demonstrated high sensitivity towards the drug, but unfortunately there are other

adverse side effects (Zarou et al., 2021). This highlights the need to better understand
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the dynamics behind the folate metabolism in order to create more potent drugs against
tumors.

This study seeks to study whether the SHH signaling induces PHGDH and
SHMT1 by using a SMO inhibitor to block SHH activation in medulloblastomas that
form in G-Smo mice, and then studying the effect on PHGDH and SHMT1 proteins. The
study will also explore whether G-Smo mice bred with genetic alterations of Phgdh and
Shmti, alter medulloblastoma growth. I hypothesize that vismodegib will decrease the
abundance of SHMT1 and PHGDH proteins in cells compared to mice injected with a
control DMSO solution. In the second part of the experiment, I hypothesize that
deletion of Phgdh, Shmti, or both will decrease cell proliferation shown by
phosphorylated RB protein. I also hypothesize that these genetic deletions will not
produce any significant differences in apoptosis and differentiation demonstrated by

cleaved Caspase-3(cC3) and NeuroD1, respectively.



Methods

The subjects used in this study are mice that have been genetically modified to carry a
specific mutation in the Smo gene, resulting in the development of medulloblastomas in
the early stages of their postnatal life. These mice possess two transgenes, Gfap-Cre and
SmoM2. The Gfap-Cre transgene prompts the activation of Cre recombinase in brain
stem cells during early development, while the SmoM2 transgene facilitates the Cre-
dependent expression of the mutant Smo gene. This genetic makeup is referred to as G-
Smo. The research will focus on four distinct groups of G-Smo mice: 1) G-Smo mice
without any additional modifications (G-Smo), 2) G-Smo mice with homozygous Shmti
null alleles ( G-Smo/Shmt1-KO), 3) G-Smo mice with homozygous Cre-dependent
conditional knockout of Phgdh ( G-Smo/Phgdh f/f), and 4) G-Smo mice with
homozygous null alleles for both Shmt1 and Phgdh (G-Smo/P&S-KO). Each group will

consist of 3-4 replicate mice for analysis.

Experiment 1 - Does Sonic Hedgehog induce Phgdh and Shmti

3 G-Smo mice were injected with the SMO inhibitor, vismodegib at P13 and P14 and 3
G-Smo mice acted as controls and were injected with DMSO. 3 Control wild-type Black-
6 mice (BLK6) were also injected with either vismodegib or DMSO and protein level
were compared between these groups as well.

Western Blotting

To ensure that equal lysate concentration was utilized for Western Blotting I used a BSA
Assay. I prepared each of the samples by adding 10% beta mercaptoethanol and 90% of
Laemmli buffer. The proteins were denatured for 10 minutes at 100 °F and then stored

in 80 °C. Proteins underwent separation via gel electrophoresis employing a sodium
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dodecyl sulfate polyacrylamide gel followed by a transfer to a polyvinylidene difluoride. I
blocked the blots for 30 minutes with 5% Milk BSA solution. I added the primary
antibodies for PHGDH and SHMT1(Cell Signaling Technologies, #13428S, #80715) and
incubated it overnight at 4°C. I washed the blots with 1X Tris-Buffered Saline with 0.1%
Tween 20 Detergent. Secondary antibodies were added and incubated for an hour at
room temperature. I visualized the blots with Enhanced Chemiluminescence (ESL)

substrate and quantified them with Image J.

Experiment 2 - Does genetic deletion of Phgdh and Shmti alter tumor growth

Immunostaining And Quantification

4 mice in each of the following genotype groups, G-Smo, G-Smo/Shmt1-KO, G-
Smo/Phgdh f/f and G-Smo/Phgdh & Shmti-KO, were collected and stained using the
following primary antibodies: phosphorylated RB(pRB) diluted 1:3000(Cell Signaling
#8516), cleaved caspase-3(cC3) diluted 1:50 (Cell Signaling #9664), and Neuronal
Differentiation 1(NeuroD1) diluted 1:1000 (Abcam #213725) with the help of the UNC
Pathology Core. To conduct immunofluorescence (IF) analysis, the nuclei were stained
using 4’6-diamino-2-phenylindole at a concentration of 200 ng/mL for a duration of 20
minutes, followed by the assessment of immunoreactivity utilizing a Leica
epifluorescence DM5000B microscope. Each of the stained slides were manually

annotated and were cell counted using Tissue Studio (Definiens).

Statistical Analyses
For the NeuroD1 tumor stains, I computed the average cell counts using the sum of (3+)
percent nuclei which refers to the degree of staining intensity. The pRb average cell

counts for each genotype were computed by averaging the sum of % cell positive. The
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cleaved-Caspase 3(cC3) average cell count for each genotype was calculated by summing
the 2+ and 3+percent nuclei. I performed a Student’s t-test between the genotypes and

the G-Smo control.

Results

After quantification of the Western Blots using densitometry, I found
significantly less SHMT1 protein in the cerebella of vismodegib treated P7 WT mice
compared to the DMSO treated control groups (p<0.05 ). I also found significantly
lower SHMT1 protein in the medulloblastomas of vismodegib treated G-Smo mice
compared to the DMSO treated control groups (p < 0.0001). I did not find significant
differences in the densitometry of the Western blots in the PHGDH proteins between
the vismodegib treated and DMSO treated mice in both the wild-type and G-smo mice.
The finding of decreased SHMT1 in vismodegib treated mice was consistent with my
hypothesis that SHH induces Shmt1 expression, while the similar levels of PHGDH
between the vismodegib treated and DMSO treated mice was not consistent with my
hypothesis.

The analysis of phospho-Rb stained sections of G-Smo Phgdh f/f, G-Smo Shmti -
/-, and G-Smo Phgdh f/f, Shmti1 -/- mice showed unexpected differences in cell
proliferation. I found that the G-Smo Phgdh f/f, SHMT1 -/- showed increased
percentages of phospho-Rb+ cells compared to G-Smo control mice (p= 0.008). These
findings of increased phospho-Rb+ cells were contrary to my original hypothesis that
PHGDH promotes proliferation.

In the sections of tumors stained for NEUROD1, a marker of terminal

differentiation, I found significantly fewer cells with NEUROD1 expression in G-smo
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Phgdh f/f mice compared to G-Smo controls (p=0.035). The decrease in terminally
differentiated cells in Phgdh deleted tumors was not consistent with my hypothesis that
there would not be any differences in NEUROD1 expression between the comparison
groups, although it is consistent with the increase in proliferating cells.

Quantification of the cleaved Caspase-3(cC3) tumor stains revealed no statistically

significant differences in apoptotic cell counts between the genotypes.

Discussion
Experiment 1

My data show that SHH signaling induces SHMT1 expression in SHH
medulloblastomas in mice, where the serine biosynthesis and the serine-glycine one
carbon metabolism pathways have consistently been found to have up regulated activity
in neuroendocrine prostate, colorectal, breast cancer, and medulloblastomas (Sun et al.,
2023). SHMT1 plays a central role in folate methylation, which may be important for
medulloblastoma proliferation. Feng et al. found that low folate induced oxidative stress
on metabolism caused reduced levels of methylation in the SHH promoter region which
increases levels of SHH cascade activation and cell proliferation (Feng et al., 2017) .
These prior studies connect folate metabolism to medulloblastoma growth and support
the potential role of SHMT1 in medulloblastoma growth.

My data do not support my hypothesis that SHH induces PHGDH expression
since there were similar levels of protein in the DMSO and vismodegib treated mice
samples. One of the limitations of the study that might explain why a difference was not
found is that using western blots on tumor lysates only provides data on the average

expression of all cells within the tumor, yet PHGDH is expressed in both tumor cells and
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astrocytes (Ehmsen et al., 2013). It is possible that inhibition of Smo using vismodegib
only alters PHGDH in only tumor cells or only astrocytes. It is hard to distinguish
whether PHGDH expression is similar within tumor lysates of mice treated with
vismodegib compared to DMSO unless methods to resolve PHGDH separately between
tumor cells and astrocytes are utilized. Additional studies using methods that resolve
PHGDH separately in tumor cells and astrocytes will be needed to fully evaluate the
effect of vismodegib on PHGDH.
Experiment 2

I found increased phosphoRb+ cells in the G-Smo Phgdh f/f, Shmti -
/- genotypes compared to the controls. This is in contrast to what I originally
hypothesized that Phgdh deletion would decrease serine biosynthesis and therefore
reduce metabolic products required for cell proliferation. This finding also does not
seem to be consistent with the increased survival times of G-Smo Phgdh f/f and Shmti
-/- knockout mice compared to G-Smo mice which would suggest that there are lower
levels of cell proliferation which will allow for slower rates of tumor growth and
increased longevity. Although previous literature does not corroborate with the findings
of the study one possibility that reconciles these findings is that the removal of Phgdh
and Shmt1 -/- could initiate compensatory mechanisms where cells utilize exogenous
serine more extensively. A more complex hypothesis is needed to unite the findings of
increased proliferation and increased survival times in G-Smo Phgdh f/f and Shmti -/-
tumors.

The expression of NeuroD1 promotes the differentiation of tumor cells (Cheng et
al., 2020). Once a tumor cell differentiates, it loses its tumorigenic capacity. Studies that

have developed inhibitors to methylation in order to promote NeuroD1 expression have
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decreased tumor growth by reducing the number of proliferative cells (Cheng et al.,
2020). In this study, I found that the G-Smo Phgdh f/f mice had a fewer number of cells
expressing NEUROD1 signifying that there are lower numbers of differentiating cells
when Phgdh is deleted. This corroborates with the results that there are higher
proliferative cells because there would be a lower fraction of cells to undergo
differentiation.

This study utilized mice with the transgene Gfap-Cre to induce the activation of
Cre recombination and the expression of the mutant Smo gene. Another mouse model
uses the transgene Mathi-Cre and the mutant Smo gene to generate mice with
medulloblastomas (M-Smo mice) postnatally. There are specific differences in both
these transgenes that could contribute to different clinical outcomes (Wu et al., 2011).
Mathi-Cre specifically targets cerebellar granule neuron progenitors, while Gfap-Cre
targets neuronal stem cells throughout the brain (Malawsky et al., 2021). Additionally,
M-Smo mice have a more favorable prognosis with radiation therapy and longer survival
times than G-Smo mice (Malawsky et al., 2021). These longer survival times of M-Smo
mice may suggest that there may be differences in tumor metabolism when the Mathi-
Cre transgene is targeted which provide reason to conduct further research that
investigates the differences in the impact of SHH inhibition between Gfap-Cre and
Mathi-Cre mice on the genes Phgdh and Shmt1 and their protein expression.

To further characterize the neuronal populations within medulloblastomas, as a
continuation of this study, we are currently working on staining tumor producing mice
with Olig2 and SOX10. Olig2 is a protein expressed by tumor stem cells, while SOX10 is
only expressed by oligodendrocytes. Olig2+ identifications in tumor cells are especially

relevant because of its role in tumor initiation and recurrence (Malawsky et al., 2021).
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Understanding the cellular environment of tumor metabolism enables researchers to
discern whether the presence or absence of certain genes yields varied outcomes for

tumors.

Conclusion

Serine metabolism has been found to be consistently upregulated in the
pathogenesis of tumors, making it a key target for cancer therapeutics (Shunxi et al.,
2023). Our findings show that the SHH pathway induces SHMT1, a key enzyme in the
conversion of serine to glycine. Genetic deletions of Phgdh and Shmt1 reveal differences
in the number of proliferative and differentiating cells in tumors.

Future studies examining the influence of Sonic Hedgehog on serine-glycine and
one carbon metabolism could involve creating genotypes that remove folate cycle
enzyme intermediates and injecting vismodegib into these mice to observe whether
sonic hedgehog plays a larger role in influencing the folate cycle over other enzymes in
the serine biosynthesis pathway. Furthermore, studies that involve Edu injected mice
can be used to trace cells to determine the distribution of actively dividing neural
progenitor cells based on their presence in the G1, S, and G2/M phases in order to
further differentiate and examine the role of Phgdh and Shmt1 on cellular metabolism
(Flomerfelt & Gress, 2016).

However, there are limitations to this study that can be addressed in follow-up
studies. For example, Western Blotting provides protein cell expression throughout all
the cells in the brain, but flow cytometry provides more accurate measures of protein
expression in different cell populations within the brain. This is pertinent to studying

PHGDH because PHGDH is expressed in both astrocytes and neural progenitor cells
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and the influence of vismodegib may only impact protein expression in one or both cell
types.

There are numerous avenues to further this work and enhance insights into
tumor metabolism, especially since it can influence tumor microenvironment and the
immune response of tumor cells. Understanding these mechanisms can allow us to find

effective, targeted treatments for pediatric medulloblastomas.
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Figure 2 - Comparing PHGDH and SHMT1 protein expression during Sonic Hedgehog
Inhibition in wild-type and G-Smo mice

(a) Western blots of PHGDH, SHMT1, and Cyclin D2 protein expression in wild-type mice.

(b) Densitometry Quantification of Western Blots in PHGDH and SHMT1 in wild-type mice

(c) Western blots of PHGDH, SHMT1, and Cyclin D2 protein expression in G-Smo mice.

(d) Densitometry Quantification of Western Blots in PHGDH and SHMT1 in G-Smo mice
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Figure 3: NEUROD1, PhosphoRb, and Cleaved-Caspase 3 Cell Counts in G-Smo mice (Error

bars using Standard Error of Mean(SEM)
(a)- NeuroD1 differentiation marker stain counts in G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo

Shmt1 -/-, Phgdh f/f mice

(b)- Cleaved-Caspase 3+ cells counts in G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo Shmt1 -/-,

Phgdh f/f mice

(c) - Phospho-Rb+ cells counts in G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo Shmt1 -/-, Phgdh

f/f mice
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Figure 4: Apoptosis staining in Phgdh and Shmt1 deleted mice

Cleaved Caspase-3 IHC in tumors of G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo Shmt1 -/-,
Phgdh f/f mice
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Figure 5: Differentiation in Phgdh and Shmt1 deleted mice
NeuroD1 IHC in tumors of G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo Shmt1 -/-, Phgdh f/f mice
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G-Smo Control G-Smo Phgdh f/f
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Figure 6: Proliferation staining in Phgdh and Shmti1 deleted mice
Phospho-Rb IHC in tumors of G-smo Control, G-Smo Phgdh f/f, G-Smo Shmt1 -/-, and G-Smo Shmt1 -/-, Phgdh f/f

mice



