


Behind the Cover 
The scientific image on the cover is a scanning electron microscopic 

image of a living T lymphocyte. Once cells have served their biological 

function, they are destined to die and be replaced by new cells to 

ensure the continued well-being of the organism. The recognition 

and removal of dying or dead cells are regulated through multiple cell 

death pathways that have evolved to provide a survival advantage 

to organisms. If one cell death pathway is blocked, another will take 

its place to remove the debris and ensure the health of surrounding 

tissues. Douglas R. Green, PhD (Immunology), and his colleagues are 

investigating the molecular events that drive various types of cell death. 

Their goal is to characterize the mechanisms underlying different forms 

of cell death to determine their significance during normal development 

and disease. 
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James R. Downing, MD
President and Chief Executive Officer

When St. Jude Children’s Research Hospital opened opened at The Children’s Hospital at Saint Francis 
its doors 55 years ago, the word “cure” was not part in Tulsa, Oklahoma, thereby extending St. Jude’s 
of the conversation. However, today we are doing national reach and offering more children care closer 
what others cannot––we are leading the world in to their homes. St. Jude also bolstered its international 
treating and curing childhood cancers and other reach by recruiting new faculty and staff to the 
catastrophic diseases. We have developed curative Department of Global Pediatric Medicine and laying 
treatments for leukemia and medulloblastoma and the groundwork for St. Jude Global, a new program 
increased survival rates for patients with other cancers aimed at increasing survival rates for all children 
or life-threatening blood disorders. Initiatives such with cancer or nonmalignant hematologic disorders, 
as the Pediatric Cancer Genome Project have also regardless of where they live. 
helped pave the way for the development of new 
precision-medicine approaches. Garnering the spotlight for St. Jude on the national 

research stage, Leslie Robison, PhD (Epidemiology 
In this Scientific Report, we describe the medical & Cancer Control), was awarded the 2016 American 
and scientific advances made last year. In the first Cancer Society Medal of Honor; Paul Northcott, PhD 
article, we describe recent work by immunology (Developmental Neurobiology), was named a Pew-
researchers who are deciphering the mechanisms Stewart Scholar for Cancer Research; and I served 
that underlie cell death. This process, essential for on the Blue Ribbon Panel advising Vice President 
normal development and maintenance of organisms, Joe Biden’s Cancer Moonshot Initiative through the 
could also be harnessed to fight cancer. The second National Cancer Institute. The hospital also welcomed 
feature presents recent discoveries of new pediatric the following new leaders: James Morgan, PhD, 
brain tumor subtypes. Designing molecularly scientific director; Ellis Neufeld, MD, PhD, clinical 
targeted treatments specifically for these subtypes director and physician-in-chief; and Michael Dyer, 
holds promise for improving patient outcomes and PhD, chair of the Department of Developmental 
decreasing long-term, adverse side effects. The Neurobiology.
third story describes the role of transcription factor 
deregulation in the development of pediatric leukemia We began construction of a three-story, 55,000–
and solid tumors. The fourth feature conveys exciting square foot data center that will house the institution’s 
breakthroughs in gene therapy research. Hematology advanced scientific computing infrastructure and 
researchers are working with scientists in the support resources. This innovative facility will be 
Children’s GMP, LLC, at St. Jude to develop safe, completed later this year. We accepted applications to 
effective gene therapy to permanently repair single- the St. Jude Graduate School in Biomedical Sciences. 
gene mutations that cause catastrophic diseases such The inaugural class, representing the next generation 
as severe combined immunodeficiency syndrome and of scientists who will aid in the discovery of improved 
sickle cell disease. treatments and cures for pediatric catastrophic 

diseases, will begin their studies in August 2017. 
Beyond the work highlighted in this report, the 
institution saw progress last year in clinical, research, Finally, St. Jude was again ranked one of Fortune 
and administrative operations. On the clinical front, magazine’s “100 Best Companies to Work For.” 
the St. Jude Red Frog Events Proton Therapy Center Although the past year gave us much to celebrate, 
marked a milestone––treating 125 patients with brain our work is not done. Looking forward to the next 55 
or other solid tumors. We advanced the standards years, St. Jude will continue to be bold and ambitious. 
for delivering pediatric care by opening three state- We will chase big dreams, and we will pursue 
of-the-art inpatient units in the Kay Research and scientific and medical excellence. It is not only our 
Care Center. The units ensure a seamless delivery of legacy but also our future. 
care and provide families with comforting, supportive 
accommodations. In addition, we created the Patient 
and Family Experience Office, which focuses on 
optimizing families’ experiences in the hospital and our 
housing facilities. Our eighth St. Jude Affiliate Clinic 
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THE LIVES AND MANY 
DEA THS OF CELLS 
Like all living things, cells die. The timely death of 

cells is necessary for the normal development and 

functioning of organisms. Aged cells are replaced 

with new ones, nonfunctional cells are eliminated, 

and wayward cells are destroyed before they can 

become cancerous. 

The laboratories of Douglas R. Green, PhD 

(Immunology), and others at St. Jude are deciphering 

the core mechanisms underlying various forms of 

cell death and clarifying how the way in which a cell 

dies leaves a lasting influence on the living cells and 

tissues that surrounded it. 

Douglas R. Green, PhD; Larissa Dias da Cunha, PhD
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BASIC MECHANISMS OF PROGRAMMED Necrosis is often an unregulated form of cell death caused 

CELL DEATH  by injury or disease, but it can also exist in regulated 

In multicellular organisms, cells die for a variety of reasons. forms. Necroptosis resembles necrosis, but it is induced 

Dying cells are typically replaced by new cells to ensure by receptor signaling. Receptor-interacting protein 

the development, maturation, and continued function of kinase-3 (RIPK3) is activated and initiates necroptosis. 

the organism. Different forms of cell death have evolved. This promotes the formation of a “necrosome” complex 

If one pathway is blocked, a different pathway can take that is essential for this form of cell death. Necroptosis 

its place, providing a survival advantage for the organism. plays a key role during viral infection by killing infected host 

However, different types of cell death also play different cells and minimizing the severity of infection. 

roles in the life of an organism. These modes of cell death 
are characterized by changes in a cell’s morphology and Pyroptosis, or caspase-1–mediated cell death, is believed 

involve distinct and characteristic molecular pathways that to play a central role in local and systemic inflammatory 

provoke a cell’s demise. responses. During pyroptosis, the cell swells rapidly and 
its outer membrane ruptures. This releases fever-inducing 

Apoptosis, the most thoroughly studied form of and other cytokines into the extracellular environment. 

programmed cell death, occurs by different mechanisms 
that converge on a set of enzymes that prompt a series of Autophagy has a key role in cell survival. During nutrient 

morphologic events, including cell shrinkage, chromatin deprivation, a starving cell forms a large cytoplasmic 

condensation, and fragmentation into apoptotic bodies. vacuole in which it digests, in a controlled manner, some 

These cell fragments are engulfed and removed by of its own cytoplasmic contents. Some evidence indicates 

phagocytes (i.e., cells that “eat”). that autophagy can promote cell death in specific settings, 
though it predominantly supports cell survival. 

Figure. Scanning electron microscopy images of a living T lymphocyte (left) and a T lymphocyte undergoing apoptosis (right). 

B

BOK-DEPENDENT APOPTOSIS MAY PROVIDE A NEW TARGET FOR KILLING  
CANCER CELLS
Apoptosis occurs primarily through a pathway that is dependent on mitochondria, the primary energy factories in 
cells. In the mitochondrial pathway of apoptosis, signals that trigger cell death converge on this organelle. These 
signals cause the mitochondria’s outer membranes to become leaky. Mitochondrial outer membrane permeabilization 
(MOMP) releases mitochondrial proteins, such as cytochrome c, that activate a set of enzymes called caspases. 
Caspases are proteases that, in turn, cleave hundreds of other proteins, thereby provoking cell death. Although 
caspases are the terminal effector molecules for apoptosis, the upstream process of MOMP is highly regulated and 
controlled by proteins of the BCL-2 family. BCL-2 family proteins are either proapoptotic or antiapoptotic, alternatively 
promoting or inhibiting MOMP and apoptosis. 

Conventionally, MOMP has been thought to require one of two proapoptotic BCL-2 proteins, BAK or BAX. Fabien 
Llambi, PhD, a postdoctoral fellow working in Dr. Green’s laboratory, discovered that BAK and BAX are not always 
needed. The team described a new mechanism of MOMP and apoptosis that functions in the absence of these 
molecules. In a paper published in Cell, the investigators showed that many cells express another little-studied BCL-2 
protein called BOK (BCL-2 ovarian killer). BOK can function independently of other BCL-2 proteins and, under normal 
circumstances, is rapidly degraded before it can bring about MOMP. However, signals that disrupt this degradation 
can induce MOMP and promote BOK-dependent apoptosis in the absence of BAK and BAX. Furthermore, BOK 
activity is not inhibited by the antiapoptotic BCL-2 proteins (BCL-2, BCL-xL, or MCL-1) that normally protect a cell 
from apoptotic signaling. Instead, BOK is regulated by an alternative set of proteins, VCP and gp78, that are involved 
in the endoplasmic reticulum–associated degradation pathway. 

In many human cancers, mechanisms that would typically regulate and promote MOMP are blocked. Dysregulated 
malignant cells can thereby avoid apoptotic death, allowing them to persist and grow in the presence of cellular 
signals that normally would kill them. Because BOK is regulated independently of classical regulatory mechanisms, 
activating BOK or preventing its degradation should bypass the inhibition of MOMP and induce the death of otherwise 
protected cancer cells. 

Figure. Illustration of canonical and noncanonical MOMP-mediated apoptosis. Reprinted from Cell,165, Llambi F et al, BOK is a non-canonical BCL-2 family 
effector of apoptosis regulated by ER-associated degradation, 421–33, © 2016, with permission from Elsevier.



Figure. Three-dimensional reconstruction of single-plane scanning electron microscopy images of a murine embryonic fibroblast at 0 min (A) and 10 min (B) after 
oligomerization of MLKL, which triggers necroptosis. Reprinted from Molecular Cell, 61, Quarato G et al, Sequential engagement of distinct MLKL phosphatidyl-
inositol-binding sites executes necroptosis, 589–601, © 2016, with permission from Elsevier.
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Giovanni Quarato, PhD; Tudor Moldoveanu, PhD

SEQUENTIAL STRUCTURAL CHANGES IN MLKL INDUCE NECROPTOSIS 
Necroptosis is a type of regulated cell death that contributes to host defense during viral infections and is distinct from 
apoptosis. During necroptosis, signals converge on the MLKL (mixed-lineage kinase domain–like) pseudo-kinase protein. 
Once activated, MLKL directly binds to and ruptures the plasma membrane, ultimately killing the cell. Giovanni Quarato, 
PhD, a postdoctoral fellow working in Dr. Green’s lab, collaborated with the laboratory of Tudor Moldoveanu, PhD 
(Structural Biology, Chemical Biology & Therapeutics), to explore how MLKL interacts with the cell membrane to  
induce necroptosis. 

In the journal Molecular Cell, the authors reported the precise sequence of events that MLKL must undergo. Earlier 
structural studies had shown that MLKL contains a brace region that separates its two terminal domains. This brace 
mediates the oligomerization (or linking) of multiple MLKL molecules into a larger complex, which recruits more MLKL 
to the plasma membrane. The oligomerized MLKL then rolls to allow binding sites on the N-terminal domain to tightly 
interact with specific lipids and rupture the cell membrane. 

Although MLKL is now recognized as the key mediator of the necroptosis pathway in isolated cells, its role in living 
organisms has remained unclear. Further studies by Christopher Dillon, PhD, another postdoctoral fellow in Dr. Green’s 
laboratory, in collaboration with the laboratory of Dr. Andreas Strasser at the Walter and Eliza Hall Institute of Medical 
Research (Melbourne, Australia), analyzed genetic defects that can cause necroptosis in developing mouse embryos. 
This work, published in Immunity, indicates that the necroptosis-associated kinase RIPK3, in addition to activating MLKL 
to cause cell death, has other functions. These include promoting lymphadenopathy (enlargment of lymph nodes and 
spleen) and immune pathways that can provoke autoimmune disease. 
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ZBP1 TRIGGERS THREE FORMS OF CELL DEATH AND THE INFLAMMATORY RESPONSE 
UPON INFECTION 
Although initially identified as a DNA sensor that induces innate immune responses, the identification of ZBP1 
(Z-DNA–binding protein 1, also known as DAI) as an innate sensor of influenza virus infection has been the subject of 
debate. Teneema Kuriakose, PhD, a postdoctoral fellow working in the laboratory of Thirumala-Devi Kanneganti, PhD 
(Immunology), investigated how ZBP1 functions during influenza virus infection by using cells isolated from wild-type mice 
or mutant mice lacking ZBP1. 

In an article published in Science Immunology, the authors showed that ZBP1 actually senses the presence not of DNA 
but of two influenza virus proteins (NP and PB1). This binding activates the NLRP3 (NLR family, pyrin domain containing 
3) inflammasome within the cell and prompts three distinct forms of cell death: apoptosis, necroptosis, and pyroptosis. 
Apoptosis and necroptosis kill host cells containing the pathogen, thereby destroying the virus’ ability to replicate and 
spread. In contrast, pyroptosis is activated by the inflammasome and functions in a protective manner during influenza 
virus infection. 

 Christopher Dillon, PhD; Douglas R. Green, PhD; Diego Rodriguez Gonzalez, PhD, Ricardo Weinlich, PhD

RIPK3 ACTIVATES MULTIPLE CELL DEATH PATHWAYS TO PROTECT AGAINST INFLUENZA 
VIRUS INFECTION 
Additional studies led by Dr. Dillon, in collaboration with Dr. Siddhartha Balachandran at the Fox Chase Cancer Center, 
Temple University Health System (Philadelphia, PA), examined the cellular mechanisms of host defense against influenza 
infection. In a paper published in Cell Host & Microbe, the authors showed that the kinase RIPK3 can activate both 
necroptosis and apoptosis to prevent the spread of viral infection and limit immunopathology within a host. 

A defining feature of RIPK3-mediated cell death is the formation of a protein complex called the necrosome. Necrosome 
formation is initiated by the association of RIPK3 with RIPK1. During influenza A infection, the necrosome’s two remaining 
components, MLKL and the adaptor protein FADD (Fas-associating death domain), are recruited. Once all four of the 
components are assembled, RIPK3 activates both MLKL-induced necroptosis and FADD-dependent apoptosis. These 
mechanisms work in conjunction to kill host cells that are infected by influenza A virus. 

The timing and magnitude of the host’s immune response to influenza A virus infection and the mode(s) of cell death that 
are engaged influence the outcome of the disease. Although both forms of cell death limit the infection by minimizing 
virus spread, apoptosis appears to be the predominant route to prevent host immunopathology during the early stages of 
infection. Necroptosis, in contrast, can cause severe damage to the respiratory epithelium, diminished lung function, and 
in some cases death. 
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 Teneema Kuriakose, PhD; Thirumala-Devi Kanneganti, PhD
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This study showed that ZBP1 is an upstream sensor and regulator that acts through RIPK3 to activate the 
inflammasome and programmed cell death pathways and through RIPK1 to initiate proinflammatory responses in 
mice. The researchers have proposed further studies to determine the role of ZBP1 in human influenza virus infection, 
including the identification of ZBP1 genetic mutations in patient populations infected with influenza virus.

Figure. ZBP1 mediates cell death in response to influenza A virus infection. (A) Images of wild-type (WT) and Zbp1–/– fibroblasts 16 hours after being infected 
with different strains of influenza A virus. Red arrows indicate dead cells. (B) Quantification of cell death in A. From Kuriakose T, et al. ZBP1/DAI is an innate 
sensor of influenza virus triggering the NLRP3 inflammasome and programmed cell death pathways. Sci Immunol 1:aag2045, 2016. Reprinted with permission 
from AAAS.
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  Sandra Milasta, PhD

A PUTATIVE CELL DEATH PROTEIN CONTROLS LYMPHOCYTE METABOLISM  
Apoptosis-inducing factor (AIF) is a protein present in the mitochondrial intermembrane space. During MOMP, AIF 
is released and moves to the nucleus, where it can promote breaks in double-stranded DNA. It was initially thought 
that AIF is an effector molecule that induces cell death. Sandra Milasta, PhD, a postdoctoral fellow working in  
Dr. Green’s laboratory, investigated the function of AIF in immune cells. However, she was not able to identify a role 
for AIF in cell death. 

In the journal Immunity, the authors showed that AIF acts to control energy production by mitochondria in 
lymphocytes. The protein is required for normal proliferation and maintenance of T lymphocytes but is dispensable 
for that of B lymphocytes. The team examined the metabolic requirements of T cells and B cells to explain this 
difference. They found that T cells depend on oxidative phosphorylation, a pathway dependent on mitochondria, to 
fulfill their energy needs, but B cells primarily depend on glycolysis, which does not require mitochondrial function.  

This study disproved the idea that AIF has a key role in cell death mechanisms. The primary function of AIF, instead, 
appears to be metabolic. AIF ensures the assembly and proper function of electron transport chain components, 
thereby ensuring the health of T lymphocytes and other cells dependent on mitochondria for energy production. 
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Figure. Images of kidney pathology in mice with LAP deficiencies, as indicated by increased levels of the inflammatory cytokine IgG (red). The three LAP-deficient 
and autophagy-deficient genotypes are indicated in green; the two LAP-sufficient and autophagy-deficient genotypes are indicated in red; and the two LAP-deficient and 
autophagy-sufficient genotypes are indicated in blue. In the images, disease-causing immune complexes appear red. Original magnification = 100×. © 2016 Martinez J et al
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 Douglas R. Green, PhD; Jennifer Martinez, PhD

DEFECTIVE PHAGOCYTOSIS OF DEAD CELLS MAY CONTRIBUTE TO THE PATHOGENESIS  
OF LUPUS 
After a cell dies, regardless of the mechanism involved, it is rapidly removed via a process called phagocytosis (or “cell 
eating”). Phagocytosis is a key function of macrophages and other cells. Ten years ago, Dr. Green’s laboratory discovered 
LC3-associated phagocytosis (LAP), which is distinct from classic phagocytosis. During LAP, a set of small proteins (LC3) 
is recruited directly onto the phagosome, a vesicle containing ingested material that is formed through phagocytosis. The 
placement of these proteins involves proteins that are normally associated with autophagy. 

Autophagy is a survival mechanism that is activated to keep cells alive when nutrients are limited. However, the role of 
autophagy proteins during LAP is distinct from that during classic autophagy. Furthermore, other proteins not involved in 
autophagy, such as NOX2 and RUBCN, are also required for LAP. 

Jennifer Martinez, PhD, and Larissa Dias da Cunha, PhD, two postdoctoral fellows working in Dr. Green’s laboratory, studied 
how the disruption of LAP in macrophages affects health. Publishing in the journal Nature, the team reported that when 
LAP is defective, mice increase their production of inflammatory cytokines and develop a condition resembling the human 
autoimmune disease systemic lupus erythematosus. The mice fail to gain weight, their kidney function is compromised, and 
their peripheral blood shows high circulating levels of antibodies against double-stranded DNA and nuclear proteins. Dying 
cells are not effectively digested in the macrophages in the absence of LAP. This leads to an inappropriate immune response 
to the individual’s own cells, the development of autoantibodies, and autoimmune disease. The findings from this study 
implicate LAP in inflammatory autoimmune diseases. Lupus may develop in individuals who cannot effectively clear dead or 
dying cells, and the noncanonical autophagy process of LAP may be involved.

  Clifford S. Guy, PhD

TECHNOLOGICAL ADVANCES IN IMAGING LIVING CELLS AND TISSUES  
The advantages of confocal microscopy over traditional bright-field microscopy for visualizing cells include higher 
resolution (the ability to distinguish between adjacent objects) and better contrast (the difference in light intensity 
between an object and its background), decreased phototoxicity and photobleaching, and the ability to recreate 
three-dimensional structures by imaging multiple planes throughout a thick specimen and then computationally 
assembling those images in sequence.  

In contrast to wide-field fluorescence microscopy, confocal microscopy uses pinpoint illumination to reduce 
extraneous, unwanted light and increases the three-dimensional resolution of structures throughout the sample 
volume. Spinning-disk confocal microscopy has advanced our ability to visualize living cells through optical 
sectioning and detection with highly sensitive high-speed cameras. Recent improvements using a technique called 
light-sheet microscopy have further reduced phototoxicity and increased the rate of data acquisition to capture fast 
biological processes occurring in live cells.  

Scientists can also determine intermolecular interactions occurring over just a few nanometers by using 
fluorescence resonance energy transfer (FRET) microscopy or fluorescence lifetime imaging microscopy (FLIM). 
Advancing this technology further, stochastic optical reconstruction microscopy (STORM) is a type of super-
resolution imaging that makes it possible to localize individual molecules within a structure. These imaging systems 
are highly sensitive and require technically advanced instruments. Specialized imaging technologists with advanced 
skills and training in super-resolution confocal microscopy work with research teams studying the localization, 
interaction, and dynamics of macromolecules within cells.  

The Department of Immunology has four advanced confocal microscopes with different capabilities that make each 
best suited for different applications. Clifford S. Guy, PhD (Immunology), is the staff scientist responsible for this 
shared facility. He provides start-to-finish support using state-of-the-art technologies for super-resolution imaging 
and molecular interaction studies. Dr. Guy additionally trains and assists approximately 30 postdoctoral fellows and 
research scientists each year on traditional confocal microscopy methods.  

As microscopy methods improve, the computing systems needed to generate, analyze, and store those images 
must also advance. Early confocal microscopy imaging generated data files that were a few megabytes per image. 
Current super-resolution approaches generate files that are as large as several hundred gigabytes per image. 
Newer systems acquired by St. Jude have even greater computational requirements. This challenge is being met by 
Dr. Guy, staff in the Department of Information Services, and others within the institution.

Dr. Guy is working on new challenges within microscopy. He is currently developing approaches to optimize 
confocal microscopy and electron microscopy specimen preparation, so that a single specimen or cell can be 
imaged using both modalities. This will allow for unprecedented correlation of structural and functional data on 
biological molecules within cells. 
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For centuries, an enduring tenet of basic cell biology was to a pathogen. Effector cells are highly active, but they 
that when a cell divides, two identical daughter cells are are also highly susceptible to programmed cell death 
generated. In a paper published in Nature, Dr. Green’s pathways and die as immune stimuli necessary for their 
team reported that as an activated T cell divides, c-Myc maintenance recede. The daughter cell containing low 
preferentially sorts into one of the two daughter cells. This levels of c-Myc and amino acids differentiates into a 
observation was puzzling because a c-Myc molecule has memory-like T cell. This cell is long-lived and remains 
a very short lifespan—it lasts for only tens of minutes in quiescent but ready to rapidly launch a protective immune 
a cell. How then does one daughter cell receive the lion’s response should this be necessary. 
share of c-Myc? 

The results of this landmark study show that metabolic 
The investigators showed that c-Myc distribution depends pathways and transcription programs foster asymmetry 
on a metabolic pathway involving molecules on the cell during cell division, and this asymmetry sends the progeny 
surface that transport amino acids into the cell. These of the dividing cell along different differentiation paths. 
transporters generate signals that are responsible for the Furthermore, c-Myc, an oncogene whose overexpression 
unequal distribution of c-Myc. As a consequence, c-Myc is necessary for the development and maintenance 
helps direct the distinct fates of the two daughter cells. of several types of cancer, is responsible for this fate 
The daughter cell containing high levels of c-Myc and decision. A better understanding of the asymmetric 
amino acids is destined to become an effector-like  division of T cells may shed light on the role of c-MYC in 
T cell, which generates the adaptive immune response lymphomas that arise from mature T cells.

Figure. (A) Representative image of a dividing T cell and (B) quantification of the mean fluorescence intensity (MFI) of c-Myc in the two daughter cells. The c-Myc appears 
green in the image. Original magnification = 100×. © 2016 Verbist KC et al

 Katherine Verbist, PhD; Cifford S. Guy, PhD; Swantje Liedmann, PhD

ASYMMETRIC CELL DIVISION GIVES RISE TO DAUGHTER CELLS WITH DIFFERENT FATES 
Cells require nutrition to survive. Different types of cells have different nutritional and metabolic needs. Futhermore, a 
single cell’s metabolic needs change, depending on its differentiation and activation state and its environment. When 
a T lymphocyte is activated to initiate an immune response, it changes the way in which it metabolizes nutrients. 
Several years ago, Dr. Green and his colleagues showed that the protein c-Myc is important for reprogramming the 
metabolism of T cells when they are activated. Last year, Katherine Verbist, PhD, and Swantje Liedmann, PhD, two 
postdoctoral fellows working in Dr. Green’s laboratory, made a remarkable discovery about c-Myc in activated T cells. 
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 CONCLUSION 
  
Understanding how cells live and the many 

ways in which they die is crucial to deciphering 

how our immune system and organs function 

and how their biology is altered to initiate 

autoimmunity, cancer, and other catastrophic 

diseases. St. Jude researchers who study cell 

death are ultimately pursuing discoveries that 

will teach us how to preserve life.
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Kathryn G. Roberts, PhD

IDENTIFYING THE ORIGINS 
AND NEW MOLECULAR 
SUBTYPES OF PEDIATRIC 
BRAIN TUMORS  
Brain tumors are the leading cause of death due to 

cancer in children, and medulloblastoma is the most 

common form of malignant pediatric brain tumor, 

accounting for approximately 20% of all cases. 

Nearly 1000 new cases of pediatric medulloblastoma 

are diagnosed each year globally. 

BaoHan Vo, PhD; Martine F. Roussel, PhD
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Paul A. Northcott, PhD; Yiai Tong, PhD

Medulloblastoma was at one time considered a form Treatment for medulloblastoma and PNET includes 
of primitive neuroectodermal tumor (PNET) because surgical resection, craniospinal irradiation, and 
the two diseases are histologically and morphologically cytotoxic chemotherapy, a combination that has lasting, 
similar. However, it is now considered a distinct disease detrimental effects on a developing child. Recently, 
entity. Medulloblastoma is an embryonal tumor of the molecularly targeted therapies for these embryonal brain 
cerebellum, which unlike the rest of the brain, develops tumors have been tested, opening up the possibility of 
primarily after birth. Within the last decade, four subgroups decreasing treatment-related toxicity and its long-term 
of medulloblastoma have been recognized. PNET is consequences. New insights into the genes, pathways, 
another form of rare embryonal brain tumor whose and molecular processes underlying the pathogenesis 
appearance and protein-expression patterns suggest that of medulloblastoma and PNET are needed if we are to 
it originates from primitive neuronal cells. PNETs more improve the diagnosis, treatment, and survival of children 
often arise in the cerebrum and behave more aggressively with these devastating tumors and minimize the late 
than medulloblastoma. Using advanced molecular effects of therapy. 
technologies, St. Jude scientists have now defined four 
classes of PNETs.

RECOGNITION OF FOUR DISTINCT MEDULLOBLASTOMA SUBTYPES 
Over the past decade, genomics has revolutionized our understanding of medulloblastoma and revealed distinct 
molecular subgroups characterized by disparate biological and clinical features. In 2012, medulloblastoma researchers 
proposed the recognition of four consensus subgroups: Wingless (WNT), Sonic hedgehog (SHH), Group 3, and Group 
4. The definition of these subgroups has altered how medulloblastoma is studied in the laboratory and approached 
in the clinic. Next-generation sequencing (NGS) has enabled scientists to catalog the mutational landscapes of 
medulloblastoma subgroups and elucidate the pathways and genes that drive oncogenesis. Moreover, in 2016, the World 
Health Organization (WHO) published an updated Classification of Tumors of the Central Nervous System that for the 
first time recognized medulloblastoma subgroups as discrete diagnostic entities. This represented a major advance in 
pediatric neuro-oncology. Prospective clinical trials for medulloblastoma, such as St. Jude’s current SJMB12 trial, are now 
incorporating these subgroups into their risk-stratification schema and specifically tailoring treatment protocols based on 
tumor subgroup.

Scientists have further used NGS data to identify a limited number of candidate driver genes believed to be responsible 
for medulloblastoma initiation, maintenance, and progression. Some involve expected developmental signaling pathways, 
such as CTNNB1 in the WNT subgroup and PTCH1, SMO, and SUFU in the SHH subgroup. However, the most 
consistent and prominent theme to emerge from medulloblastoma genomes relates to somatic alterations, including 
mutations and copy-number changes, targeting epigenetic regulators. Several recurrently altered chromatin-modifying 
genes have been reported, including KDM6A, SMARCA4, MLL2 (KMT2D), and MLL3 (KMT2C). Although functional 
studies validating these candidate driver genes in the context of medulloblastoma are mostly lacking, mutations in the 
epigenetic machinery appear to contribute to at least half of all medulloblastomas, irrespective of subgroup. This finding 
suggests that deregulation of the epigenome is fundamental to medulloblastoma pathogenesis.
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UNRAVELING THE CELLULAR ORIGINS OF MEDULLOBLASTOMA THROUGH 
EPIGENOMICS 
The consequences of dysregulated chromatin-modifier function in medulloblastoma remain largely unknown, 
including how the mutations affect epigenetic states and gene regulation. Paul A. Northcott, PhD (Developmental 
Neurobiology), recently collaborated with investigators at the German Cancer Research Center (Heidelberg,  
Germany) and the Dana-Farber Cancer Institute (Boston, MA) to systematically investigate the epigenetic landscape 
of medulloblastoma. 

In Nature, the team reported their evaluation of the epigenetic and genetic profiles of primary medulloblastoma 
samples. They used a combination of histone and transcription factor (TF) chromatin immunoprecipitation coupled 
with NGS (ChIP-seq) and sample-matched transcriptome profiling (RNA-seq) to examine regulatory elements in the 
tumor tissue. They focused on active enhancers (i.e., DNA sequences that increase the transcription of particular 
genes), given the importance of these molecular “switches” in defining the gene-expression programs of the cell. 
The data they acquired were particularly unique, because the ChIP-seq for markers of active enhancers, including 
histone 3 lysine 27 acetylation (H3K27ac) and bromodomain-containing protein 4 (BRD4), was conducted using 
frozen tumor samples. Most ChIP-seq analyses of other cancers have been restricted to immortalized, high-passage 
tumor cell lines. Through application of a series of advanced computational analyses, Dr. Northcott and his colleagues 
identified 78,516 active enhancers, including nearly 20,000 that had not been previously annotated by the ENCODE 
Consortium or the Roadmap Epigenomics Project. 

Focusing on tumor subgroup–specific enhancers, the authors identified and annotated clustered regions of 
disproportionally active enhancers known as super-enhancers. Super-enhancers are important due to their role 
in the regulation of genes associated with cell identity (i.e., master regulators) and oncogenesis (e.g., MYC family 
oncogenes). Each medulloblastoma subgroup harbors approximately 550 to 1100 super-enhancers, a considerable 
proportion of which are subgroup specific. 

Using their highly integrative epigenomic/transcriptomic dataset, the authors inferred super-enhancer–associated 
gene targets and identified new candidate genes of potential relevance to medulloblastoma subgroup biology. 
Although these analyses verified known medulloblastoma oncogenes such as GLI2 (SHH-subgroup), MYC 
(Group 3), and OTX2 (Group 3 and Group 4), the most provocative and compelling result was the identification of 
lineage-specific neuronal TFs that appeared to be intimately linked to subgroup-specific regulatory elements. The 
epigenetic landscape of medulloblastoma subgroups appeared to be more informative of developmental origins than 
oncogenesis or epigenetic deregulation.

Through computational reconstruction of regulatory networks derived from the enhancer landscape defined in this 
study, the authors implicated a number of master TFs responsible for subgroup identity. Some TFs demonstrated 
spatiotemporal-restricted expression and activity in the developing mouse hindbrain. Most notable among these 
were LMX1A, EOMES, and LHX2, all of which showed highly specific activity in Group 4 medulloblastoma and are 
believed to regulate a substantial proportion of the Group 4 transcriptional program. These TFs play essential roles 
during early cerebellar development, and in this study Dr. Northcott’s team showed that their mouse homologs (i.e., 
Lmx1a, Eomes, and Lhx2) are coexpressed in upper rhombic lip progenitors and deep cerebellar nuclei of the nuclear 
transitory zone, the latter being derived from migratory upper rhombic lip progenitors. These observations strongly 
suggest that upper rhombic lip progenitors are plausible cells of origin for Group 4 medulloblastoma.

Deciphering the cellular origins of medulloblastoma has broad implications for understanding and treating this 
malignancy more effectively. Previous studies, including those conducted at St. Jude, have provided insight into the 
disparate cellular origins of the WNT and SHH medulloblastoma subgroups. However, the cellular origins of Group 3 
and Group 4 medulloblastoma remain unconfirmed. To follow up on these findings reported in Nature, Dr. Northcott  
and his team are collaborating with colleagues in the Department of Computational Biology to identify the cellular 
origins of Group 3 and Group 4 medulloblastomas via single-cell genomics, cutting-edge bioinformatics, and 
molecularly informed functional approaches. Collectively, these advances will be fundamental toward gaining a 
better understanding of the pathobiology of medulloblastoma subgroups, which will advance the development and 
implementation of more effective treatments. 
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Figure. (A) Ranked enhancer plot of the H3K27ac landscape in Group 4 medulloblastoma. Genes associated with super-enhancers (SEs) are noted. (B) 
Zebrafish reporter assay for the MYC enhancer (green) in medulloblastoma. The MYC signal is restricted to the hindbrain of the central nervous system 
(CNS). (C) Transcription factor (TF) and H3K27ac ChIP-seq meta tracks for the super-enhancer–regulated TFs LMX1A, LHX2, HLX, and EOMES. (D) 
Subgroup-specific regulatory circuitry for Group 3 and Group 4 medulloblastoma. (E) Expression of Lmx1a, Eomes, Lhx2, and Hlx in the embryonic day 
13.5 mouse cerebellum is indicated by red arrows. © 2016 Lin CY, et al
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Brent A. Orr, MD, PhD
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Figure. (A) Analysis of the DNA-methylation patterns of 77 PNET samples, 159 reference samples, and 59 samples of other CNS tumors identified four new 
brain tumor entities among PNETs: CNS NB-FOXR2, CNS HGNET-BCOR, CNS EFT-CIC, and CNS HGNET-MN1. (B) Composition of the four new CNS 
tumor entities by histologic diagnosis, which are represented by the colors indicated. (C–F) Clinical information about patients with the four new CNS tumors, 
including tumor location (left), age at diagnosis (middle), and sex distribution (right). Reprinted from Cell, 164, Sturm D et al, New brain tumor entities emerge 
from molecular classification of CNS-PNETs, 1060–72, © 2016, with permission from Elsevier. 
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MOLECULAR CLASSIFICATION OF PRIMITIVE NEUROECTODERMAL TUMORS IDENTIFIES 
NEW BRAIN TUMORS 
PNETs have been the subject of significant controversy in the fields of neuropathology and neuro-oncology. They are 
malignant neuroepithelial tumors with a propensity for both glial and neuronal differentiation. Because PNETs show 
histologic overlap with other brain tumors (e.g., medulloblastoma) at the microscopic level and lack specific biomarkers, 
distinguishing them from other high-grade brain tumors is a significant challenge. In particular, diagnostically discriminating 
PNETs from high-grade gliomas is especially difficult. This distinction is clinically important because high-grade gliomas 
and PNETs are treated with different regimens of chemotherapy and radiotherapy. Unlike high-grade gliomas, PNETs are 
treated with craniospinal irradiation, which can result in substantial long-term treatment-related morbidity. 

In a study co-led by Brent A. Orr, MD, PhD, and David W. Ellison, MD, PhD (both of Pathology), and colleagues at the 
German Cancer Research Center, a novel approach was used to resolve long-standing questions about the classification 
of PNETs. In this work published in Cell, the authors relied on an epigenetic mark in the tumor DNA called CpG 
methylation to molecularly classify PNETs based on their genome-wide methylation signature. The team compared the 
methylation signatures of 323 tumors originally diagnosed as PNETs to a reference library of methylation signatures from 
other known brain tumor types. Using this method, they found that most of the tumors diagnosed as PNETs could be 
reclassified as another more specific brain tumor type. Many of the reclassified tumors had additional defining genomic 
abnormalities that validated their reassignment. 

Among the tumors that could not be reclassified as another known brain tumor, the researchers identified four novel 
brain tumor types, each of which was defined by recurrent gene fusions or intragenic gene duplications. These new 
brain tumor types were designated as central nervous system (CNS) neuroblastoma with FOXR2 activation (CNS NB-
FOXR2), high-grade neuroepithelial tumor with BCOR alteration (CNS HGNET-BCOR), high-grade neuroepithelial tumor 
with MN1 alteration (CNS HGNET-MN1), and CNS–Ewing family of tumors with CIC fusion (CNS EFT-CIC). Limited 
clinical correlation suggested that these new tumor classes have substantial clinicopathologic differences and most likely 
demonstrate different responses to therapy. 

The results of this study suggest that although histomorphologic overlap exists in tumors designated as PNETs, this 
diagnostic category represents a heterogeneous group of tumors. Largely on the basis of this study, the WHO removed 
PNET as a diagnostic entity from its 2016 update of the Classification of Tumors of the Central Nervous System.

Although more research is necessary to fully define the four novel brain tumor types identified in this study, especially with 
regard to prognosis and treatment, these tumors will most likely be added to future updates of the WHO classification 
system. The genomic drivers of these new brain tumors were elucidated here and will facilitate future studies of their 
underlying biology and mechanisms of tumorigenesis. These findings will pave the way for more specific diagnoses of 
pediatric brain tumors and eventually enable us to target these tumors with greater precision. 
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INTERACTIONS BETWEEN MYC PROTEINS 
AND MIZ1 DETERMINE MEDULLOBLASTOMA 
SUBGROUPS 
The MYC family is composed of three proto-oncogenes: 
MYC, MYCN, and MYCL. Each gene is located on a 
different chromosome and is expressed in different tissues 
during development and adulthood. MYC proteins are TFs 
that regulate several processes, including cell proliferation, 
differentiation, cell death, and cancer. All three proteins 
share similar structures, including a C-terminal basic helix-
loop-helix domain, that enable them to interact with their 
protein partner MAX and bind specific DNA sequences 
called E-boxes. In addition, three amino acid motifs in the 
N terminus and body of the protein, called MYC boxes, 
permit the recruitment of other complexes to regulate 
gene expression. 

Despite their differential expression patterns, all MYC 
members bind to the same DNA sequence. This has 
led to the assumption that MYC proteins are functionally 
interchangeable, an idea that was solidified by a genetic 
experiment in which MYC was replaced by MYCN in the 
mouse genome, thereby forcing all cell types to rely on 
MYCN to regulate gene expression. That experiment 
showed that “MYCN-only” mice develop normally. More 
recent investigations from the laboratory of Martine 
F. Roussel, PhD (Tumor Cell Biology), found that the 
cerebrum and cerebellum of MYCN-only mice appear 
unaffected by the protein substitution. Together, these 
results indicate that under normal physiological conditions, 
MYCN can substitute for MYC in many tissues, including 
the CNS, without disrupting development or function. 
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Figure. Structure of the MYC–MAX–MIZ1 protein complex bound to an E-box on DNA. 
Image based on Nair SK, Burley SK. Cell, 1112:193–205, 2013

Figure. (A) Images of tumorspheres that expressed Myc or a Myc-mutant (MycVD and Myc/ΔPOZ). Scale bar = 200 µm. (B) Proliferation of tumorsphere passages 
in vitro. (C) Immunofluorescence images of tumorspheres. Myc and Myc mutants (MycVD and Myc/ΔPOZ) were labeled with red fluorescent protein (RFP). 
Caspase-3 (green) indicates cell death. Ki67 (green) indicates cell proliferation, and DAPI (blue) indicates nuclei. Scale bar = 50 µm. Reprinted from Cancer Cell, 
29, Vo BHT et al, The interaction of Myc with Miz1 defines medulloblastoma subgroup identity, 5–16, © 2016, with permission from Elsevier. 
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The four subgroups of medulloblastoma (WNT, SHH, Group 3, and Group 4) have different gene-expression profiles 
and express different MYC proteins, which affect prognosis. WNT and Group 3 medulloblastomas express MYC, 
whereas SHH and Group 4 express MYCN. Dr. Roussel’s team further observed that different medulloblastoma 
subgroups are induced under conditions in which supraphysiologic mitogenic stimuli, such as MYC and MYCN, 
are overexpressed in neuronal progenitors through gene amplification or other unknown mechanisms. A recent 
report published in Cancer Cell, Dr. Roussel and her colleagues evaluated the overexpression of MYC and MYCN 
in cerebellar granule neuron progenitors to determine how the proteins dictate which subgroup of medulloblastoma 
will arise. The experiments were influenced by earlier studies from their collaborator Dr. Martin Eilers (University of 
Würzburg, Germany) showing that high levels of MYC and MAX recruit MIZ1, a POX virus and zinc-finger (POZ)-
domain TF that is expressed in all cells and activates transcription upon binding to a specific DNA-binding sequence 
different from E-boxes. Dr. Eilers’ group also showed that the MYC–MAX–MIZ1 complex represses transcription 
rather than activates it. 

To understand the differences between MYC and MYCN, Dr. Roussel’s team first performed immunoprecipitation 
experiments. They found that the MYC–MAX complex interacts with MIZ1 with much higher affinity than does the 
MYCN–MAX complex, and this resulted in differential repression of certain genes. Furthermore, this repression of 
gene transcription was crucial for Group 3 medulloblastoma to develop. When the interaction between MYC and 
MIZ1 was prevented using a MYC mutant that does not bind to MIZ1, Group 3 medulloblastoma development was 
inhibited. The researchers found that the genes repressed by the MYC–MIZ1 complex included those required for the 
formation of primary cilia, organelles expressed at the surface of tumor cells that are required for SHH signaling. The 
absence of cilia leads to the reprogramming of the transcriptome of SHH-dependent neuronal progenitors into Group 
3 tumors that now express markers of stemness. 

In addition to elucidating how MYC and MYCN mediate the formation of different medulloblastoma subtypes, findings 
from this work have potential clinical implications. For instance, inhibitors of the interaction between MYC or MYCN 
and MIZ1 might be therapeutically advantageous for treating Group 3 and SHH medulloblastoma, respectively. 
Studies of how the disruption of this pathway affects medulloblastoma biology are now ongoing in collaboration with 
Dr. Eilers’ group and the laboratory of Richard J. Kriwacki, PhD (Structural Biology). 

  Tara M. Brinkman, PhD

NEUROCOGNITIVE IMPAIRMENT IN ADULT SURVIVORS OF CHILDHOOD BRAIN 
TUMORS 
As a part of the St. Jude Lifetime Cohort Study, Tara M. Brinkman, PhD (Epidemiology & Cancer Control, 
Psychology), and her colleagues evaluated the prevalence and severity of long-term cognitive and social morbidities 
in more than 200 adult survivors of childhood brain tumors who were treated nearly two decades earlier.  

In the Journal of Clinical Oncology, Dr. Brinkman’s team reported that 20% to 30% of the survivors demonstrated 
severe neurocognitive impairment on tests of intelligence, memory, and executive function (e.g., planning, 
organization, and flexibility). Among adults in the general population, the expected cognitive impairment rate 
is 2%. Survivors who underwent irradiation to their entire brain were 1.5 to 3 times more likely to have severe 
neurocognitive impairment than were survivors who did not receive any cranial irradiation. Approximately 50% of 
the survivors did not graduate from college, were unemployed, and were not living independently as adults. The 
presence of severe neurocognitive impairment substantially increased the risk of survivors not achieving expected 
adult outcomes.  

The results of this study suggest that the delivery parameters of contemporary radiation therapy, which are 
designed to reduce the amount of radiation delivered to the healthy brain, may reduce the risk of long-term 
neurocognitive impairment. However, additional follow-up data are necessary to confirm these findings. Beyond 
changes to frontline therapies, prophylactic cognitive interventions during therapy and remedial approaches may 
reduce the severity and functional impact of neurocognitive impairment in survivors of pediatric brain tumors.
 
Research elucidating the biology of pediatric brain tumors, including distinct molecular subtypes of 
medulloblastoma, has resulted in the development of a clinical and molecular risk–directed therapy for newly 
diagnosed medulloblastoma at St. Jude. The SJMB12 clinical trial aims to evaluate whether therapeutic modifications 
(e.g., reduced-dose craniospinal irradiation in patients with low-risk WNT medulloblastoma) can result in improved 
outcomes. This study will also evaluate the effectiveness of an aerobic training and neurocognitive intervention 
designed to prevent and/or mitigate the neurocognitive morbidities often experienced in this patient population. 
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 CONCLUSION 
St. Jude researchers are elucidating the molecular  

processes underlying the pathogenesis of 

pediatric brain tumors. While doing so, they are  

identifying new disease entities, ensuring accurate 

diagnoses, developing optimized treatments, 

and improving the long-term survival of children 

with these catastrophic diseases. 
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THE MANY ROADS TO 
TRANSCRIPTION FACTOR 
DEREGULATION IN  
PEDIATRIC CANCER 
All cancers are diseases of the genome. Genetic 

mutations activate, impair, or misdirect key cellular 

pathways to transform a normal cell into a malignant 

cell. Tumors differ in their number and types of genetic 

alterations, the order in which these alterations are 

acquired, and the growth and survival pathways that 

they disrupt. 

Studies such as the Pediatric Cancer Genome 

Project have shown that a comprehensive analysis 

of the genetic changes within a tumor can provide 

important insights about basic mechanisms of 

the disease and new opportunities for therapeutic 

intervention. Unlike many adult tumors, pediatric 

tumors often have relatively few genetic alterations. 

This low mutation burden facilitates the dissection of 

how individual changes contribute to and collaborate 

in tumor formation. Several studies led by St. Jude 

investigators have provided examples of the various 

ways in which the “quiet” mutational landscapes 

of pediatric leukemia and solid tumors drive tumor 

development and growth.

Charles W. M. Roberts, MD, PhD; Aaron Ross
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EPOR REARRANGEMENTS INDUCE PHILADELPHIA CHROMOSOME–LIKE ACUTE 
LYMPHOBLASTIC LEUKEMIA 
Studies from the laboratory of Charles G. Mullighan, MBBS(Hons), MSc, MD (Pathology), examined the genomic 
basis of a rare form of childhood acute lymphoblastic leukemia (ALL) termed Philadelphia chromosome–like ALL  
(Ph-like ALL). The term “Ph-like” in the name of this disease is derived from the observation that these ALL cases 
exhibit a gene-expression profile similar to that of ALL driven by the Philadelphia chromosome. The Philadelphia 
chromosome encodes BCR–ABL1, a chimeric protein with constitutively active tyrosine kinase activity, and the 
activation of kinase signaling in leukemic cells can be blocked with currently available tyrosine kinase inhibitors (TKIs). 
Dr. Mullighan and his colleagues identified a diverse range of chromosomal rearrangements and DNA-sequence 
mutations and deletions in Ph-like ALL that activate several cytokine receptor– and kinase-signaling pathways. These 
findings attracted great clinical interest, because patients with Ph-like ALL have poorer treatment outcomes than do 
patients with other types of childhood ALL. Clinical trials of ALL at St. Jude and around the world now include the 
detection of genomic alterations in Ph-like ALL to determine the benefit of treatment with TKIs targeting deregulated 
pathways.

In a recent study from Dr. Mullighan’s laboratory, investigators examined how a chromosomal rearrangement of the 
erythropoietin receptor gene (EPOR) drives the development of a subset of Ph-like ALL cases. As many as 10% of 
Ph-like ALL cases have rearrangements of the EPOR gene. Erythropoietin is a cytokine that is essential for the normal 
growth and development of red blood cells but is not considered important for the growth of lymphocytes.  
Ilaria Iacobucci, PhD, a staff scientist in Dr Mullighan’s laboratory, sought to characterize the genetic alterations of 
EPOR and determine how those changes contribute to leukemogenesis. In Cancer Cell, the team reported several 
unique features of EPOR rearrangements. These aberrations involved multiple partner chromosomes, but in each 
case the EPOR gene was positioned adjacent to strong enhancers that stimulate high expression levels of EPOR in 
leukemic cells. Most of these rearrangements are not apparent by conventional clinical genetic analysis. Rather, they 
are most reliably detected by whole-genome sequencing, which has been integrated into the clinical standard of care 
for patients with ALL treated at St Jude. 

Figure. Schematic of EPOR rearrangements within the promoter and enhancer regions of the immunoglobin heavy chain (IGH) locus and 
Sanger sequencing results in a patient with Ph-like ALL. Reprinted from Cancer Cell, 29, Iacobucci I et al, Truncating erythropoietin receptor 
rearrangements in acute lymphoblastic leukemia, 186–200, © 2016, with permission from Elsevier.
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EPOR alterations demonstrate a unique twist to the way in which genetic rearrangements drive the activation of 
signaling pathways in ALL. For many rearrangements in ALL, inappropriate activation, or “hijacking,” of gene expression 
in a lymphoid cell is sufficient to activate downstream signaling pathways and cell proliferation. In contrast, EPOR 
rearrangements not only activate gene expression but also truncate the cytoplasmic tail of the receptor. This portion of the 
receptor can both activate signaling and limit it by the receptor’s subsequent inhibition and degradation. Phosphorylation 
of a series of eight tyrosine residues in the cytoplasmic tail regulates this process. The first tyrosine is indispensable for 
activation, and the remaining residues mediate negative regulation. All EPOR rearrangements result in preservation of 
the activating tyrosine and removal of the distal residues. This suggests that the alterations do not simply activate the 
receptors. Instead, EPOR rearrangements may induce a more subtle mechanism in which rearrangements influence 
the degree and duration of signaling through the receptor. The investigators used various experimental approaches, 
including expressing wild-type and mutant receptors in cell lines, examining the level and duration of receptor expression 
on exposure to ligand, and measuring the intensity of activation of downstream signaling pathways to confirm this 
hypothesis. 

In contrast to cells expressing normal EPOR, cells expressing a truncated receptor did not downregulate receptor 
expression after stimulation with erythropoietin and exhibited a sustained, intense burst of signaling. Moreover, expression 
of the truncated receptor in isolated bone marrow cells resulted in leukemia development, indicating that EPOR 
rearrangement is sufficient to promote leukemogenesis. Finally, modeling of treatment using isolated leukemic cells 
showed potent synergy between a TKI that inhibits EPOR signaling and conventional chemotherapy. Together, these 
results provide insight into the unique mechanisms by which genomic alterations in EPOR promote leukemogenesis 
and a compelling rationale for genome sequencing of leukemic cells to facilitate accurate diagnosis and administration 
of appropriate TKIs to patients with Ph-like ALL. These approaches have been implemented in Total Therapy XVII, the 
current frontline clinical trial of ALL at St. Jude.

i

Charles G. Mullighan, MBBS(Hons), MSc, MD; Jinghui Zhang, PhD

DUX4 AND ERG ALTERATIONS ARE ASSOCIATED WITH A FAVORABLE OUTCOME IN 
ACUTE LYMPHOBLASTIC LEUKEMIA 
In a second study, Dr. Mullighan collaborated with Jinghui Zhang, PhD (Computational Biology), and colleagues 
to elucidate a distinct mechanism through which a sequence of genomic alterations drive the development of 
B-cell progenitor ALL (B-ALL). In this disease, the presence of specific leukemia-initiating gene rearrangements is 
associated with a favorable outcome in patients receiving conventional treatment. 

Previous research led by James R. Downing, MD (Pathology), showed that many subtypes of B-ALL with different 
chromosomal translocations exhibit distinct gene-expression profiles. Those studies also identified a separate 
group of B-ALL cases that lacked a known leukemia-initiating chromosomal rearrangement and had a distinct 
gene-expression profile. Such cases commonly, but not universally, also have deletions of the gene ERG, which is a 
member of the ETS family of transcription factors. In a study reported in Nature Genetics, Drs. Mullighan and Zhang 
and their teams examined data from more than 1900 cases of childhood ALL. By integrating gene-expression, whole-
genome, and transcriptome-sequencing data to define the genomic alterations that occur in B-ALL, they were able to 
decipher a novel and indirect mechanism for ERG downregulation and leukemogenesis. 

Figure. (A) Illustration of EPOR The researchers identified rearrangements of the DUX4 gene, which encodes a homeobox transcription factor, as a 
regulation and signaling. (B) Location 
of EPOR truncations occurring in universal event in this B-ALL subtype with a distinct gene-expression profile. DUX4 rearrangements usually involve 
Ph-like ALL. Reprinted from Cancer juxtaposition of the gene to a strong enhancer element, such as the immunoglobin heavy chain (IGH) gene or similar Cell, 29, Iacobucci I et al, Truncating 
erythropoietin receptor rearrangements locus. This results in overexpression of DUX4 and truncation of the DUX4 protein. The research team demonstrated n acute lymphoblastic leukemia, 
186–200, © 2016, with permission from that deregulation of DUX4 exerts leukemogenic effects, in part, by deregulating ERG. 
Elsevier.
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Figure. Illustration of the sequential deregulation of the transcription factors DUX4 and ERG in B-ALL. Iacobucci I, Mullighan CG, Genetic basis of acute 
lymphoblastic leukemia. J Clin Oncol 35 (9), 975–83. Reprinted with permission. © 2017 American Society of Clinical Oncology. All rights reserved.

Using chromatin immunoprecipitation and sequencing, the team showed that DUX4 binds to an intronic region 
of ERG, thereby inducing aberrant transcription and expression of a truncated C-terminal fragment of ERG called 
“ERGalt.” ERGalt retains DNA-binding activity but lacks N-terminal domains and acts as a competitive inhibitor of 
wild-type full-length ERG. This transcriptional deregulation of ERG also renders the ERG genomic locus susceptible 
to RAG-mediated deletion, resulting in the ERG deletions observed in many patients with rearrangement of DUX4 
and providing an additional mechanism for loss of activity of wild-type ERG. The expression of truncated DUX4 in 
normal human cord blood cells and leukemia cell lines confirmed that DUX4 directly deregulates ERG and induces 
the expression of ERGalt. Furthermore, expression of ERGalt in a mouse showed that this abnormal ERG isoform is 
sufficient to promote the development of a leukemia subtype that recapitulates human B-ALL. 

This study has important biological and clinical implications. It demonstrates that deregulation of expression of a 
transcription factor, in this case DUX4 by genetic rearrangement, can promote tumorigenesis in an unusually indirect 
manner. The expression of a second key hematopoietic transcription factor, ERG, is dysregulated, which leads to 
leukemia development. This study is also important for diagnosis and management of childhood B-ALL associated 
with favorable outcome. Thus, accurate detection of these founding genetic alterations and DUX4 overexpression 
via a “total-sequencing” approach at the time of diagnosis is essential to guide appropriate treatment. This has been 
implemented in current St. Jude treatment protocols. 

These studies illustrate how genetic alterations directly and indirectly deregulate the expression and function of 
transcription factors that are key to leukemia development. In contrast, the following studies explore how genetic 
alterations can also indirectly alter transcriptional regulation by remodeling chromatin and modifying the DNA that 
influences gene expression.
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SMARCB1 ALTERATIONS IMPAIR ENHANCERS AND DRIVE RHABDOID TUMOR 
DEVELOPMENT 
Childhood rhabdoid tumors are aggressive cancers that arise in the brain, kidney, or soft tissues. Although rhabdoid 
tumors harbor few genetic changes, alterations in the SMARCB1 gene is a hallmark of the disease. SMARCB1 is a 
component of a large multiprotein complex known as the SWI/SNF chromatin-remodeling complex. This complex 
serves important roles in the regulation of gene expression, but the mechanisms through which it influences tumor 
formation have been poorly understood. 

Charles W. M. Roberts, MD, PhD (Oncology), and his collaborators at Dana-Farber Cancer Institute (Boston, MA) 
sought to understand the function of SMARCB1 in rhabdoid tumor formation. In Nature Genetics, the investigators 
used a system in which expression of SMARCB1 could be tightly controlled in rhabdoid tumor cell lines that lack 
endogenous SMARCB1 expression. Re-establishment of SMARCB1 expression was accompanied by increased 
expression of other components of the SWI/SNF complex, such as SMARCC1, SMARCA4, and ARID1A. In parallel, 
controlled deletion of Smarcb1 in nontumor mouse cells was accompanied by reduced levels of multiple SWI/SNF 
complex proteins, demonstrating the central role of SMARCB1 in maintaining the integrity of this large multiprotein 
complex. By integrating their analysis of the sequencing of chromatin marks and sites of SMARCA4/SMARCC1 
binding, the team showed that the SWI/SNF complex binds predominantly at enhancer regions. 

Enhancers are regulatory regions of DNA that control when genes are active or silent. The expression of SMARCB1 
was accompanied by increased expression of many genes with central roles in the development and differentiation 
of the tissue types studied. The loss of SMARCB1 affected the presence of the SWI/SNF complex at enhancers 
of genes required for cellular differentiation, while leaving super-enhancers unscathed and functional. Such super-
enhancers mark a small subset of genes that are essential for the maintenance of the current cell fate. 

On the basis of these findings, Dr. Roberts and his colleagues developed a model in which the SWI/SNF complex––
with SMARCB1 at its heart––has distinct roles in two types of enhancers, typical enhancers and super-enhancers. 
Inactivation of SMARCB1 primarily affects typical enhancers, which prevents the highly proliferative progenitor cells 
in which SMARCB1 has been lost from differentiating. In contrast, the loss of SMARCB1 does not affect SWI/SNF 
complex formation at super-enhancers, thus locking in the proliferation program of the progenitor cell and driving the 
malignant state. 

Figure. Model of SMARCB1 
stabilization of the SWI/SNF 
complex, which enables the 
complex to bind to and facilitate 
the formation and function 
of enhancers. SMARCB1 
alterations reduce the level of 
the SWI/SNF complex, which 
in turn impairs typical enhancer 
(TE) function. However, 
residual levels of the SWI/SNF 
complex preferentially bind to 
super-enhancers (SEs), thereby 
maintaining aberrant cell 
identity. © 2017 Wang X et al
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The findings from this study substantially advance our understanding of how the SWI/SNF complex regulates gene 
expression and development in normal tissues and why mutation of this complex causes cancer growth. They also 
demonstrate how a single alteration in one gene can induce profound and catastrophic events that cause cancer  
to develop. 

INACTIVATION OF ARID1A PROMOTES COLON CANCER
In a second study published in Nature Genetics, Dr. Roberts’ laboratory examined the role of a second component 
of the SWI/SNF complex in cancer. They identified an unexpected role of ARID1A, a component of the complex, 
in colorectal cancer. ARID1A is the most common target of genetic alteration among the SWI/SNF complex 
components, which are collectively mutated in approximately 20% of all human cancers. To understand the role of 
ARID1A in tumorigenesis, Dr. Roberts’ team generated a mouse model in which the Arid1a gene was inactivated in 
many tissue types. This resulted in the development of colonic adenocarcinoma. In human colonic adenocarcinoma, 
ARID1A is frequently mutated. The tumors were similar to a subset of human colonic adenocarcinomas with 
microsatellite instability, a condition of genetic hypermutability resulting from compromised DNA repair. This work 
established the Arid1a-mutant mouse as a new preclinical model, one that closely matches a form of human 
colorectal cancer. 

To determine how ARID1A loss influences chromatin regulation, the researchers further examined the genome-wide 
binding of two SWI/SNF proteins, SMARCA4 and SMARCC1, in isolated human colorectal cancer cells with either 
intact or deficient ARID1A expression. Binding of both proteins was profoundly reduced in cells lacking ARID1A. 
Changes were accompanied by reduced decoration of enhancers by H3K27 acetylation and reduced expression of 
genes, including those mediating multiple central pathways that regulate development and differentiation. 

Together, these results illustrate the power of detailed modeling of the consequences of inactivating epigenetic 
regulators commonly mutated in human cancer. They also demonstrate the central role of ARID1A in enhancer-
mediated regulation of a broad range of gene-expression programs. 

Figure. Model of defective SWI/SNF targeting and control of enhancer activity in ARID1A-deficient colonic epithelium cells. © 2017 Mathur R et al
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 CONCLUSION 
  
By expanding our understanding of genetic 

mutations and epigenetic events that directly 

and indirectly regulate tumorigenesis, St. Jude 

investigators are defining the mechanisms that 

underlie childhood cancer and paving new 

paths to its cure.
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NOVEL GENE THERAPIES 
FOR MONOGENIC  
DISORDERS  
The human genome contains approximately 20,000 

protein-coding genes. An inherited or spontaneous 

mutation that alters even one of these genes can 

have devastating, lifelong effects. Many patients with 

monogenic (single-gene) disorders suffer greatly and 

experience premature death. Through gene therapy, 

investigators aim to replace, repair, or restore  

faulty genes. 

Daniel Devine, PhD; Satish Cheepala, PhD



An ideal gene therapy will correct the faulty gene in circumvents many complications and toxicities that can 
stem cells and ensure that these stem cells will generate occur after bone marrow transplantation (BMT) from a 
normal progeny throughout the patient’s life. In single- genetically different (allogeneic) donor. 
gene disorders that impair blood cells, hematopoietic 
stem cells (HSCs) are an ideal target for gene therapy, Researchers at St. Jude have attained preclinical and 
given their ability to permanently reconstitute a patient’s clinical successes toward developing new approaches to 
blood and immune system. However, HSCs naturally cure two devastating pediatric monogenic disorders,  
resist genetic modification with commonly used X chromosome–linked severe combined immunodeficiency 
approaches. Therefore, new tools are required, such as (XSCID) syndrome and sickle cell disease. The goal of 
next-generation, safety-modified lentiviral vectors and these treatments is to restore normal lives to affected 
genome-editing technologies to reliably modify HSCs. patients and their families and negate the need for lifelong, 
Using these approaches, investigators can harvest HSCs noncurative therapies. As an essential component of this 
from a patient, alter the cells’ genomes in vitro, and then research, the Children’s GMP, LLC, at St. Jude produces 
reinfuse corrected cells into the bloodstream, where they the drug products necessary to perform safe and effective 
home to specific niches in the bone marrow and establish gene therapy. Children’s GMP, LLC, operates using the 
a repaired blood-forming system. Because the HSCs to highest standards for the manufacture of advanced 
be targeted are host-derived (autologous), this approach experimental therapeutic products.

GENE THERAPY FOR XSCID IS CHANGING THE STANDARD OF CARE 
Severe combined immunodeficiency is a collection of monogenic disorders that cause profound immunodeficiency, 
usually during the first year of life. XSCID, is caused by defects in the common gamma-chain gene IL2RG, which encodes 
an essential component of multiple cytokine receptors involved in immune cell development and function. Infants with 
XSCID who do not receive treatment usually die before 1 year of age due to overwhelming opportunistic infections. 

The current standard of care for XSCID is allogeneic BMT, preferably from a major histocompatibility antigen–matched 
sibling donor. However, matched-sibling donors are not available for about two-thirds of patients. In those cases, 
outcomes are suboptimal. For example, a patient with XSCID who lacks a matched donor may receive a transplant from 
a parent donor who is matched in only half of their histocompatibility antigens. The child may survive early childhood but 
will often experience incomplete and temporary restoration of immune function. In particular, B-cell function is usually not 
restored, thereby necessitating monthly intravenous gamma-globulin infusions, which are inconvenient, expensive, and 
potentially toxic. These patients may experience clinical complications with progressive loss of immune function, including 
recurrent pneumonia, gastroenteropathy, chronic viral infections, and failure to thrive. Furthermore, graft-versus-host 
disease, which can be life-threatening, develops in about 15% of patients.

XSCID was one of the first diseases to be treated by gene therapy. Clinical trials conducted almost 20 years ago using 
first-generation gamma-retroviral vectors demonstrated the efficacy of this approach. However, although the vectors 
restored T-cell function, they often did not restore B-cell or natural killer (NK)-cell function, resulting in only partial 
immune reconstitution. Even more alarming, the vectors used activated the LMO2 proto-oncogene, which caused T-cell 
malignancies in about 30% of patients who received gene therapy. This severe complication resulted in an abrupt halt to 
gene therapy clinical trials for XSCID. 

Brian P. Sorrentino, MD (Hematology), and his colleagues did not give up hope of developing gene therapy as a cure for 
this devastating illness. In collaboration with Drs. Harry Malech and Suk See De Ravin at the National Institute of Allergy 
and Infectious Diseases/NIH Clinical Center (Bethesda, MD), Dr. Sorrentino led efforts to develop a new generation of 
safety-modified lentiviral vectors for treating XSCID. Preclinical genotoxicity assays developed at St. Jude showed that 
the St. Jude–NIH lentiviral vector was much less likely to activate proto-oncogenes than were the gamma-retroviral 
vectors. The four main safety factors of the new lentiviral vector included its lentiviral backbone, which directs the vector’s 
integration at different genomic locations; removal of all viral enhancers capable of activating proto-oncogenes; use of a 
cellular promoter that is highly effective in driving common gamma-chain expression; and inclusion of flanking chromatin 
“insulators” that protect nearby genomic sequences from activation by the integrated vector. The gene therapy vector 
was generated using a unique, stable lentiviral-packaging cell line developed by John Gray, PhD, and Robert Throm, PhD, 
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two research scientists working in the Hematology Vector Development Laboratory. This stable producer cell line, the 
first ever to be applied in human gene therapy trials, streamlines good manufacturing practice (GMP) production of 
therapeutic lentivirus and reduces production costs.

In a study published in Science Translational Medicine, Dr. Sorrentino’s and Dr. Malech’s groups tested whether the  
St. Jude–manufactured XSCID vector could be used as salvage therapy in patients who had undergone allogeneic BMT 
as infants but were experiencing progressive loss of immune function as children or young adults. Previous attempts to 
restore waning immunity in such patients through gene therapy were unsuccessful. However, the investigators designed a 
novel treatment approach using Dr. Sorrentino’s lentiviral vector and, for the first time, incorporating low-dose busulfan for 
nonmyeloablative conditioning to facilitate bone marrow engraftment of vector-transduced HSCs.

Five patients (aged 7–23 years) participated in this study, which was conducted at the NIH Clinical Center. The first two 
patients underwent extensive analysis at 36 and 24 months after completion of treatment. The XSCID gene therapy 
procedure was associated with an efficient engraftment of genetically modified HSCs that resulted in significant numbers 
of genetically corrected T cells, B cells, NK cells, and myeloid cells in the peripheral blood. In both patients, gene-
corrected autologous T cells emerged gradually as the gene therapy graft slowly replaced allogeneic donor T cells that 
remained from the previous BMT. This replacement was associated with a significant increase in T-cell function. Moreover, 
for the first time in XSCID gene therapy, B-cell function was unequivocally corrected, and both patients were able to 
discontinue immunoglobulin-replacement therapy and mount normal immune responses to vaccination. The other three 
patients have been followed for less time but are also showing significant immunologic and clinical improvement.
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Figure 1. Correction of T-cell and B-cell function in two patients 
(P1 and P2) who were followed to 36 and 24 months, respectively, 
after gene therapy for XSCID. (A) T-cell proliferation in response to 
indicated stimuli. PHA, phytohemagglutinin. (B) Correction of B-cell 
function is indicated by increasing serum levels of immunoglobin G 
(blue triangles) and immunoglobin M (red dots) after gene therapy. 
The dotted lines indicate the normal reference range, and the arrows 
indicate cessation of supplemental immunoglobin G therapy. (C) 
Clinical improvement in serum albumin levels in five patients 
(P1–P5) after gene therapy for XSCID. From De Ravin SS, et al. 
Lentiviral hematopoietic stem cell gene therapy for X-linked severe 
combined immunodeficiency. Sci Transl Med 8:335ra57, 2016. 
Reprinted with permission from AAAS. 

Laboratory improvements were accompanied by significant clinical benefits, including resolution of disfiguring warts, 
cessation of severe protein-losing gastroenteropathy caused by chronic norovirus infection, and restoration of normal 
growth and body weight. One patient who had severe pulmonary damage and recurrent hemorrhages before gene 
therapy died of resultant complications more than 2 years after gene therapy. This indicates that gene therapy should  
be administered to patients with XSCID as early as possible, before severe irreversible organ damage occurs. 

The gene therapy protocol, including submyeloablative busulfan conditioning, was well tolerated and is now being 
adopted by other groups. Whole-genome vector insertion–site analyses revealed a highly polyclonal pattern of 
hematopoiesis in all five patients. In contrast with previous gene therapy trials, the treatment appears safe, and there is 
no indication of a pre-leukemic state. Results from this study suggest that lentiviral vector–mediated gene therapy with 
nonmyeloablative busulfan conditioning is a very promising treatment for XSCID. As of February 2017, eight patients have 
enrolled in this trial at the NIH Clinical Center. 

Figure 2. Vector-integration sites (A) are shown in proportion to 
the total diversity in two patients (P1 and P2) at 30 and 24 months, 
respectively, after gene therapy for XSCID. (B) Clonal composition 
of sorted cell lineages in the same two patients. Each column 
indicates a cell lineage, and each horizontal bar represents clonal 
frequency. The number of unique clones in the top 50% (UC50) 
appears above each column. From De Ravin SS, et al. Lentiviral 
hematopoietic stem cell gene therapy for X-linked severe combined 
immunodeficiency. Sci Transl Med 8:335ra57, 2016. Reprinted with 
permission from AAAS. 
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A NEW XSCID PROTOCOL FOR INFANTS OPENS AT ST. JUDE  
Dr. Sorrentino has worked with Ewelina Mamcarz, MD (Bone Marrow Transplantation & Cellular Therapy), to begin 
enrolling patients in a new St. Jude–based protocol (LVXSCID-ND) for infants with newly diagnosed XSCID. The 
protocol is open at St. Jude and two collaborating sites––University of California, San Francisco (UCSF), and Seattle 
Children’s Hospital. Two infants have been treated on the LVXSCID-ND study at St. Jude, and a third was recently 
treated at UCSF. Initially, the Children’s GMP, LLC, is transducing bone marrow HSCs with the lentiviral gene–
replacement vector for all three study sites, under the direction of Michael M. Meagher, PhD (Pathology, Therapeutics 
Production & Quality). Like the NIH study, this protocol incorporates submyeloablative busulfan conditioning and is 
open for infants as young as 2 months. Busulfan dosing is adjusted based on pharmacokinetic monitoring to ensure 
that the lowest-possible effective dose is administered. 

Although it is too early to make any long term conclusions about the efficacy and safety of gene therapy in the infants 
treated on LVXSCID-ND, preliminary data show that the treatment is well tolerated and can lead to rapid and broad 
immune reconstitution. The long-term goal of this project is to develop this gene therapy approach as a first-line 
treatment for both infants and older patients with XSCID. 
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THERAPEUTICS PRODUCTION & QUALITY AND CHILDREN’S GMP, LLC, PROVIDE 
ESSENTIAL SUPPORT TO GENE THERAPY TRIALS   
Therapeutics Production & Quality (TPQ) develops the processes and analytical methods used by the Children’s 
GMP, LLC, to manufacture advanced experimental therapeutics at St. Jude. Development of the XSCID cellular 
gene therapy product started with the creation of a lentiviral vector by staff in the Department of Hematology’s 
Clinical Vector Development Core. This vector is the vehicle that transfers the IL2RG gene product into CD34+ 
HSCs to correct the XSCID defect. The modified HSCs are infused into the patient. TPQ developed processes to 
both manufacture the lentiviral XSCID vector and purify and transduce autologous CD34+ HSCs from patients with XSCID. 

The lentiviral vector is expressed from HEK293T/17 cells, a stable, adherent human embryonic kidney cell line. 
Under the directions of Michael M. Meagher, PhD (VP of TPQ and President of Children’s GMP, LLC), and Timothy 
Lockey, PhD (director of Process Development), scientists working in the TPQ spent several years devising a novel 
process using a Wave bioreactor filled with Fibra-Cel® disks to support the growth of large quantities of modified 
HEK293T/17 cells while they produced the lentiviral XSCID vector. The Wave bioreactor keeps the disks suspended 
in growth medium. The vector is produced continually for 7 days, purified by chromatography, and then formulated 
for transduction into CD34+ HSCs.  

Thasia Leimig, MD, and Suzette Wingo, two senior scientists in TPQ, and Dr. Lockey developed the process 
to purify and transduce CD34+ HSCs from the bone marrow. The process requires removing red blood cells by 
hetastarch precipitation, purifying CD34+ cells from other mononuclear cells by using magnetic nanobead–selection 
technology, and transducing CD34+ cells with the lentiviral XSCID vector. Susan Sleep, PhD (director of Quality 
Control), and her team developed the analytical methods used to verify the suitability of the lentiviral XSCID vector 
and the transduced CD34+ cells prior to releasing them for clinical use. 

Current Good Manufacturing Practice (cGMP) manufacturing, release testing, and quality oversight of the 
therapeutic product for XSCID gene therapy is the responsibility of the Children’s GMP, LLC. The cGMP 
manufacturing and required testing of each batch of lentiviral XSCID vector can take more than 5 months. 
Manufacturing the transduced CD34+ HSCs from infant marrow for infusion requires approximately 2 weeks. 
Jennifer Hale and Kim Davis (both of Human Applications Laboratory) assisted in the cGMP manufacturing. All 
Children’s GMP, LLC, activities are performed under regulatory standards established by the U.S. Food and Drug 
Administration and are overseen by the Quality Assurance division of the Children’s GMP, LLC. 
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A GENOME-EDITING APPROACH TO TREATING b-HEMOGLOBINOPATHIES 
Genetic mutations that alter the structure or expression of hemoglobin can impair oxygen delivery to tissues, with 
devastating effects on patients. Fetal hemoglobin (HbF), which is expressed mainly before birth, consists of two α- 
globin and two γ-globin protein subunits (α2γ2). Postnatally, γ-globin is replaced by b-globin to form adult hemoglobin 
(HbA, α2b2). Mutations in the HBB gene, which encodes b-globin, cause b-hemoglobinopathies, including sickle cell 
disease (SCD) and b-thalassemia. Symptoms of these diseases begin to occur after birth, coincident with the γ- to 
b-globin switch. 

In a benign genetic condition termed hereditary persistence of fetal hemoglobin (HPFH), the γ-globin genes HBG1 
and HBG2 continue to be expressed postnatally, resulting in permanently elevated levels of HbF in red blood cells. 
Remarkably, individuals with SCD or b-thalassemia mutations and HPFH are usually asymptomatic because high 
levels of HbF counteract the effects of the HBB mutation.

The laboratory of Mitchell J. Weiss, MD, PhD (Hematology), is investigating new gene therapy strategies to treat 
children with b-hemoglobinopathies. They reasoned that if they could recapitulate the mutation causing HPFH in 
mature blood-producing stem cells from patients with SCD, they should be able to prevent many of the adverse 
effects of the disease. Elizabeth Traxler and Yu Yao, MD, two scientists in Dr. Weiss’ laboratory, developed an 
approach to do just this. As a potential therapy for SCD, they used CRISPR-Cas9–mediated genome editing to 
modify human blood progenitor cells and recapitulate a naturally occurring form of HPFH. 

In Nature Medicine, Dr. Weiss’ team reported their use of genome editing to create a 13-nucleotide (nt) deletion in 
the HGB1 gene promoter. This deletion was shown almost 30 years ago to cause one form of HPFH. The region 
is presumed to bind repressor proteins that inhibit γ-globin expression postnatally. The investigators expressed 
Cas9 and one of two guide RNAs (gRNAs) targeting the 13 nt–deleted region in healthy adult CD34+ hematopoietic 
stem and progenitor cells (HSPCs) and then maintained those cells in culture under conditions that supported their 
differentiation into red blood cells. Most HSPCs that expressed Cas9 and gRNAs contained the 13-nt deletion 
or smaller deletions in the same region and produced red blood cells that expressed supranormal HbF levels 
compared to nonedited cells. They repeated this experiment using HSPCs from patients with SCD. The red blood 
cell progeny arising from edited HSPCs expressed elevated HbF levels and were resistant to sickling at low oxygen 
concentrations. 

Genome editing to generate HPFH mutations is an attractive possibility for treating b-hemoglobinopathies, because it 
can be achieved relatively easily in HSPCs by using current technologies. Moreover, HPFH does not cause significant 
morbidity in people who inherit similar naturally occurring mutations. However, more studies are required to optimize 
genome editing to create HPFH mutations in HSCs and ensure that no potentially harmful off-target mutations are 
induced by this approach.



Figure 3. Genome editing of HGB1 and HGB2 to treat SCD. (A) Diagram of the β-globin locus. The sequence of the HGB1 promoter is shown, and the 13-nucleotide 
deletion associated with HPFH is boxed. (B) Representative flow cytometry plots showing HbF staining in cells 5 days after transduction with a lentiviral vector 
expressing Cas9, Cas9 and gRNA1, or Cas9 and gRNA2. (C) Images of cells from a patient with SCD. The cells were transduced with a lentiviral vector expressing Cas9 
(left) or Cas9 and gRNA1 (right), differentiated into red blood cells, and then maintained in culture. Red arrows indicate sickled cells. Original magnification, 200×; scale 
bars, 20 µm. (D) Quantification of sickled cells in (C). © 2016 Traxler EA et al 
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IMPROVED LENTIVIRAL VECTORS AND GENOME EDITING: THE FUTURE OF GENE 
THERAPY VIA INTERDEPARTMENTAL AND MULTISITE CONSORTIA
According to Drs. Sorrentino and Weiss, the gene therapy approaches currently being used at St. Jude have 
the potential to correct many single-gene defects that cause nonmalignant blood diseases. Once gene therapy 
researchers design a lentiviral vector to correct the aberration, staff in the Clinical Vector Development Core and 
Children’s GMP, LLC, will optimize the safety and production of that vector. Clinical researchers in the Departments 
of Hematology and Bone Marrow Transplantation & Cellular Therapy will then design clinical trials to enable patients 
to receive treatment at St. Jude and collaborating centers. In parallel, St. Jude investigators are developing genome-
editing approaches to cure other nonmalignant blood disorders. Drs. Weiss and Sorrentino believe that St. Jude 
will be a leader in this area by providing scientific expertise, the ability to manufacture complex clinical-grade drug 
products under cGMP conditions, and outstanding clinical resources, including bone marrow transplantation, for 
children with devastating blood disorders. Given that many monogenic blood diseases to be targeted by gene 
therapy are rare, collaborations with other institutions are essential.
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 CONCLUSION 

 
St. Jude researchers are developing new gene 

therapy strategies to permanently repair monogenic 

mutations that cause catastrophic diseases, 

such as XSCID and b-hemaglobinopathies.  

Collaborating with scientists in the Children’s 

GMP, LLC, they are producing safe, effective 

gene therapy products, with the ultimate goal 

of making these therapies available to children 

around the globe.
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Reduction in Late Mortality in Long-Term 
Survivors of Childhood Cancer
Survival of childhood cancer has increased since the 
1960s, when the 5-year survival rate was less than 
50%, to more than 83% today. However, long-term 
survivors of childhood cancer remain at risk for severe 
and life-threatening therapy-related side effects and 
late mortality, which is defined as death due to any 
cause occurring more than 5 years after the initial 
cancer diagnosis. Gregory T. Armstrong, MD, MSCE 
(Epidemiology & Cancer Control, Oncology), and his 
colleagues analyzed data from the Childhood Cancer 
Survivor Study (CCCS), which includes ongoing 
follow-up of 5-year survivors of childhood cancer 
whose diagnoses were made from 1970 through 
1999. Although all causes of death were evaluated, 
the goal was to determine whether late mortality due 
to treatment-related causes (i.e., late effects) has 
decreased among more modern-day survivors. 

In The New England Journal of Medicine, the team 
reported their findings from a study of 3958 deaths that 
occurred among the 34,033 survivors in the cohort, with 
a median follow-up time of 21 years. More than 9000 
of the survivors received their initial cancer diagnosis 
in the 1970s; more than 13,000 in the 1980s; and more 
than 11,000 in the 1990s. Causes of death, classified 
according to the criteria listed in the International 
Classification of Diseases, 9th and 10th Revisions, 
were categorized into three groups: recurrence or 
progression of the initial cancer, which accounted for 
2002 deaths; external causes (e.g., accident, suicide, or 
poisoning), which accounted for 338 deaths; and, most 
importantly, health-related causes (e.g., subsequent 
cancer, cardiac causes, pulmonary causes, or other 
treatment-related causes), which accounted for 1618 
deaths. Of the 1618 deaths due to health-related 
causes, 746 were caused by subsequent cancer.

The 15-year mortality rate decreased across 
decades, both overall and for death due to health-
related causes. These reductions were attributed to 
fewer deaths caused by subsequent neoplasms or by 
cardiac or pulmonary dysfunction among more modern-
era survivor populations. Those survivors whose initial 
cancer was treated in earlier eras, when radiation and 
chemotherapy were more commonly used and at higher 
dose intensities, had an increased risk for late mortality. 
Therefore, the authors concluded that reducing 
radiation and chemotherapy exposure to the lowest 
dosage that is therapeutically useful has lowered the
late-mortality rate of survivors of childhood cancer an
extended the lifespans of many survivors. Armstrong
GT et al, New Engl J Med 374:833–42, 2016
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A Novel Joint E3–E3 Mechanism for Substrate interacts extensively with components of assembled, 
Ubiquitylation neddylated CRLs. In the presence of the E2 UBCH7, 
Ubiquitin (UB)-mediated proteolysis plays a central role ARIH1 efficiently and specifically ligated UB to CRL 
in regulating several cellular processes by targeting client substrates. Next, polyubiquitylation was achieved 
intracellular proteins for degradation, controlling protein via sequential monoubiquitylation through UBCH7–
interactions, and modulating protein conformation. ARIH1 priming and subsequent chain elongation 
This process involves adding multiple units of UB to mediated by the E2 CDC34. A broad mutational survey 
the protein through a cascade involving enzymes E1 showed that various ARIH1 surfaces contribute to CRL 
(UB-activating enzyme), E2 (UB-conjugating enzyme), substrate ubiquitylation. Activity profiling of ARIH1 
and E3 (UB ligases). Cullin-RING E3 ligases (CRLs) mutants revealed three signatures, showing how 
represent the largest family of E3 ligases. The activities neddylated CRLs manipulate ARIH1. NEDD8, cullin, 
of CRLs, including numerous tumor suppressors, are and RBX1 were integral to the mechanism by which 
modified by the conjugation of the UB-like protein (UBL) neddylated CRL and ARIH1 domains in unison mediate 
Nedd8 through a process called neddylation. the ubiquitylation of CRL substrates in vitro. Inhibition 
 The currently held view of substrate ubiquitylation of the ARIH1 pathway in cells led to the accumulation 
posits that a thioester-linked E2~UB intermediate of CRL substrates and receptors, which resulted in cell 
interacts with a single E3 to transfer the UB to a  cycle defects.
target. In a study reported in Cell, Daniel C. Scott, In contrast to the conventional view that 
PhD, a research scientist in the laboratory of Brenda A. ubiquitylation is driven by the cullin-RING E3–E2 
Schulman, PhD (Structural Biology, Tumor Cell Biology), pathway, this study proposes an alternative mechanism 
and collaborators Drs. J. Wade Harper (Harvard Medical through which two distinct E3s, ARIH1 and neddylated 
School, Boston, MA) and Arno Alpi (University of CRL, work in conjunction to jointly regulate substrate 
Dundee, U.K.; Max Planck Institute of Biochemistry, ubliquitylation. This novel ARIH1–CRL mechanism 
Munich, Germany) and their teams challenged this might have broad implications for pathways related 
existing tenet and provided evidence of a novel E3–E3 to CRL-dependent proteostasis and E3-mediated UB 
tagging cascade in which many NEDD8-modified CRLs ligation. The study also raises the possibility of the 
associate with Ariadne RBR E3 UB protein ligase 1 widespread use of this mechanism by CRLs in not only 
(ARIH1). human cells but also other organisms. Scott DC et al, 
 Total-proteome analysis confirmed that ARIH1 Cell 166:1198–214, 2016 

Figure. Cumulative mortality among 5-year survivors of childhood cancer 
 treated during a 30-year period (1970–1999). The cumulative incidences of 

death due to any cause (A), disease recurrence or progression (B), and health-
d related causes (C) are shown. Vertical dashed lines indicate 15-year mortality. 

 From The New England Journal of Medicine, Armstrong GT, et al, Reduction 
in late mortality among 5-year survivors of childhood cancer, 374, 833–42, 
Copyright © 2016 Massachusetts Medical Society. Reprinted with permission 
from Massachusetts Medical Society.
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Figure. Model of ARIH1 and neddylated CRL acting in unison for joint E3–E3-mediated substrate ubiquitylation. Reprinted from Cell, 166, Scott DC et al, Two 
distinct types of E3 ligases work in unison to regulate substrate ubiquitylation, 1198–214, © 2016, with permission from Elsevier.
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sites were readily disrupted or introduced by single 
mutations. The co-chaperone–binding sites were 
well tolerated in regions of a client protein that folded 
rapidly, causing the aggregation-prone sequence to be 
buried. However, if these sites were introduced into a 
portion of a client protein that was unable to fold, the 
protein formed large aggregates that were toxic to cells. 

The authors concluded that the substrate-binding 
specificity of members of the Hsp70 system is much 
more diverse than previously thought. Whereas pro-
folding chaperones bind many diverse sequences 
on their client proteins, pro-degradation chaperones 
specifically recognize aggregation-prone regions that, 
if left exposed, represent a potential threat to the cell. 
By identifying recognition patterns for multiple ER 
chaperones, some of which could be introduced by 
mutations associated with human diseases, this study 
provides a basis for further elucidating the processes 
by which molecular chaperones control the fate of client 
proteins. Behnke J et al, Mol Cell 63:739–52, 2016

Chaperones of the Hsp70 Family Exercise 
Quality Control by Recognizing Specific 
Sequences in Proteins 
To become active, proteins must fold into specific 
three-dimensional structures via a process that is 
guided by multiple molecular chaperones. If a protein 
fails to fold properly, it must be identified and degraded. 
Approximately one-third of the proteins encoded by 
the human genome are processed in the endoplasmic 
reticulum (ER) of the cell, which is the major site of 
quality control. Defects in chaperone-guided protein 
folding in the ER are associated with many human 
diseases, and some chaperones are involved in ER-
associated degradation of misfolded proteins.

Immunoglobulin heavy-chain binding protein BiP 
is the mammalian ER cognate of the Hsp70 family of 
chaperones. BiP binds to small hydrophobic sequences 
on many nascent proteins to assist in their folding. BiP 
also recognizes proteins that cannot fold and targets 
them for degradation. These contradictory functions are 
regulated by co-chaperones, including one of four ER-
localized DnaJ co-factors (ERdj3-ERdj6) and Grp170. 
The co-factors bind to unfolded protein clients and can 
facilitate pro-folding or pro-degradation functions of 
BiP, but the substrate-binding preferences of the co-
chaperones are not well understood.

In Molecular Cell, Linda M. Hendershot, PhD 
(Tumor Cell Biology), and her colleagues described how 
ER chaperones and co-chaperones recognize client 
proteins and contribute to distinct outcomes for their 
substrates. The investigators first created an in vivo 
expression library composed of multiple overlapping 
peptides covering two model protein clients, 
immunoglobulin γ1 heavy chain and NS-1 κ light chain. 
This system was used to determine the sequence-
specific binding preferences of five members of the 
Hsp70 chaperone system: BiP and its co-chaperones 
Grp170, ERdj3, ERdj4, and ERdj5. Both the γ1 heavy 
chain and κ light chain are natural clients of BiP and 
ERdj3 but also interact with ERdj4, ERdj5, and Grp170.

By performing in vivo binding studies, the 
researchers revealed numerous binding sites for BiP 
and its pro-folding co-chaperone ERdj3 throughout the 
two clients. These sites were resistant to disruption by 
mutagenesis, in keeping with low sequence specificity 
requirements that enable interactions with a variety 
of sequence-unrelated proteins. In contrast, the pro-
degradation co-chaperones Grp170, ERdj4, and ERdj5 
recognized a unique type of sequence that was larger, 
occurred less frequently, and was highly prone to 
causing protein aggregation. Unlike BiP- and ERdj3-
binding sequences, these co-chaperone–binding 

Figure. A model of how ER Hsp70 chaperones interact to control the fate of 
client proteins. Reprinted from Molecular Cell, 63, Behnke J et al, Members 
of the Hsp70 family recognize distinct types of sequences to execute ER 
quality control, 739–52, © 2016, with permission from Elsevier.
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Johnnie K. Bass, AuD

Cranial Radiation Therapy Increases the Risk of twice as likely to have SNHL, and higher cochlear RT 
Hearing Loss in Pediatric Patients doses incrementally increased the likelihood of SNHL. 
Sensorineural hearing loss (SNHL), a type of permanent Although the mechanism by which cerebrospinal fluid 
hearing impairment, is caused by damage to the nerve shunts increased SNHL risk is not fully understood, 
cells in the cochlea that transmit the perception of the authors postulated that shunt-induced changes 
sounds to the brain. SNHL is a well-characterized in cerebrospinal fluid pressure within the cochlea may 
adverse effect of cranial radiation therapy (RT) in adults. have contributed to the risk.
However, the long-term consequences of this treatment  Of the patients who had SNHL, the median 
in children are relatively unknown. SNHL risk increases time of SNHL onset was 3.6 years after cranial RT. 
with higher doses of radiation and with exposure of the Approximately 75% of patients with mild SNHL at 
region of the cranium housing the cochlea. Why some diagnosis experienced worsening of their symptoms 
children experience SNHL after cranial RT and others and eventually required hearing aids. SNHL impedes 
do not is not understood. speech and language development in children, which 
 In the Journal of Clinical Oncology, Johnnie K. may contribute to declines in cognitive ability, academic 
Bass, AuD (Rehabilitation Services), and her colleagues performance, and quality of life that frequently occur 
reported a systematic study of SNHL incidence, age in pediatric cancer survivors. Because early detection 
of onset, severity, and progression in 235 pediatric of SNHL reduces these declines, long-term follow-up 
patients who received cranial RT for brain tumors. The of hearing ability for at least 10 years is particularly 
researchers identified the most highly associated risk important for children who were younger than 3 years 
factors of SNHL by evaluating patients’ hearing ability at cranial RT initiation, received high cochlear radiation 
for a median of 9 years after cranial RT. Thirty-three doses, or had a cerebrospinal fluid shunt in place during 
(14%) patients experienced SNHL during the follow-up cranial RT. Bass JK et al, J Clin Oncol 34:1248–55, 2016
period. The greatest risk factors for SNHL were age at 
RT exposure, cochlear radiation dose, and the presence 
of a cerebrospinal fluid shunt. Patients who were 
younger than 3 years at RT initiation were more than 
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Visualizing Genomic Alterations in Pediatric  ProteinPaint can be used to simultaneously 
Cancer via ProteinPaint visualize genetic lesions and RNA expression from large 
Most pediatric cancers arise due to acquisition of pediatric datasets. Whereas whole-genome sequencing 
somatic mutations, which ultimately results in the maps DNA, RNA sequencing (RNA-seq) reveals 
uncontrolled proliferation of cells. New tools to unravel how this genetic information is transcribed into RNA 
the complex data that are being generated through molecules, which is essential for understanding the 
modern sequencing approaches are necessary to expression of mutant genes and developing therapies. 
understand the genomic landscape of childhood To date, ProteinPaint includes information about more 
cancers and how mutations affect tumor development. than 32,780 mutations or gene fusions from more than 
These tools will also accelerate the design and delivery 2400 pediatric patients with 37 cancer subtypes. These 
of new anticancer therapies. data were generated by the St. Jude–Washington 
 Xin Zhou, PhD, a senior bioinformatics research University Pediatric Cancer Genome Project, National 
scientist working in the laboratory of Jinghui Zhang, Cancer Institute, German Cancer Research Center, and 
PhD (Computational Biology), has developed a Shanghai Children’s Medical Center. 
revolutionary interactive web application called  ProteinPaint offers several advantages over other 
ProteinPaint to visualize genomic data from pediatric currently available visualization tools. It employs a 
cancer. In Nature Genetics, they reported several novel infographics display that provides an enhanced 
key attributes of the software, including its ability visualization of individual genes and corresponding 
to demonstrate whether mutations are somatic or proteins. The user interface is designed to maintain 
germ line, the form of the resultant protein variant, legibility while displaying large amounts of data 
and whether the mutation occurs during relapse. on mutations, showing mutational profiles of the 
ProteinPaint shows genetic lesions on a protein panel same protein across multiple datasets, and showing 
and provides the option of simultaneously viewing expression levels of the same genes in samples in 
a version of published somatic mutations in the which the mutation was identified. Furthermore, 
Catalogue of Somatic Mutations in Cancer (COSMIC) ProteinPaint complements existing cancer genome 
database, which primarily includes adult cancers. This portals, such as COSMIC, and allows the integration of 
comparison allows users to apply data from adult pediatric and adult cancer data.   
cancers to interpret the importance of rare genomic ProteinPaint is available free of cost to researchers 
lesions in pediatric cancer. ProteinPaint has been worldwide for data analysis. The overarching goal is to 
successfully used to detect previously unrecognized use this web application globally for cancer research, 
aberrant splicing in the TP53 tumor-suppressor gene collaboration, and developing effective therapies for 
and fusion and expression of the JAK2 oncogene. pediatric cancer. Zhou X et al, Nat Genet 48:4–6, 2016

SCIENTIFIC HIGHLIGHT

NUDT15 Gene Polymorphisms Alter Thiopurine effects of NUDT15 variants on thiopurine metabolism 
Metabolism and Hematopoietic Toxicity and clinical tolerance of mercaptopurine toxicity. By 
Thiopurines are widely used as anticancer and sequencing the NUDT15 genes of 270 children with 
immunosuppressive agents. One member of this class ALL who were enrolled in clinical trials in Guatemala, 
of drugs, mercaptopurine, is an important component Singapore, or Japan, the researchers identified four 
of treatment regimens for acute lymphoblastic leukemia coding variants, all of which changed the amino acid 
(ALL) but is also associated with common and severe sequence of NUDT15 and greatly diminished its ability 
myelosuppression. Precision-medicine approaches are to inactivate thiopurine metabolites. This impairment 
much needed to optimize thiopurine dosing and avoid was reflected in a reduced mercaptopurine tolerance 
toxicity in patients with ALL. among patients carrying these loss-of-function variants.

Thiopurines are prodrugs and, thus, need to be Dr. Yang’s team also showed that DNA-TG levels 
activated once inside a cell to exert their therapeutic were much higher when NUDT15 expression was 
effects. Thiopurine metabolites are incorporated suppressed, which is consistent with the notion that 
into DNA to form DNA-TG, which eventually triggers NUDT15 inactivates thiopurine metabolites and, 
apoptosis. A number of metabolic pathways can also therefore, directly influences the cytotoxic effects of 
impede thiopurine activity. For example, thiopurine this class of drugs. In white blood cells obtained from 
methyltransferase (TPMT) converts mercaptopurine to the children in Singapore or Japan who received daily 
an inactive form, and dephosphorylation of thioguanine mercaptopurine treatment, DNA-TG levels were strongly 
nucleotides eliminates active metabolites of thiopurines. correlated with mercaptopurine dosage, and the ratio 
The extent of thiopurine cytoxicity is thus determined of DNA-TG levels to drug dosage varied by NUDT15 
by competition between the activation vs. inactivation genotype. Mercaptopurine tolerance was lowest in 
pathways. the Guatemalan children, even in those with wild-type 

Mutations in the TPMT gene cause a loss of TPMT NUDT15; therefore, other genetic variants associated 
activity, which predisposes patients to hematopoietic with thiopurine toxicity might exist in that population. 
toxicity. Pioneered by St. Jude, TPMT-guided thiopurine The authors concluded that integrating NUDT15 
dose adjustment has substantially reduced this risk variants into the thiopurine-dosing algorithm could be 
without compromising therapeutic efficacy. More particularly valuable for Asian and Hispanic populations, 
recently, groups at St. Jude discovered genetic variation in whom TPMT variants are rare. Furthermore, a 
in the NUDT15 gene to be another determinant of polygenic dosing algorithm incorporating NUDT15 and 
thiopurine intolerance in children with ALL. In Nature TPMT variants would enable personalized thiopurine 
Genetics, Jun J. Yang, PhD (Pharmaceutical Sciences), therapy in diverse populations worldwide. Moriyama T 
and his colleagues reported their characterization of the et al, Nat Genet 48:367–73, 2016
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Figure. Circos plot of all recurrently mutated genes and gene fusions 
presented in ProteinPaint.
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A Frequent Mutation in Amyotrophic Lateral that interact with DPRs in living cells. They found that 
Sclerosis Impairs Membraneless Organelle arginine-rich DPRs preferentially interact with proteins 
Formation and Function that contain low-complexity sequence domains, 
Membraneless organelles are cellular subcompartments including many associated with ALS/FTD. To validate 
that are formed by liquid–liquid phase separation these interactions in vivo, the authors determined 
(LLPS) of their constituents. These organelles include the effect of the DPRs on neurodegeneration in fruit 
the nucleolus, the central channel of the nuclear pore, flies with systematic deletion of each interacting 
nuclear speckles, Cajal bodies, and stress granules. protein. Most genetic modifiers of DPR-mediated 
Low-complexity sequence domains in constituent neurodegeneration were components of membraneless 
proteins contribute to the phase separation that leads organelles. Arginine-rich DPRs localized to the nucleoli 
to the assembly of these organelles. of cells grown in culture and interacted with a protein 

In earlier work, J. Paul Taylor, MD, PhD (Cell & that promotes the liquid-like state of the nucleolus. 
Molecular Biology), and his colleagues discovered that This interaction accelerated LLPS and decreased 
rare mutations in low-complexity sequence domains nucleolar function. In addition, arginine-rich DPRs 
play a causal role in the neurodegenerative disorders interacted with proteins essential for stress granule 
amyotrophic lateral sclerosis and frontotemporal formation, leading to stress granule persistence and 
dementia (ALS/FTD). However, the most frequent compromised translation. Expression of arginine-rich 
mutation in ALS/FTD is a hexanucleotide (G4C2)-repeat DPRs also impaired the assembly and dynamics of 
expansion in the C9orf72 gene in which no low- nuclear speckles and Cajal bodies, indicating that these 
complexity sequence domain is evident. Instead, this DPRs exert a broad adverse effect on all membraneless 
repeat expansion results in the aberrant expression of organelles in the cell.
five dipeptide-repeat (DPR) polypeptides, two of which Because many low-complexity sequence domains 
are enriched in the amino acid arginine and induce interact with arginine-rich motifs or are enriched 
toxicity in cells grown in culture. Thus, this genetic in arginine themselves and mediate LLPS through 
form of ALS/FTD appeared to occur through a distinct networks of multivalent interactions, an apparent point 
pathophysiologic mechanism. Dr. Taylor and his team of convergence in ALS/FTD-associated pathogenesis 
set out to elucidate how these DPRs drive pathogenesis is the perturbation of the liquid state of membraneless 
in ALS/FTD. They discovered that the DPRs directly organelles by arginine-containing proteins. Considering 
bind to low-complexity sequence domains and disturb this, the authors proposed that a common pathogenic 
their ability to undergo phase separation. By impairing mechanism underlying ALS/FTD and other 
the function of membraneless organelles, they share a neurodegenerative disorders is the widespread loss of 
common underlying mechanism with mutations in low- normal function of membraneless organelles through 
complexity domains in mediating ALS/FTD. disrupted biophysical interactions required for LLPS. 

In a study reported in Cell, the researchers used Lee KH et al, Cell 167:774–88, 2016
a proteomics approach to determine the proteins 

Carmen L. Wilson, PhD

Minimizing the Risk of Low Bone Mineral mass, self-reported exhaustion, low energy expenditure, 
Density and Frailty in Survivors of Childhood slow walking speed, and weakness. Hormonal 
Acute Lymphoblastic Leukemia deficiencies were identified through medical history, 
Although contemporary treatments have improved medications, and laboratory findings. A questionnaire 
survival rates for children with acute lymphoblastic was administered to collect data on lifestyle habits.
leukemia (ALL), survivors are at high risk of accelerated Dr. Wilson and her colleagues found that 30% of 
aging, which is characterized by frailty and deficits in survivors had low BMD. After adjusting for body mass 
bone mineral density (BMD). In the general population, index, men who had growth hormone deficiency (GHD) 
low BMD is associated with an increased risk of or were current smokers and women who had GHD or 
fractures, impaired mobility, and early mortality. Lifestyle consumed moderate levels of alcohol were at increased 
factors, such as smoking, alcohol consumption, and risk of low BMD. Frailty and prefrailty occurred in 3.6% 
physical inactivity, are also established risk factors for and 18.6% of survivors, respectively. In both men 
low BMD in the general population, but their effect on and women, the most frequent components were low 
BMD in survivors of ALL remains to be investigated. energy expenditure, self-reported exhaustion, and low 
Childhood cancer survivors also experience frailty, muscle mass. After adjusting for age, the team found 
but its correlation with hormone- and lifestyle-related that men who had GHD or were current smokers were 
factors remains unknown. at increased risk of prefrailty or frailty. Although no such 

Lifestyle factors are modifiable, and hormonal associations were noted in women, their likelihood of 
imbalances are treatable; thus, a research team led prefrailty or frailty increased in association with greater 
by Carmen L. Wilson, PhD (Epidemiology & Cancer alcohol use. 
Control), studied the association of lifestyle factors and This large analysis highlights the need for future 
hormonal deficits with the risk of frailty and low BMD in studies to focus on the use of growth hormone 
862 survivors of childhood ALL (median age at follow- replacement therapy to improve BMD and physiologic 
up, 31.3 years) enrolled in the St. Jude Lifetime Cohort reserve in childhood ALL survivors. Furthermore, 
Study. Computed tomography was used to assess counseling on lifestyle changes (e.g., cessation of 
the BMD of lumbar vertebrae (L1 and L2). Prefrailty smoking) and regular screening for hormonal deficits 
was defined as the presence of two of the following can minimize the risk of frailty and low BMD, thereby 
components, and frailty was defined as the presence of improving the quality of life for survivors of childhood 
at least three of the following components: low muscle ALL. Wilson CL et al, J Clin Oncol 34:2509–15, 2016

2017 Scientific Report   |2016 Scientific Report   |      7070
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Figure. (A) Structured illumination 
microscopy images showing 
subnucleolar localization of GFP–
GR50 and GFP–PR50 (green), 
upstream binding factor (UBF1; 
cyan), and Fibrillarin (red), all 
of which indicate the nucleoli, in 
HeLa cells. Nuclei were outlined 
based on DAPI staining (not 
shown). (B) GR localizes within 
the granular component (GC) 
and the dense fibrillar component 
(DFC) but is excluded from the 
fibrillar centers (FC). Scale bars, 
1 μm. Abbreviations: GFP, green 
fluorescent protein; GR, glycine–
arginine dipeptide repeats translated 
from a sense G4C
transcript; PR, proline–ar

2-containing 
ginine 

dipeptide repeats translated from an 
antisense G4C2-containing transcript. 
Reprinted from Cell, 167, Lee KH 
et al, C9orf72 dipeptide repeats 
impair the assembly, dynamics, 
and function of membrane-less 
organelles, 774–88, © 2016, with 
permission from Elsevier. 
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Hedgehog Signaling Promotes the Growth and Smoothened (SmoM2), an activator of SHH signaling, 
Folding of the Neocortex in aRGs and their progeny cells. They found that 
The neocortex, which is the uppermost structure of elevated SHH signaling in the SmoM2-mutant mice 
the mammalian brain, computes high-order sensory, induced neocortical growth and folding in the otherwise 
motor, and cognitive processes. During evolution, the smooth mouse neocortex. SmoM2-mutant mice 
neocortex of certain species expanded dramatically elicited a developmental characteristic that is thought 
and folded, thereby supporting superior sensorimotor to be necessary and sufficient for the evolution of an 
and cognitive abilities. Neocortical expansion depends expanded and folded neocortex: expansion of both 
on the number and proliferative capacity of neural bRGs and IPCs. Conversely, the loss of SHH signaling 
progenitor cells. The primary neural progenitors are decreased the number of bRGs and IPCs and the size 
apical radial glial cells (aRGs). The aRGs generate of the neocortex.
neurons directly or indirectly via basal radial glial cells Dr. Han and his colleagues also discovered that 
(bRGs) or intermediate progenitor cells (IPCs). The SHH signaling is strong in the fetal human neocortex 
expansion of bRGs and IPCs plays key roles in the but not in the embryonic mouse neocortex. To 
expansion and folding of the neocortex. In particular, investigate whether SHH signaling regulates human 
bRGs are rare in species with small/smooth brains bRGs, the team employed a cerebral organoid 
but are greatly expanded in species with large/folded model, or “minibrain,” grown from human pluripotent 
brains, especially humans. Little is known about the stem cells; this model recapitulates human brain 
mechanisms by which those cells expand. Sonic development. Blocking SHH signaling in the organoids 
hedgehog (SHH) signaling regulates mammalian decreased the number of bRGs and the production of 
development and may be involved in neocortical neurons. 
expansion, as defective SHH signaling can cause Together, these results suggest that SHH signaling 
microcephaly, a disorder associated with an unusually in the human fetal neocortex contributes to bRG and 
small brain size. IPC expansion and neocortical growth and folding. 

Young-Goo Han, PhD (Developmental The SmoM2-mutant mice generated for this study are 
Neurobiology), and his group are investigating the the first stable, robust mouse model of neocortical 
role of SHH signaling in neocortical expansion and expansion and folding; thus, they will be important in 
folding in humans and mice. They reported their future investigations of the mechanisms underlying 
recent findings in Nature Neuroscience. The team neocortical development and evolution. Wang L et al, 
first engineered mice expressing constitutively active Nat Neurosci 19:888–96, 2016

SCIENTIFIC HIGHLIGHT

Figure. Images of Nissl-stained brain sections from wild-type (A) and SmoM2-mutant (B) mice. SmoM2-mutant mice develop a large, folded neocortex 
compared to that in wild-type mice. Boxed areas indicate the cingulate cortex, which is part of the cerebral cortex and folded in SmoM2-mutant mice. © 2016 
Wang L et al
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Stanislav S. Zakharenko, MD, PhD

Age-Dependent Reduction in miR-338-3p mechanisms in Df(16)1/+ mice. Whole-cell voltage 
Leads to Auditory Thalamocortical Disruption in clamp recordings supported an adult onset of 
Mouse Models of 22q11.2 Deletion Syndrome  disruption of synaptic transmission in Df(16)1/+ mice. 
In the brain, the auditory cortex processes and Furthermore, Drd2 mRNA levels were elevated in older 
interprets signals related to hearing. This auditory mice, making TC projections sensitive to the DRD2 
processing can be disrupted by genetic disorders antagonist haloperidol. Microarray analysis and in 
such as the 22q11.2 deletion syndrome (22q11DS), vitro and in vivo experiments showed that the miRNA 
which is caused by a deletion of part of chromosome miR-338-3p mediated the disruption of TC synaptic 
22. Individuals with 22q11DS have behavioral and transmission, and replenishment of miR-338-3p in 
communication deficits and are at increased risk mature mice rescued TC abnormalities and presynaptic 
of schizophrenia, which typically arises during neurotransmitter release in 22q11DS mice. Knockout 
adolescence or early adulthood. of Mir338 or depletion of miR-338-3p recapitulated 
 Thalamocortical (TC) projections to the auditory TC disruption in 22q11DS mice by decreasing the 
cortex are specifically disrupted in mouse models of probability of glutamate release at TC projections. 
22q11DS (e.g., Df(16)1/+ mice). However, why auditory The deletion of Mir338 or depletion of miR-338-3p 
hallucinations and other psychotic symptoms are eliminated the age dependency of these deficits and 
delayed until late adolescence or early adulthood in that for sensitivity to antipsychotics.
22q11DS remains unclear. Recent studies have shown  Together, these results demonstrate that miR-338-
that the gene Dgcr8, which encodes a subunit of the 3p is central to disrupting synaptic transmission of 
microprocessor complex that processes microRNAs  TC projections and is responsible for the age-related 
(miRNAs), is often deleted in 22q11DS. The consequent  delay of auditory symptoms in patients with 22q11DS. 
increase in levels of dopamine receptor D2 (DRD2s) Current therapies for schizophrenia alleviate the 
in the thalamus causes auditory and behavioral symptoms of psychosis via DRD2 inhibition; however, 
abnormalities, which are treated by classic antipsychotic  those agents have multiple adverse effects. The current 
agents (e.g., haloperidol) that target DRD2s. study has important clinical implications, as it provides 
 In a study published in Nature Medicine, a research evidence that restoring miR-338-3p in the thalamus 
team led by Stanislav S. Zakharenko, MD, PhD is a potentially effective and tolerable approach to 
(Developmental Neurobiology), determined whether alleviating the positive symptoms (e.g., hallucinations, 
TC disruption follows the same age-dependent delusions) of 22q11DS and schizophrenia. Chun S et al, 
trajectory as psychosis in patients with 22q11DS or Nat Med 23:39–48, 2017 
schizophrenia and analyzed its underlying molecular 
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The Differentiation of Follicular Helper  
T Cells Is Guided by mTOR Signaling and 
Glucose Metabolism 
Follicular helper T (Tfh) cells stimulate B cells in 
germinal center follicles to produce high-affinity, 
long-lived immunoglobulins under steady-state 
conditions and after antigen stimulation. Although 
the signaling mechanisms that regulate this process 
were previously unknown, it was well established that 
T-cell differentiation involves metabolic changes that 
are regulated by the mechanistic target of rapamycin 
(mTOR) signaling. 

Hongbo Chi, PhD (Immunology), and his colleagues 
assayed the activities of mTORC1 and mTORC2, the 
two kinase complexes that form mTOR, during the 
Tfh-cell response to determine their role and that of 
glucose metabolism in the differentiation of Tfh cells 
and promotion of germinal center responses. They also 
examined the mTORC1 subunit Raptor, the mTORC2 
subunit Rictor, and ICOS, a key signaling molecule in 
Tfh-cell differentiation. In a recent article in Immunity, 
Dr. Chi and his team reported their results. 

The authors compared the gene expression profiles 
of mice whose T cells were deficient in either Raptor or 
Rictor. They found that mTORC1 and mTORC2 control 
overlapping and distinct sets of genes. The group also 
showed that both molecules are essential for Tfh-cell 
induction in peripheral immune tissue and promotion 
of Tfh-cell differentiation, germinal center formation, 
and humoral responses after immunization with foreign 
antigens. Mechanistic studies in mice and isolated 
cells with additional key mutations confirmed that a 
deficiency in Raptor or Rictor reduces ICOS-induced 
signaling and cellular metabolism. To directly test the 
metabolic requirements of Tfh cells, the researchers 
generated Tfh cells in vitro and in vivo with altered 
expression levels of the glucose transporter Glut1 to 
specifically isolate the role of glucose uptake. They 
found that Glut1 promotes Tfh-cell differentiation 
during steady-state conditions and after foreign antigen 
exposure. 

Together, these results show that mTORC1 
and mTORC2 couple ICOS signals to metabolism 
and transcriptional regulation, thereby facilitating 
the integration of these signals to regulate Tfh-cell 
differentiation. Building upon these results may enable 
the clinical manipulation of Tfh cells via targeting of 
mTOR or metabolic signaling in the setting of  
immune-mediated diseases. Zeng H et al, Immunity 
45:540–54, 2016

Figure. Immunochemistry of germinal centers in the mesenteric lymph nodes 
of wild-type (WT), Raptor-knockout (Raptor KO), and Rictor-knockout 
(Rictor KO) mice at 7 days after antigen challenge. T cells are stained with 
CD3 (red), and germinal centers are stained with PNA (green). Scale bars, 
100 µm. Reprinted from Immunity, 45, Zeng H et al, mTORC1 and mTORC2 
kinase signaling and glucose metabolism drive follicular helper T cell 
differentiation, 540–54, © 2016, with permission from Elsevier.
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The Genomic Landscape of Acute Myeloid AMLs were enriched with KIT mutations, which were 
Leukemias with Core-binding Factor associated with a worse outcome. Mutations in MYC-
Rearrangements signaling regulators were found in CBF-AMLs. All seven 
Among acute myeloid leukemia (AML) cases, gene mutations identified in CCND2, a downstream MYC 
rearrangements in the core-binding factor (CBF) target, were near a conserved phosphorylation site and 
transcriptional complex are present in almost 30% resulted in increased protein stability. This pathway may 
of pediatric and 15% of adult cases. CBF-AML be a novel target in treating CBF-AML. 
typically has a prognosis more favorable than other The group also identified a recurrent alteration 
AML subtypes, with patients having better outcomes in the RNA helicase DHX15 that was unique to the 
overall. Chromosomal abnormalities affecting the RUNX1–RUNX1T1 cohort. Using RNA interference to 
RUNX1 and CBFB transcription factors are typical of knock down the expression of DHX15, mimicking loss 
CBF-AML but are not sufficient to induce leukemia. To of function, the team uncovered differential expression 
gain insight into the pathogenesis and development of genes involved in gene splicing and ribosomal 
of CBF-AML by detailing the cancer’s overall genomic biogenesis and increased alternative splicing activity. 
landscape, Jinghui Zhang, PhD (Computational The RUNX1–RUNX1T1 cohort of CBF-AML was also 
Biology & Bioinformatics); Jeffery M. Klco, MD, PhD enriched in mutations in chromatin-modifying genes, 
(Pathology); James R. Downing, MD (Pathology); and which were largely absent in the CBFB–MYH11 cohort, 
other members of the St. Jude Children’s Research and had unique mutations in several genes encoding 
Hospital–Washington University Pediatric Cancer proteins responsible for sister chromatid cohesion 
Genome Project used whole-genome sequencing and during mitosis and DNA repair. The identification of 
whole-exome sequencing to analyze the genetic code loss-of-function mutations in ZBTB7A was consistent 
of samples from 87 pediatric and 78 adult CBF-AMLs. with recent reports that this gene acts as a tumor 

In a Nature Genetics article, Drs. Zhang, Klco, suppressor in RUNX1–RUNX1T1 CBF-AML. 
Downing, and colleagues revealed changes common Together, these results indicate that although 
to the RUNX1–RUNX1T1 and CBFB–MYH11 subtypes CBF-AMLs share CBF alterations, a divergent series 
of CBF-AML. In agreement with previous reports, of mutations may ultimately affect the pathogenic 
66% of the cases had mutations in some combination mechanisms driving the RUNX1–RUNX1T1 and 
of Ras pathway constituents NRAS, KIT, FLT3, CBFB–MYH11 subtypes. Future studies will explore 
KRAS, PTPN11, and NF1, with NRAS being the most potentially targetable mutations and how they drive 
frequently mutated gene overall. NRAS mutations, in leukemogenesis in CBF-AML subtypes. Faber ZJ et al, 
particular the codon 61 mutation, were more common Nat Genet 48:1551–6, 2016
in the CBFB–MYH11 subtype. RUNX1–RUNX1T1 

WT

Raptor KO

Rictor KO

Figure. The frequencies of recurrently mutated genes were calculated based on the CBF-AML subtype. Data from the CBFB–MYH11 (red) and RUNX1–
RUNX1T1 (blue) fusion subtypes are shown. © 2016 Faber ZJ et al
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Regulators of Hematopoietic Stem Cell In the Journal of Experimental Medicine,  
Repopulation in Mammals Dr. McKinney-Freeman and her colleagues reported the 
Improving the outcome of hematopoietic stem cell discovery of 15 genes required for HSPC repopulation 
(HSC) transplantation requires that we increase our (i.e., Arhgef5, Cadps2, Crispld1, Emcn, Foxa3, Fstl1, 
knowledge of the mechanisms underlying engraftment Glis2, Gpr56, Myct1, Nbea, P2ry14, Smarca2, Sox4, 
and repopulation of donor HSCs in the host niche after Stat4, and Zfp521). These genes have known roles in 
transfer. The results of previous screens of mouse and epigenetic modifications, adhesion, migration, vesicle 
human HSCs have identified genes that are central to trafficking, receptor turnover, and the extracellular 
the self-renewal of hematopoietic stem and progenitor matrix. The team also identified two genes (Gprasp2 
cells (HSPCs) and their maintenance ex vivo. Those and Armcx1) that negatively regulate repopulation. 
studies examined cells that had been maintained in Knocking down the expression of these genes 
culture for as long as 17 days, which prevents a direct enhanced HSPC repopulation in most mice.
assessment of genes contributing to HSC engraftment. This study’s identification of Foxa3 as a positive 
Shannon L. McKinney-Freeman, PhD (Hematology), led regulator of repopulation was the first time a Foxa gene 
a team of researchers to develop a functional screen has been implicated in hematopoiesis. The researchers 
that enables such an assessment. studied this gene’s role further. Foxa3-null mice had 

The researchers started by analyzing public reduced hematopoietic potential and fewer repopulating 
databases of HSC gene expression. They pursued cells in their bone marrow than did wild-type mice. The 
51 promising candidates via quantitative RT-PCR team also found evidence of a potential role for Foxa3 
and short-hairpin RNA (shRNA)-silencing studies. in regulating the metabolic and proliferative stress of 
By transplanting shRNA-transduced cells into mice HSCs, though the gene is not needed for homeostasis. 
within 24 hours of their isolation and transduction, the Together, these findings highlight not only a novel role 
researchers were able to eliminate the extended  of Foxa3 in HSPC engraftment but also the varied 
ex vivo culture period used in prior studies and obtain mechanisms involved in HSC repopulation. Holmfeldt P 
results that better reflect the impact of genes on HSC et al, J Exp Med 213:433–49, 2016
engraftment. 

SCIENTIFIC HIGHLIGHT

ULK1/2 in ER-to-Golgi trafficking maintains cellular 
homeostasis by regulating the intracellular transport 
of important cargoes, including neurotransmitter 
transporters. Joo JH et al, Mol Cell 62:491–506, 2016    

Figure. Schematic of the 15 genes that regulate hematopoietic stem cell and progenitor repopulation (left) and a pie chart showing the proportion of those genes 
that serve the regulatory functions listed. 
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Endoplasmic Reticulum–to-Golgi Trafficking 
Is Controlled by the Autophagy Proteins 
ULK1 and ULK2 
Autophagy is an inducible program that ensures 
the proper disposal and recycling of intracellular 
components, which is necessary for cellular 
homeostasis. The ULK1 and ULK2 homologs (ULK1/2) 
are important regulators of many types of autophagy 
and act as sensors for nutrient depletion, metabolic 
stress, and intracellular pathogens. Mice lacking 
Ulk1/2 die soon after birth, ostensibly because of 
autophagy-associated defects. To study the role of 
ULK1/2-regulated autophagy in the central nervous 
system, Mondira Kundu, MD, PhD (Pathology), and her 
colleagues specifically deleted Ulk1/2 from the neuronal 
tissues of developing mice.  
 In Molecular Cell, the researchers reported that 
progressive degeneration of the pyramidal neurons of 
the hippocampus occurred in the brains of these mice. 
This neuronal degeneration was not associated with any 
overt defects in autophagy. However, the degenerating 
neurons exhibited expansion of the endoplasmic 
reticulum (ER), which is the primary site of secretory 
protein folding and lipid biosynthesis. ER expansion 
can be a marker of activation of the unfolded protein 
response (UPR), which alleviates cellular stress caused 
by the accumulation of unfolded or misfolded proteins 
within the ER. Staining of various UPR markers in the 
degenerating neurons of mice with Ulk1/2 deletion 
revealed that activation of the UPR contributed to the 
ER stress–mediated death of these neurons.
 To elucidate which ULK1/2-protein interactions 
are specifically required to maintain ER homeostasis, 
the researchers performed an unbiased proteomics 
analysis of all proteins that bind ULK1. This study 
revealed that SEC16A, a protein that localizes to the 
ER and facilitates ER-to-Golgi trafficking, specifically 
binds to ULK1. Because defects in ER-to-Golgi 
trafficking lead to ER stress and activation of the UPR, 
the researchers next investigated the mechanisms 
by which ULK1/2 regulates SEC16A. ULK1/2 are 
kinases that phosphorylate their protein substrates. 
ULK1/2 phosphorylated SEC16A, which promoted the 
formation of vesicles required for ER-to-Golgi trafficking 
in mammalian cells. In contrast, deletion of Ulk1/2 
impaired the ER-to-Golgi trafficking of the serotonin 
transporter protein SERT, which facilitates serotonin 
uptake. 

Expression of a Sec16a construct containing a 
mutation that mimics constitutive phosphorylation by 
ULK1/2 restored SERT trafficking in cells lacking Ulk1/2. 
These findings suggest that the noncanonical role of 

Figure. Images of wild-type (WT) and Ulk1-knockout (Ulk1 ko) mouse 
embryonic fibroblasts (MEFs) showing SERT (green) expression. Cells 
were also stained with Alexa Fluor 647 WGA (red), a membrane marker, 
and DAPI (blue), which binds DNA in the nuclei. Scale bars, 10 µm. 
Reprinted from Molecular Cell, 62, Joo JH et al, The noncanonical 
role of ULK/ATG1 in ER-to-Golgi trafficking is essential for cellular 
homeostasis, 491–506, © 2016, with permission from Elsevier.  
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CANCER BIOLOGY PROGRAM 
Co-leaders: Martine F. Roussel, PhD;  
Douglas R.Green, PhD

The goals of this program are to define the critical 
cellular pathways involved in normal cellular regulation 
and the pathways that are altered in transformed cells. 
The program is organized into three highly interactive 
focus groups that provide thematic, complementary, 
basic science expertise to the other center programs, 
enhancing the translation of laboratory discoveries to 
the clinic. The three focus groups are as follows: Cell 
Stress & Metabolism, Genome Structure & Function, 
and Signaling Networks & Therapeutics.   

CANCER CONTROL & SURVIVORSHIP 
PROGRAM
Co-leaders: Melissa M. Hudson, MD; Leslie L. Robison, PhD

As treatments for childhood cancers improve, the 
number of long-term survivors of childhood cancer 
increases. This multidisciplinary program strives to 
improve the quality of life of individuals surviving 
childhood cancer by identifying and reducing treatment 
sequelae and promoting health-protective behaviors 
through the conduct of observational, clinical, and 
interventional research. With the establishment of large 
national and institutional cohorts of cancer survivors, 
program members are conducting research on a wide 
range of health-related and quality-of-life outcomes.

DEVELOPMENTAL BIOLOGY & SOLID 
TUMOR PROGRAM 
Co-leaders: Michael A. Dyer, PhD; Alberto S. Pappo, MD

Some of the most devastating and poorly understood 
cancers to affect children arise in the peripheral 
nervous system, muscles, and bones. Members 
of this program are working to understand how 
the normal development of these tissues goes 
awry, resulting in malignant diseases such as 
neuroblastoma, sarcomas, and retinoblastoma. 
Research in this program extends from basic 
mechanistic studies of development, to therapeutic 
studies in preclinical models, and ultimately to testing 
new anticancer agents in clinical trials.

HEMATOLOGICAL MALIGNANCIES 
PROGRAM 
Co-leaders: Charles G. Mullighan, MBBS(Hons), MSc, 
MD; Ching-Hon Pui, MD

The overall goal of this program is to improve the 
cure rates for childhood leukemias and lymphomas, 
while minimizing treatment-related adverse effects. 
This program has a distinguished track record in 
improving the 5-year survival rate of acute leukemias 
and reducing the use of harmful therapeutic modalities 
such as cranial irradiation. Most recently, the members 
of this program have used advanced genetics 
to identify novel subgroups of leukemias and the 
mutations that drive these diseases. The same genetic 
tools are being used to uncover genetic variations that 
dictate susceptibility to childhood cancers, as well as 
the response of patients to essential chemotherapies.

NEUROBIOLOGY & BRAIN TUMOR 
PROGRAM 
Co-leaders: Suzanne J. Baker, PhD; Amar J. Gajjar, MD

By integrating the latest genomic and genetic 
technologies with studies of the developing nervous 
system, members of this program are efficiently 
translating laboratory findings into opportunities 
for new treatments. Recent efforts include the 
identification of the cells of origin of important 
pediatric brain tumors and the modeling of some of 
the most aggressive forms of these tumors, including 
high-grade gliomas. Close collaboration among the 
laboratory and clinical members of the program allows 
the rapid translation of results of high-throughput drug 
screens in mouse models to clinical trials. 

SHARED RESOURCES

Animal Resource Center

Bioinformatics and Biotechnology

Biostatistics

Cell and Tissue Imaging 

Cytogenetics

Flow Cytometry and Cell Sorting

Diagnostic Biomarkers 

Pharmacokinetics

Protein Production Facility

Transgenic/Gene Knockout

COMPREHENSIVE 
CANCER CENTER 
The National Cancer Institute (NCI) supports 69 

Cancer Centers in the United States. The St. Jude  

Comprehensive Cancer Center, currently under 

the direction of Charles W. M. Roberts, MD, PhD,  

is the first and only NCI-designated Comprehensive 

Cancer Center solely focused on pediatric cancer.  

Comprising five programs and 10 Shared 

Resources, the Comprehensive Cancer Center 

emphasizes interdisciplinary laboratory-based and 

clinical research applicable to the understanding, 

prevention, and treatment of childhood cancer. 
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ST. JUDE AFFILIATE PROGRAM  
The eight clinics that comprise the St. Jude Affiliate 

Program contribute to the institution’s mission by  

enrolling patients in St. Jude protocols and participating  

in St. Jude treatment and research programs. The 

clinics also provide patients with the opportunity  

to receive part of their care at a facility near their 

home community.

ADMINISTRATION JOHNSON CITY, TN
Medical Director • Carolyn L. Russo, MD Niswonger Children’s Hospital –  
Administrative Director • Cindy Burleson, RN, MSN, Johnson City Medical Center
CPON East Tennessee State University

Medical Director • Kathryn Klopfenstein, MD

ST. JUDE AFFILIATE SITES Marcela Popescu, MD
Cathleen Cook, MD

BATON ROUGE, LA Angela Willocks, RN, MSN, C-FNP 
Our Lady of the Lake Children’s Hospital –  

PEORIA, ILOur Lady of the Lake Regional Medical Center
Children’s Hospital of Illinois – OSF Healthcare SystemMedical Director Emeritus • Shelia Moore, MD
University of Illinois College of Medicine at PeoriaMedical Director • Jeffrey Deyo, MD, PhD
Pedro de Alarcon, MD, Chair of PediatricsCatherine Boston, MD
Medical Director • Kay Saving, MD, Medical Director of CHOI Leo Dubrowski, MD
Mary Beth Ross, MD, PhDKatherine Montgomery, NP
Karen Fernandez, MDJessica Templet, PA-C 

 Ruben Antony, MD
CHARLOTTE, NC Angie Herman, MD
Novant Health Hemby Children’s Hospital Jaime Libes, MD
Medical Director • Randy Hock, MD

SHREVEPORT, LAJessica Bell, MD
Feist-Weiller Cancer Center –  Paulette Bryant, MD
LSU Health Sciences Center – ShreveportChristine Bolen, MD  
Medical Director • Majed Jeroudi, MD

HUNTSVILLE, AL Samer Kaylani, MD 
Huntsville Hospital for Women & Children –  Diana Townsend, NP
Huntsville Hospital 

SPRINGFIELD, MOMedical Director • Jennifer Cox, MD
Mercy Children’s Hospital – Springfield – Mercy Health SystemNatalia Colorado, MD
Medical Director • Remi Fasipe, MDHeidi Simpson, CRNP

Christine Thomas, CRNP TULSA, OK
Amelia Jantz, CRNP The Children’s Hospital at Saint Francis

Medical Director • Gregory B. Kirkpatrick, MD
Ashraf M. Mohamed, MD
Martina C. Hum, MD

ST. JUDE GLOBAL  
At St. Jude, we believe in giving every child the best 

chance of a cure. By freely sharing knowledge, tech-

nology, and research data, we are saving the lives of 

children in our clinics and around the world.
St. Jude is committed to addressing the greatest International Outreach Program has planted the seeds 
challenge in pediatric hematology and oncology for what is the most ambitious initiative ever developed 
today––ensuring that all children with cancer or a in pediatric oncology/hematology. 
nonmalignant hematologic disorder have access to 
quality treatment, regardless of where they live. In In the coming decade, St. Jude–led efforts will strive 
a high-income country such as the United States, to improve the survival rates of children with cancer or 
access to modern treatments and robust supportive hematologic disorders worldwide by training experts 
care has resulted in cure rates of more than 80% for and developing the tools necessary to provide the 
children with cancer. However, for the approximately highest-quality care that is locally feasible. To meet 
90% of children living in low- or middle-income this goal, we will design and disseminate resource-
countries (LMICs), where access to quality pediatric appropriate, evidence-based interventions to improve 
oncology care is suboptimal to nonexistent, most patient care and engage stakeholders at the health 
children with cancer will die. Children with hemato- systems level. We will also build alliances of health 
logic disorders, particularly b-hemaglobinopathies centers to maximize local and regional knowledge, 
such as sickle cell disease, have similar dismal support, and leadership to rapidly improve and  
outcomes in LMICs. The vast majority of children expand treatment services. We will implement this 
with b-hemoglobinopathies live in LMICs, and their vision through St. Jude Global and the newly estab-
diseases are usually not diagnosed due to a paucity lished Department of Global Pediatric Medicine, two 
of newborn screening and dedicated treatment distinct but interconnected entities. 
programs. As a result, hundreds of thousands of 
children with sickle cell disease die each year from The Department of Global Pediatric Medicine and 
complications that can be prevented. St. Jude Global will seamlessly integrate research, 

innovation, and education to create a new paradigm 
The unique challenges of delivering treatment for in pediatric hematology-oncology. The program will 
pediatric cancers and nonmalignant hematologic integrate initiatives at the institutional level with the 
disorders in LMICs represent an opportunity for  Graduate School of Biomedical Sciences, the Compre-
St. Jude to develop and lead a new field of research hensive Cancer Center, and the Pediatric Hematology/
in global pediatric catastrophic diseases and, by Oncology Fellowship Program and at the national and 
extension, save countless children’s lives. The international levels with collaborators at other academic 
overarching goals of the St. Jude Global Program institutions, governmental agencies (e.g., National 
are as follows: (1) Train the local clinical workforce. Cancer Institute), and nongovernmental organizations, 
(2) Develop and strengthen the continuum of care including the World Health Organization and the  
required for children with cancer or hematologic International Society of Pediatric Oncology. The  
disorders from work at the national health system ultimate goal of St. Jude Global is to impart knowledge 
level to patient-centered care initiatives. (3) Advance and innovative health-delivery models that will enable 
knowledge in global pediatric oncology/hematology all children with cancer or a nonmalignant hematologic 
through translational and scalable research. Work disorder to receive the best-possible care.
done over the last 25 years through the St. Jude 



2017 Scientific Report   |   82

ACADEMIC DEPARTMENTS

1No longer at St. Jude 

2Secondary appointment
3Emeritus

83   |   2017 Scientific Report   

BIOSTATISTICS
Interim Chair
Deo Kumar S. Srivastava, PhD • Clinical trials, robust methods, survival  
 analysis

Members
James M. Boyett, PhD1; Endowed Chair in Biostatistics 
Cheng Cheng, PhD • Statistical methods in cancer genomics and genetics
Stanley B. Pounds, PhD • Developing statistical methods for genomics  
 studies

Associate Members
Yimei Li, PhD • Statistical analysis of complex imaging data
Arzu Onar-Thomas, PhD • Phase I-II designs, survival analysis, Bayesian  
 statistics
Jianrong Wu, PhD • Design and analysis of preclinical and clinical trials
Hui Zhang, PhD • Statistical methods for psychological research
Liang Zhu, PhD1

Assistant Members
Guolian Kang, PhD • Statistical genetics/genomics, modeling of complex  
 data 
Zhaohua Lu, PhD • Statistical analysis of neuroimaging and genetic data
Li Tang, PhD • Measurement error & classification, longitudinal modeling

BONE MARROW TRANSPLANTATION  
& CELLULAR THERAPY

Interim Chair
Patricia M. Flynn, MD; Interim Clinical Director; Arthur Ashe Endowed  
 Chair in Pediatric AIDS Research • HIV/AIDS and infections in   
 children with cancer

Member
William E. Janssen, PhD • Immunotherapy, therapeutic application of  
 engineered cells

Associate Members
Ashok Srinivasan, MD • Infections in the immune-compromised host
Brandon M. Triplett, MD • Hematopoietic cell transplantation

Assistant Members
Lea C. Cunningham, MD • Drug discovery and development of preclinical  
 models
Mari H. Dallas, MD1

Ewelina K. Mamcarz, MD • Transplantation in patients with nonmalignant  
 diseases
Asha B. Pillai, MD1

Research Associate
Aimee C. Talleur, MD • Immunotherapy and cellular therapy for solid  
 tumors

CELL & MOLECULAR BIOLOGY

Chair
J. Paul Taylor, MD, PhD; Edward F. Barry Endowed Chair in Cell &   
 Molecular Biology • Molecular genetics of neurological diseases

Associate Members
Stacey K. Ogden, PhD • Mechanisms of Hedgehog signal transduction
Joseph T. Opferman, PhD • Regulation of cell death and mitochondrial  
 function
P. Ryan Potts, PhD • Biochemical and molecular characterization of   
MAGE proteins

Assistant Members
Hans-Martin Herz, PhD • Regulation of transcription and enhancer   
 activity 
Malia B. Potts, PhD • Higher-order regulation of autophagy

COMPUTATIONAL BIOLOGY 

Chair
Jinghui Zhang, PhD; Endowed Chair in Bioinformatics • Genomic   
 sequence analysis and visualization

Assistant Members
Xiang Chen, PhD • OMICS integration and tumor heterogeneity by   
 machine learning approaches 
Yong Cheng, PhD2 • Cis-regulatory modules in hematopoiesis and its  
 disorders
Charles Gawad, MD, PhD2 • Cellular and genetic origins of childhood  
 cancers
Jiyang Yu, PhD • Systems biology, functional genomics, and immuno- 
 oncology

CHEMICAL BIOLOGY & THERAPEUTICS 

Interim Chair
Richard E. Lee, PhD • Discovery of new antibiotic agents

Members
Taosheng Chen, PhD • Small-molecule transcription factor drug  
 discovery
Naoaki Fujii, PhD • Medicinal chemistry, chemical biology, PDZ domain
R. Kiplin Guy, PhD1; Robert J. Ulrich Endowed Chair in Chemical Biology  
 & Therapeutics

Associate Members
Philip M. Potter, PhD • Anticancer drug hydrolysis by carboxylesterases
Anang A. Shelat, PhD • Multiscale modeling of biological and chemical  
 data 
Scott E. Snyder, PhD2 • Design of radioactive drugs for medical imaging 

Assistant Member
Fatima R. Rivas, PhD • Organic chemistry synthesis/natural product  
 discovery

Research Associate
Tudor Moldoveanu, PhD2 • Programmed cell death in health and disease  

DEVELOPMENTAL NEUROBIOLOGY

Chair
Michael A. Dyer, PhD; Richard C. Shadyac Endowed Chair in Pediatric  
 Cancer Research • Retinal development, retinoblastoma, and   
 pediatric solid tumor translational research

Members
Suzanne J. Baker, PhD; Endowed Chair in Brain Tumor Research  
 • Signaling pathways driving childhood high-grade glioma
James I. Morgan, PhD; Scientific Director; Edna & Albert Abdo Shahdam  
 Endowed Chair in Basic Research • Control of neuronal death and  
 differentiation
Junmin Peng, PhD2 • Application of proteomics to ubiquitin biology and  
 human disease
Richard J. Smeyne, PhD1

Stanislav S. Zakharenko, MD, PhD • Learning and memory, synaptic   
mechanisms of schizophrenia
Jian Zuo, PhD • Auditory hair cell function and regeneration in mice

Associate Members
Xinwei Cao, PhD • Growth control during neural tube development
David J. Solecki, PhD • Cell polarity in neuron precursor differentiation

Assistant Members 
Fabio Demontis, PhD • Protein homeostasis and stress sensing in   
 skeletal muscle aging
Young-Goo Han, PhD • Hedgehog signaling and primary cilia in brain  
 development and tumorigenesis
Myriam Labelle, PhD • The role of platelets in cancer metastasis
Paul A. Northcott, PhD • Genomics and developmental biology of   
 childhood brain tumors
Jamy C. Peng, PhD • Epigenetic regulation of stem cell functions

DIAGNOSTIC IMAGING 

Interim Chair
Zoltán Patay, MD, PhD • Brain tumor characterization by sophisticated  
 quantitative MRI

Members
Sue C. Kaste, DO • Skeletal toxicities in childhood cancer survivors
Robert A. Kaufman, MD • Optimization of CT dose in children with cancer
Larry E. Kun, MD3; Clinical Director; John & Lorine Thrasher Endowed  
 Chair in Radiation Oncology
Mary E. (Beth) McCarville, MD • Solid tumor imaging & contrast- 
 enhanced ultrasonography
Wilburn E. Reddick, PhD • White matter injury in leukemia and CNS tumors
Barry L. Shulkin, MD • PET imaging and evaluation of pediatric tumors

Associate Members
Jamie L. Coleman, MD • Ultrasound and CT/MR imaging of pediatric  
 solid tumors
Mikhail Doubrovin, MD, PhD • Radiotracer imaging–based techniques for  
 pediatric solid tumors
Julie H. Harreld, MD • Magnetization transfer MR imaging and cerebral  
 perfusion 
Kathleen J. Helton, MD • Cerebral perfusion & white matter connectivity  
 in sickle cell disease
Claudia M. Hillenbrand, PhD • Novel MR techniques in solid tumors and  
 sickle cell disease
Robert J. Ogg, PhD • Imaging assessments of brain function in CNS and  
 ocular tumors
Noah D. Sabin, MD, JD • Imaging of brain tumors and acute effects of  
 therapy
Scott E. Snyder, PhD • Design of radioactive diagnostic agents for  
 functional medical imaging

Assistant Members
Samuel L. Brady, PhD • Medical physics; optimizing CT image quality
Scott N. Hwang, MD, PhD • Brain tumors, quantitative imaging,  
 computational modeling
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IMMUNOLOGY 

Chair
Douglas R. Green, PhD; Peter Doherty Endowed Chair in Immunology 
 • Apoptosis, autophagy, and mitochondria

Members
Hongbo Chi, PhD • Cellular signaling in innate and adaptive immunity
Peter C. Doherty, PhD; Nobel Laureate; Michael F. Tamer Endowed Chair  
 in Immunology • Molecular and cellular analysis of CD8+ T cells
Thirumala-Devi Kanneganti, PhD • Mechanisms of host defense and   
inflammation
Peter J. Murray, PhD2 • Control of inflammatory responses

Associate Members
Maureen A. McGargill, PhD • T-cell regulation to treat autoimmune   
 diseases
Paul G. Thomas, PhD • Innate and adaptive immunity to influenza

Assistant Members
Yongqiang Feng, PhD • Novel strategies to better manipulate immune  
 cell behaviors 
Benjamin A. Youngblood, PhD • T-cell memory differentiation and   
 exhaustion

ONCOLOGY 

Chair
Ching-Hon Pui, MD; Fahad Nassar Al-Rashid Endowed Chair in   
 Leukemia Research • Biology and treatment of childhood leukemia

Co-Chair
Amar J. Gajjar, MD; Scott & Tracie Hamilton Endowed Chair in Brain  
 Tumor Research • Novel treatments for children with brain tumors

Members
Gregory T. Armstrong, MD, MSCE2 • Pediatric neuro-oncology and   
 cancer survivorship
Wayne L. Furman, MD • New drug development, neuroblastoma, liver  
 tumors
Daniel M. Green, MD2 • Adverse cardiac & reproductive effects of therapy
Melissa M. Hudson, MD; The Charles E. Williams Endowed Chair of   
 Oncology–Cancer Survivorship • Health outcomes after childhood  
  cancer
Sima Jeha, MD • Childhood leukemias, developmental therapeutics
Sue C. Kaste, DO2 • Skeletal toxicities in childhood cancer survivors
Monika L. Metzger, MD, MSc • Hodgkin & non-Hodgkin lymphomas,  
 leukemias, St. Jude Global
Kim E. Nichols, MD • Heritable cancers and primary immunodeficiency  
 syndromes
Alberto S. Pappo, MD; Alvin Mauer Endowed Chair • New therapies for  
 sarcomas and rare pediatric cancers
Raul C. Ribeiro, MD • Hematological malignancies 
Charles W.M. Roberts, MD, PhD; Lillian R. Cannon Comprehensive   
Cancer Center Director Endowed Chair • SWI/SNF (BAF) chromatin  
 remodeling/tumor suppressor
Jeffrey E. Rubnitz, MD, PhD • Treatment of acute myeloid leukemia
John T. Sandlund, MD • Clinical and biologic investigation of NHL and ALL
Victor M. Santana, MD; Charles B. Pratt Endowed Chair in Solid Tumor  
 Research • Novel therapeutics, neuroblastoma, research ethics

Associate Members
Richard A. Ashmun, PhD2 • Applications of flow cytometry & cell   
 separation
Justin N. Baker, MD • Pediatric palliative and end-of-life care
Alberto Broniscer, MD • Biology and treatment of high-grade gliomas
Tanja A. Gruber, MD, PhD • Pathogenesis of infantile leukemia
Hiroto Inaba, MD, PhD • New therapeutic strategies for leukemia
Ibrahim A. Qaddoumi, MD, MS2 • Low-grade gliomas, retinoblastoma,  
 telemedicine
Carolyn Russo, MD • Palliative and supportive care

Assistant Members
Nickhill Bhakta, MD, MPH2 • Global pediatric medicine
Michael W. Bishop, MD • Osteosarcoma, bone and soft-tissue sarcomas,  
 rhabdoid tumors
Rachel C. Brennan, MD • Retinoblastoma, novel therapeutics, renal   
 tumors
Patrick K. Campbell, MD, PhD • Histiocytic disorders; chronic myeloid  
 leukemia
Sara M. Federico, MD • Drug development, pediatric soft-tissue   
 sarcomas
Kevin W. Freeman, PhD • Genetic interactions that give rise to   
 neuroblastoma
Charles Gawad, MD, PhD • Cellular and genetic origins of childhood   
cancers
Mark E. Hatley, MD, PhD • Origins of pediatric sarcomas
Chimene Kesserwan, MD • Cancer predisposition
Catherine G. Lam, MD, MPH • International outreach, solid tumors,   
 improving adolescent outcomes
Deena R. Levine, MD • Pediatric palliative and end-of-life care
Daniel A. Mulrooney, MD, MS• Cardiovascular outcomes of cancer   
 therapy
Giles W. Robinson, MD • Origin & genomics of medulloblastoma,   
 translational studies
Anna Vinitsky, MD, MS • Pediatric neuro-oncology and process   
 improvement
Karen Wright, MD1

 
Research Associates
Matthew J. Ehrhardt, MD, MS • Late effects of childhood cancer therapy 
Jamie E. Flerlage, MD, MS • Hodgkin lymphoma
Seth E. Karol, MD • Prevention of toxicity during acute leukemia therapy 
Elizabeth A. Stewart, MD • High-risk pediatric solid tumors, preclinical  
 translational research
Santhosh Upadhyaya, MD • Infant medulloblastoma, high-grade glioma  
 in young children

HEMATOLOGY 

Chair
Mitchell J. Weiss, MD, PhD; Arthur Nienhuis Endowed Chair in   
 Hematology • Blood development and associated diseases 

Members 
Arthur W. Nienhuis, MD3

Brian P. Sorrentino, MD; Wall Street Committee Endowed Chair in Bone  
 Marrow Transplant Research • Gene therapy and hematopoiesis
Winfred C. Wang, MD • Sickle cell disease, bone marrow failure

Associate Members
Jane S. Hankins, MD, MS • Sickle cell disease, transfusional iron   
 overload, transition to adult care
Ulrike M. Reiss, MD • Bleeding disorders, gene therapy for hemophilia,  
 bone marrow failure

Assistant Members
Yong Cheng, PhD • Cis-regulatory modules in hematopoiesis and its  
 disorders
Wilson K. Clements, PhD • Hematopoietic development & leukemia
Jeremie H. Estepp, MD • Sickle cell disease, thrombosis, and   
 anticoagulation
Shannon L. McKinney-Freeman, PhD • Mechanisms of hematopoietic  
 stem cell development and transplantation
Shengdar Q. Tsai, PhD • Genome engineering technologies for   
 therapeutics

GLOBAL PEDIATRIC MEDICINE 

Chair
Carlos Rodriguez-Galindo, MD, Four Stars of Chicago Endowed Chair in  
 International Pediatric Outreach • Global medicine, pediatric solid  
 tumors

Members
Sima Jeha, MD2 • Childhood leukemias, developmental therapeutics
Monika L. Metzger, MD, MSc2 • Hodgkin & non-Hodgkin lymphomas,  
 leukemias, IOP
Ching-Hon Pui, MD2; Fahad Nassar Al-Rashid Endowed Chair in   
 Leukemia Research • Biology and treatment of childhood leukemia

Associate Members
Miguela A. Caniza, MD • Infection care & control, international outreach
Ibrahim A. Qaddoumi, MD, MS • Low-grade gliomas, retinoblastoma,  
 telemedicine

Assistant Members 
Asya Agulnik, MD, MPH • Global pediatric health
Nickhill Bhakta, MD, MPH • Global pediatric medicine
Paola Friedrich, MD, MPH • Global pediatric oncology, pediatric solid  
 tumors
Catherine G. Lam, MD, MPH2 • International outreach, solid tumors,  
 improving adolescent outcomes 

INFECTIOUS DISEASES 

Chair
Elaine I. Tuomanen, MD; Endowed Chair in Infectious Diseases 
 • Pathogenesis of pneumococcal infection
Members
P. Joan Chesney, MD1

Patricia M. Flynn, MD; Interim Clinical Director; Arthur Ashe Endowed  
 Chair in Pediatric AIDS Research • HIV/AIDS and infections in children  
 with cancer
Walter T. Hughes, MD3

Julia L. Hurwitz, PhD • Vaccine-induced immunity
Suzanne Jackowski, PhD • Phospholipids and coenzyme A in health and  
 disease
Peter J. Murray, PhD • Control of inflammatory responses
Charles O. Rock, PhD • Membrane phospholipid metabolism
Stacey L. Schultz-Cherry, PhD • Pathogenesis of influenza and astrovirus  
 infection
Richard J. Webby, PhD • Influenza virus pathogenicity
Robert G. Webster, PhD3

Associate Members
Elisabeth E. Adderson, MD; Pediatric Infectious Diseases Fellowship   
 Director • Clinical trials management
Miguela A. Caniza, MD2 • Infection care and control, international   
 outreach
Aditya H. Gaur, MD, MBBS • Clinical research in pediatric HIV infection
Hans Haecker, MD, PhD • Signal transduction of Toll-like and TNF   
 receptors
Charles J. Russell, PhD • Respiratory viruses: disease, cures, &   
 prevention
Assistant Members
Hana M. Hakim, MD • Infection care & control
Gabriela M. Marón Alfaro, MD • Infectious complications in transplant  
 patients
Jason W. Rosch, PhD • Bacterial genomics and pathogenesis
Joshua Wolf, MBBS • Infections associated with implantable devices and  
 immunosuppressed hosts
Research Associates
Akinobu Kamei, MD • Innate and adaptive immunity to Pseudomonas  
 aeruginosa
Amber M. Smith, PhD • Kinetic modeling of influenza and bacterial   
 coinfection
Adjunct Member
Jonathan A. McCullers, MD • Interactions between viruses and bacteria

GENETICS 

Chair
Gerard C. Grosveld, PhD; Albert & Rosemary Joseph Endowed Chair in 
Genetics Research • The role of chromosome translocations in cancer

Members
Alessandra d’Azzo, PhD; Jewelers for Charity Fund Endowed Chair in 
  Genetics and Gene Therapy • Intracellular degradation in   
 development & disease
Peter J. McKinnon, PhD • DNA damage responses in the nervous system

EPIDEMIOLOGY & CANCER CONTROL 

Chair
Leslie L. Robison, PhD; Endowed Chair in Epidemiology & Cancer   
 Control • Pediatric cancer epidemiology and outcomes

Members
Gregory T. Armstrong, MD, MSCE • Pediatric neuro-oncology and cancer  
 survivorship
Cheryl L. Cox, PhD1

Daniel M. Green, MD • Adverse cardiac & reproductive effects of therapy
Melissa M. Hudson, MD2; The Charles E. Williams Endowed Chair of  
 Oncology–Cancer Survivorship • Health outcomes after childhood  
 cancer
Kevin R. Krull, PhD • Neurocognitive outcomes of pediatric cancer
Kirsten K. Ness, PT, PhD • Functional limitations among cancer survivors
Yutaka Yasui, PhD • Genetics and risk of therapy-related outcomes

Associate Members
Wassim Chemaitilly, MD2 • Endocrine sequelae in childhood cancer  
 survivors
I-Chan Huang, PhD • Patient-reported outcomes measurement after  
 pediatric cancer

Assistant Members
Nickhill Bhakta, MD, MPH2 • Global pediatric medicine  
Tara M. Brinkman, PhD • Psychosocial outcomes of pediatric cancer
Todd M. Gibson, PhD • Risk factors for late effects after pediatric cancer
Daniel A. Mulrooney, MD, MS2 • Cardiovascular outcomes of cancer  
 therapy
Rohit P. Ojha, DrPH1

Research Associates
Matthew J. Ehrhardt, MD, MS2 • Late effects of childhood cancer therapy
Carmen L. Wilson, PhD • Late effects of childhood cancer therapy

Adjunct Members
Lisa M. Klesges, PhD • Behavioral epidemiology
Robert C. Klesges, PhD • Cancer prevention and control in adults &  
 children
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PATHOLOGY 

Chair
David W. Ellison, MBBChir, MA(hons), MSc, MD, PhD; Joan & Roy 
  Gignac Endowed Chair in Pathology & Laboratory Medicine  
 • Pathologic/molecular classification of CNS tumors

Members
James R. Downing, MD; President and Chief Executive Officer;  
 Dr. Donald Pinkel Chair of Childhood Cancer Treatment  
 • Molecular pathology of acute leukemia
Terrence L. Geiger, MD, PhD; Deputy Director for Academic and   
 Biomedical Operations; Endowed Chair in Pediatrics • T-cell   
 regulation, autoimmunity
Randall T. Hayden, MD • Clinical microbiology of immunocompromised  
 hosts
Jesse J. Jenkins III, MD1

Michael M. Meagher, PhD; Vice President, Therapeutic Production and 
 Quality; President, Children’s GMP, LLC • Cell culture, fermentation,  
 protein purification, process scale-up, and GMP manufacturing
Charles G. Mullighan, MBBS(Hons), MSc, MD; William E. Evans   
 Endowed Chair • Genomic profiling of acute leukemia
Ching-Hon Pui, MD2; Fahad Nassar Al-Rashid Endowed Chair in   
 Leukemia Research • Biology and treatment of childhood leukemia
Susana C. Raimondi, PhD • Cytogenetics of the leukemias and   
 lymphomas
Jerold E. Rehg, DVM • Preclinical models of infectious diseases & cancer
A. Peter Vogel, DVM, PhD • Pathology of animal models of human   
 disease
Gerard P. Zambetti, PhD • p53 function in tumor suppression &   
 tumorigenesis

Associate Members
Armita Bahrami, MD • Pathology of bone and soft-tissue tumors
John K. Choi, MD, PhD • Transcription factors in acute leukemias
Tanja A. Gruber, MD, PhD2 • Pathogenesis of infantile leukemia 
Laura Janke, DVM, PhD • Pathology of mouse models of disease
Mondira Kundu, MD, PhD • Role of autophagy in erythroid maturation &  
 anemia
Janet F. Partridge, PhD • Chromosome segregation, heterochromatin  
 assembly
Richard J. Rahija, DVM, PhD • Animal models of human disease
András Sablauer, MD, PhD • Imaging informatics and computerized   
tumor modeling

Assistant Members
Elizabeth M. Azzato, MD, PhD • Molecular pathology and clinical   
 genomics
Jason Cheng-Hsuan Chiang, MD, PhD • Diagnosis and classification of  
 CNS tumors
Michael R. Clay, MD • Molecular and histologic classification of bone and  
 soft-tissue tumors
Jeffrey M. Klco, MD, PhD • Genomic and functional characterization of  
 acute myeloid leukemia
Vasiliki Leventaki, MD • Mechanisms of pathogenesis in pediatric   
 lymphomas
Leta K. Nutt, PhD • Metabolic regulation of cancer cell death
Brent A. Orr, MD, PhD • Molecular classification of tumors of the nervous  
 system
Teresa C. Santiago, MD • Laboratory quality improvement and   
 assessment
Heather S. Tillman, DVM, PhD • Investigative pathology of human   
 cancers

PEDIATRIC MEDICINE 

Chair
Amar J. Gajjar, MD2; Scott & Tracie Hamilton Endowed Chair in Brain  
 Tumor Program • Novel treatments for children with brain tumors

Anesthesiology 
Michael G. Rossi, DO; Director • Patient safety and cognitive effects of  
 anesthesia
Doralina L. Anghelescu, MD • Pain management, anesthesia risks,   
 palliative care
Michael J. Frett, MD • Pediatric anesthesia
Kyle J. Morgan, MD • Palliative care, NSAIDS after bone marrow   
 transplantation 
Luis A. Trujillo Huaccho, MD • Regional anesthesia & anesthetic approach 
  in high-risk cases
Becky B. Wright, MD • Pain management techniques, peripheral nerve  
 blocks

Critical Care Medicine
R. Ray Morrison, MD; Chief • Pediatric critical care, myocardial protection
Asya Agulnik, MD, MPH2 • Global pediatric health
Lama Elbahlawan, MD • Pediatric critical care, acute lung injury
Melissa R. Hines, MD • Pediatric critical care, hemophagocytic   
 lymphohistiocytosis
Jennifer A. McArthur, DO • Improving outcomes in critically ill pediatric  
 patients

Endocrinology
Wassim Chemaitilly, MD; Director • Endocrine sequelae in childhood  
 cancer survivors

Neurology
Raja B. Khan, MD; Chief • Effect of cancer on the central and peripheral  
 nervous systems 
Zsila Sadighi, MD • Neurological outcomes in childhood cancer survivors

Nursing Research
Belinda Mandrell, PhD, RN, PNP; Director • Biological mechanism of  
 symptoms associated with cancer and cancer therapy

RADIATION ONCOLOGY 

Chair
Thomas E. Merchant, DO, PhD; Baddia J. Rashid Endowed Chair in  
 Radiation Oncology • Treatment of CNS tumors and radiation-related  
 CNS effects

Members
Matthew J. Krasin, MD • Developing radiation therapy strategies and  
 toxicity profiles for pediatric sarcomas
Larry E. Kun, MD3; Clinical Director; John & Lorine Thrasher Endowed  
 Chair in Radiation Oncology

Associate Members
Jonathan B. Farr, PhD • Proton therapy and dosimetry
Chia-Ho Hua, PhD • Image-guided radiation therapy and normal tissue  
 effects

Assistant Members
John T. Lucas Jr., MS, MD • Brain tumors, neuroblastoma, proton  
 therapy, clinical trial design
Christopher L. Tinkle, MD, PhD • Brain tumors and sarcomas
Weiguang Yao, PhD • Proton therapy and cone beam computed  
 tomography

PHARMACEUTICAL SCIENCES  

Chair
Mary V. Relling, PharmD; Endowed Chair in Pharmaceutical Sciences  
 • Pharmacokinetics and genetics of leukemia therapy
Members
William E. Evans, PharmD; Endowed Chair in Pharmacogenomics 
 • Pharmacogenomics of antileukemic agents in children
William L. Greene, PharmD; Chief Pharmaceutical Officer • Optimizing  
 pharmacotherapy
Erin G. Schuetz, PhD • Mechanisms of human variation in drug response
John D. Schuetz, PhD • Regulation & function of ABC transporters
Clinton F. Stewart, PharmD • Pharmacology of anticancer drugs in   
 children
Associate Members
James M. Hoffman, PharmD; Chief Patient Safety Officer • Medication  
 safety and outcomes
Jun J. Yang, PhD • Pharmacogenomics of anticancer agents & drug   
resistance
Assistant Member
Daniel D. Savic, PhD • Pharmacogenomics and cis-regulatory   
 architecture of pediatric leukemia
Research Associate
Liqin Zhu, PhD • Stem cells in normal and malignant liver development

PSYCHOLOGY 

Chair
Sean Phipps, PhD; Endowed Chair in Psychology • Coping and   
 adjustment in children with cancer

Members
Melissa M. Hudson, MD2; The Charles E. Williams Endowed Chair of   
Oncology–Cancer Survivorship • Health outcomes after childhood   
cancer
Kevin R. Krull, PhD2 • Neurocognitive outcomes of pediatric cancer

Associate Members
Heather M. Conklin, PhD • Cognitive outcomes of childhood cancer   
treatment
Valerie M. Crabtree, PhD • Sleep disruptions in children with cancer
James L. Klosky, PhD • Health behaviors in cancer survivorship

Assistant Members
Tara M. Brinkman, PhD2 • Psychosocial outcomes of pediatric cancer
Jerlym S. Porter, PhD, MPH • Transition from pediatric to adult care in  
 sickle cell disease
Jane E. Schreiber, PhD • Neurobehavioral functioning in children with  
 medical disorders
Victoria W. Willard, PhD • Social outcomes in children with cancer

Research Associates
Nicole M. Alberts, PhD • eHealth and mHealth applications in psycho- 
 oncology
Lisa M. Jacola, PhD • Neurobehavioral outcomes in children treated for  
 cancer

STRUCTURAL BIOLOGY 

Chair
Stephen W. White, DPhil; Endowed Chair in Structural Biology • DNA  
 repair, catalysis and structure-based drug discovery

Members
Richard W. Kriwacki, PhD • Structural basis of tumor-suppressor function
Junmin Peng, PhD • Application of proteomics to ubiquitin biology and  
 human disease
Brenda A. Schulman, PhD; Joseph Simone Endowed Chair in Basic   
 Research • Cellular regulation by ubiquitin-like proteins

Associate Members
Eric J. Enemark, PhD • Molecular mechanisms of DNA replication
Tanja Mittag, PhD • Dynamic protein complexes in signal transduction

Research Associate
Tudor Moldoveanu, PhD • Programmed cell death in health and disease

SURGERY

Chair
Andrew M. Davidoff, MD; Endowed Chair in Surgical Research • Surgical  
 management of solid tumors; gene therapy; angiogenesis inhibition;  
 neuroblastoma; Wilms tumor

Members
Bhaskar N. Rao, MD • Surgical management of sarcomas and rare   
 tumors
Stephen J. Shochat, MD3

Assistant Members
Israel Fernandez-Pineda, MD • Musculoskeletal sarcomas, vascular   
tumors, minimally invasive surgery
Andrew J. Murphy, MD • Renal tumors, neuroblastoma, Wilms   
 tumorigenesis, cancer stem cells

Research Associate
Jun Yang, MD, PhD • Cancer epigenetics and targeted therapy

Adjunct Members
Frederick A. Boop, MD; St. Jude Chair in Neurosurgery
Joseph Gleason, MD • Pediatric urology
Mary Ellen Hoehn, MD • Pediatric ophthalmology
Paul D. Klimo Jr, MD • Pediatric neurosurgery
Michael D. Neel, MD • Orthopedics
Anthony Sheyn, MD • Pediatric otolaryngology
Jerome W. Thompson, MD, MBA • Pediatric otolaryngology
Robert D. Wallace, MD • Plastic surgery
Matthew W. Wilson, MD; St. Jude Chair in Ophthalmology
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James M. Boyett, PhD2 
Endowed Chair in Biostatistics 

Larry E. Kun, MD3 
John & Lorine Trasher Endowed Chair in Radiation Oncology

Charles G. Mullighan, MBBS(Hons), MSc, MD  
William E. Evans Endowed Chair 

Peter C. Doherty, PhD 
Nobel Laureate 
Michael F. Tamer Endowed Chair in Immunology

Brian P. Sorrentino, MD 
Wall Street Committee Endowed Chair in Bone Marrow  
Transplant Research

Brenda A. Schulman, PhD 
Dr. Joseph Simone Endowed Chair in Basic Research

Martine F. Roussel, PhD 
Endowed Chair in Molecular Oncogenesis
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James R. Downing, MD 
Dr. Donald Pinkel Endowed Chair in Childhood  
Cancer Treatment

Terrence L. Geiger, MD, PhD  
Endowed Chair in Pediatrics 

William E. Evans, PharmD 
Endowed Chair in Pharmacogenomics 

Melissa M. Hudson, MD 
The Charles E. Williams Endowed Chair in Oncology–  
Cancer Survivorship

TUMOR CELL BIOLOGY 

Chair
Charles J. Sherr, MD, PhD; Herrick Foundation Endowed Chair in Tumor  
 Cell Biology • Tumor suppressor–dependent signaling networks

Members
Linda M. Hendershot, PhD • ER quality control in development and   
disease
Martine F. Roussel, PhD; Endowed Chair in Molecular Oncogenesis  
 • Genes and microRNAs in brain tumors
Brenda A. Schulman, PhD1; Joseph Simone Endowed Chair in Basic   
Research • Cellular regulation by ubiquitin-like proteins

Research Associate
Chunliang Li, PhD • Genome editing in cancer development

Alessandra d’Azzo, PhD 
Jeweler’s Charity Fund Endowed Chair in Genetics  
& Gene Therapy

Suzanne J. Baker, PhD  
Endowed Chair in Brain Tumor Research 

Charles W. M. Roberts, MD, PhD 
Lillian R. Cannon Comprehensive Cancer Center Director  
Endowed Chair 

Vi
Dr

ctor M. Santana, MD 
. Charles B. Pratt Endowed Chair in Solid Tumor Research

Alberto S. Pappo, MD  
Alvin Mauer Endowed Chair

James I. Morgan, PhD 
Edna & Albert Abdo Shahdam Endowed Chair in  
Basic Research



FELLOWS & SCHOLARS

POSTDOCTORAL FELLOWS Dinesh Fernando, PhD, Chemical Biology &    Lingyun Long, PhD, Immunology Stefan Schattgen, PhD, Immunology NEUROPSYCHOLOGY FELLOWS Mark Brimble, Surgery
Hossam Abdelsamed, PhD, Immunology  Therapeutics Elixabet López, PhD, Pharmaceutical Sciences1 William Shadrick, PhD, Chemical Biology &   Ashley Fournier-Goodnight, PhD1 Kristen Campbell, Radiation Oncology
David Achila, PhD, Infectious Diseases1 Mylene H. Ferrolino, PhD, Structural Biology Allister Loughran, PhD, Infectious Diseases  Therapeutics John Hamilton, PhD1 Jane Craig, Cell & Molecular Biology
Aditi Aditi, PhD, Genetics Emily Finch, PhD, Pharmaceutical Sciences Heba Hamdy Mabrouk Mostafa, MD, PhD, Infectious  Karthik Kumar Shanmuganatham, PhD, Infectious  Traci Olivier, PsyD Ashley Crumby, Pharmaceutical Sciences
Issam Al Diri, PhD, Developmental Neurobiology Ariele Viacava Follis, PhD, Structural Biology1  Diseases  Diseases1 Joanna Peters, PhD Rashid Darbandi, Pathology
Sabrin Albeituni, PhD, Oncology Olivia Francis, PhD, Pathology Eda Rita Machado De Seixas, PhD, Genetics Bhesh Raj Sharma, PhD, Immunology Nicholas Whipple, MD Daniel Darnell, Infectious Diseases
Kelly Andrews, PhD, Bone Marrow Transplantation &  Stefan Gajewski, PhD, Structural Biology1 Jamie Maciaszek, PhD, Hematology Deepika Sharma, PhD, Immunology Nisha Das, Chemical Biology & Therapeutics
 Cellular Therapy1 Ruchika Gangwar, PhD, Developmental Neurobiology Joelle Magne, PhD, Immunology Sharad Shrestha, PhD, Immunology PEDIATRIC HEMATOLOGY-ONCOLOGY FELLOWS Alexander Diaz, Developmental Neurobiology
Angela Arensdorf, PhD, Cell & Molecular Biology Miguel Ganuza Fernandez, PhD, Hematology Ankit Malik, PhD, Immunology Jeffrey Sifford, PhD, Structural Biology Nickhill Bhakta, MD2 Kirsten Dickerson, Pathology
Bing Bai, PhD, Structural Biology Jesús García López, PhD, Developmental Neurobiology Si Ming Man, PhD, Immunology1 Victoria Silva, PhD, Pathology1 Kari Bjornard, MD, MPH Laura Eckard, Infectious Diseases1

Jesse Bakke, PhD, Chemical Biology & Therapeutics Lekh Nath Gautam, PhD, Chemical Biology & Therapeutics1 Himangi Marathe, PhD, Hematology1 Chandrima Sinha, PhD, Bone Marrow Transplantation  Steven Carey, MD, PhD Cedric Etienne, Hematology1

Diana Balasubramanian, PhD, Cell & Molecular  Jamie K. Genthe, PhD, Hematology Atanaska Marinova-Petkova, DVM, PhD, Infectious   & Cellular Therapy2 David Cervi, DO, PhD Alexa Farmer, Chemical Biology & Therapeutics1

 Biology Hazem Ghoneim, PhD, Immunology  Diseases1 Emma K. Sliger, PhD, Immunology David Claassen, MD Maria Chiara Fontana, Pathology1

Ju Bao, PhD, Pharmaceutical Sciences1 Nicole Glenn, PhD, Hematology Eric W. Martin, PhD, Structural Biology Roketa Sloan, PhD, Genetics Stephanie Dixon, MD Leigh Fremuth, Genetics
Marie Elizabeth Barabas, PhD, Developmental  Yoshihiro Gocho, MD, PhD, Pharmaceutical Sciences Shauna Marvin, PhD, Infectious Diseases1 Stephanie Smith, PhD, Tumor Cell Biology Hesham Eissa, MD1 Samit Ganguly, Pharmaceutical Sciences
 Neurobiology1 Yinan Gong, PhD, Immunology Brian Maxwell, PhD, Cell & Molecular Biology Daniel Stabley, PhD, Developmental Neurobiology2 Jamie Flerlage, MD2 Matthew Gilbert, Surgery
Katherine Baran, PhD, Immunology Charnise Goodings Harris, PhD, Pharmaceutical Sciences J. Robert McCorkle, PhD, Pharmaceutical Sciences Jennifer Stripay, PhD, Tumor Cell Biology Lisa Force, MD Xizhi Guo, Immunology
David Barnett, PhD, Chemical Biology &   Elizabeth Griffith, PhD, PharmD, Chemical Biology &   Ezelle T. McDonald, PhD, Chemical Biology &   Benjamin Sunkel, PhD, Oncology Jessica Gartrell, MD Trent Hall, Hematology
 Therapeutics1  Therapeutics  Therapeutics Katherine Szarama, PhD, Cell & Molecular Biology1 Caitlin Hurley, MD Virginia Hargest, Infectious Diseases
Pradyuamna Baviskar, DVM, PhD, Infectious Diseases Zhaohui Gu, PhD, Pathology Dan McNamara, PhD, Structural Biology Kazuki Tawaratsumida, PhD, Infectious Diseases2 Jennifer Kamens, MD Aisha Hegab, Immunology
Jordan Beard, PhD, Pharmaceutical Sciences Prajwal Gurung, PhD, Immunology Martin Meagher, PhD, Structural Biology Ingrid Tonning Olsson, PhD, Epidemiology & Cancer  Erica Kaye, MD Daniel Hoagland, Chemical Biology & Therapeutics
Veronika Bernhauerova, PhD, Infectious Diseases Kohei Hagiwara, MD, Computational Biology Victoria A. Meliopoulos, PhD, Infectious Diseases  Control David Spencer Mangum, MD Ashley Hobar, Clinical Nutrition1

Wenjian Bi, PhD, Biostatistics Laura Hamel, PhD, Developmental Neurobiology Peter Mercredi, PhD, Structural Biology2 Bart Tummers, PhD, Immunology Hong Ha Rosa Nguyen, MD Jessica Hoyer, Chemical Biology & Therapeutics
Laure Bihannic, PhD, Developmental Neurobiology Jared Hammill, PhD, Chemical Biology & Therapeutics1 Christopher Meyer, PhD, Chemical Biology &   Kimbra Turner, PhD, Infectious Diseases Anand Patel, MD Jaclyn Hunter, Structural Biology
Randall Binder, PhD, Chemical Biology &   Seung Baek Han, PhD, Developmental Neurobiology  Therapeutics Meghan E. Turnis, PhD, Immunology2 Allison Pribnow, MD Viraj Ichhaporia, Tumor Cell Biology
 Therapeutics Jason A. Hanna, PhD, Oncology Nicole Milkovic, PhD, Structural Biology Jolieke Van Oosterwijk, PhD, Tumor Cell Biology Lindsay Proud, MD Sridevi Jagadeesan, Clinical Nutrition
Emilio Boada Romero, PhD, Immunology Rhodri Harfoot, PhD, Infectious Diseases Christopher Mill, PhD, Cell & Molecular Biology1 Murugendra Vanarotti, PhD, Chemical Biology &  Jason Schwartz, MD Miranda Jarrett, Chemical Biology & Therapeutics
Andre Bortolini Silveira, PhD, Developmental   Tarsha Harris, PhD, Immunology Justin Miller, PhD, Structural Biology1  Therapeutics2 Akshay Sharma, MD Amanda Jones, Diagnostic Imaging1

 Neurobiology Jessica M. Haverkamp, PhD, Infectious Diseases1 Sharnise N. Mitchell, PhD, Oncology BaoHan Vo, PhD, Tumor Cell Biology Jennifer Snaman, MD Nick Keeling, Pharmaceutical Sciences
Rebba Boswell-Casteel, PhD, Pharmaceutical  Robert Hazlitt, PhD, Developmental Neurobiology Priya Mittal, PhD, Oncology Stefanie Vuotto, PhD, Epidemiology & Cancer Control1 Jessica M. Valdez, MD Mahesh Kodali, Oncology
 Sciences Bradlee Heckmann, PhD, Immunology Amandine Molliex Palud, PhD, Cell & Molecular  Bradley Walters, PhD, Developmental Neurobiology1 Caitlin Zebley, MD Anna Lee, Cell & Molecular Biology
Jill Bouchard, PhD, Structural Biology Andres A. Herrada Hidalgo, PhD, Immunology  Biology1 Bo Wang, PhD, Pathology Victoria Liddle, Oncology
John Bowling, PhD, Chemical Biology & Therapeutics Daniel J. Hiler, PhD, Developmental Neurobiology1 Baisakhi Mondal, PhD, Cell & Molecular Biology Lu Wang, PhD, Developmental Neurobiology PEDIATRIC INFECTIOUS DISEASES FELLOWS Jock Lillard, Surgery
David Boyd, PhD, Immunology Wan-Ling Ho, MD, PhD, Developmental Neurobiology Antonio Morales-Hernandez, PhD, Hematology Edmond R. Watson, PhD, Structural Biology Kenice Ferguson-Paul, MD1 Brandon Lowe, Pathology
Benoit Briard, PhD, Immunology Joseph Holtrop, PhD, Diagnostic Imaging Takaya Moriyama, MD, PhD, Pharmaceutical Sciences Marie V. Wehenkel, PhD, Immunology Timothy Flerlage, MD Meghan Meadows, Hematology1

R. John Brooke, PhD, Epidemiology & Cancer Control Erin S. Honsa, PhD, Infectious Diseases1 Ardiana Moustaki, PhD, Immunology Jun Wei, PhD, Immunology Maria Garcia Fernandez, MD Joseph Mertz, Structural Biology1

Tyler Broussard, PhD, Infectious Diseases1 Laura Hover, PhD, Developmental Neurobiology Sovanlal Mukherjee, PhD, Radiation Oncology1 Michael White, PhD, Structural Biology Patrick Gavigan, MD David Moquin, Infectious Diseases1

Nicholas G. Brown, PhD, Structural Biology Liam Hunt, PhD, Developmental Neurobiology Brett Mulvey, PhD, Developmental Neurobiology Juwina Wijaya, PhD, Pharmaceutical Sciences Sarah Habbal, MD Alex Mugengana, Chemical Biology & Therapeutics
Victoria Bryant, PhD, Pathology Jung Won Hyun, PhD, Biostatistics Hilmarie Muniz-Talavera, PhD, Developmental  Brett J. Winborn, PhD, Cell & Molecular Biology1 Diego Hijano, MD Rina Nishii, Pharmaceutical Sciences
Amit Budhraja, PhD, Cell & Molecular Biology Ilaria Iacobucci, PhD, Pathology2  Neurobiology David Woessner, PhD, Pathology Nicholas Hysmith, MD1 Mingming Niu, Structural Biology
Laura Buttrum, PhD, Infectious Diseases Carolyn Jablonowski, PhD, Pathology Sivaraman Natarajan, PhD, Oncology Sook-San Wong, PhD, Infectious Diseases Sheena Mukkada, MD Courtney Nordhus, Clinical Nutrition1

Cristel V. Camacho, PhD, Genetics Jamie A. Jarusiewicz, PhD, Chemical Biology &   Crystal Neely, PhD, Infectious Diseases1 Lara Megan Wood, PhD, Developmental Neurobiology Sanne Noort, Oncology
Angela K. Carrillo Alocen, PhD, Chemical Biology &   Therapeutics Thanh-Long Nguyen, PhD, Immunology Chang-Chih Wu, PhD, Developmental Neurobiology2 PEDIATRIC SURGERY ONCOLOGY FELLOWS  Christina Oikonomou, Tumor Cell Biology
 Therapeutics2 Jianqin Jiao, PhD, Developmental Neurobiology Jacquieline Norrie, PhD, Developmental Neurobiology Huiyuan Wu, PhD, Developmental Neurobiology1 Hafeez Abdelhafeez, MD Taren Ong, Developmental Neurobiology
Weirui Chai, PhD, Chemical Biology & Therapeutics1 Pedro Jimenez Bluhm, DVM, PhD, Infectious Diseases Peter Oladimeji, PhD, Chemical Biology & Therapeutics Kuen-Phon Wu, PhD, Structural Biology Aaron Seims, MD1 Aurora Peck, Infectious Diseases
Nicole Chapman, PhD, Immunology Jenny Johnson, PhD, Immunology Rachelle R. Olsen, PhD, Oncology Hui Xiao, PhD, Developmental Neurobiology1 Lisa VanHouwelingen, MD Gregory Phelps, Chemical Biology & Therapeutics
Ping-Chung Chen, PhD, Structural Biology Michael D. L. Johnson, PhD, Immunology1 Tanushree Pandit, PhD, Cell & Molecular Biology Peng Xu, PhD, Hematology Philippe Pihan, Immunology1

Pei-Hsin Cheng, PhD, Surgery Barbara M. Jonchere, MD, PhD, Tumor Cell Biology Jun Young Park, PhD, Developmental Neurobiology Rajesh K. Yadav, PhD, Pathology PHARMACOGENETICS RESIDENTS Lee Pribyl, Genetics
Milu T. Cherian, PhD, Chemical Biology &   Drew R. Jones, PhD, Structural Biology1 Jung Mi Park, PhD, Cell & Molecular Biology Masaya Yamaguchi, PhD, Structural Biology Jennifer Hockings, PharmD, PhD Spencer Richardson, Immunology1

 Therapeutics Zachary Jones, PhD, Pharmaceutical Sciences Philippe Pascua, PhD, Infectious Diseases Peiguo Yang, PhD, Cell & Molecular Biology Amy Pasternak, PharmD1 Aaryani Sajja, Diagnostic Imaging
Philip T. Cherian, PhD, Chemical Biology &   Bhaskar Kahali, PhD, Bone Marrow Transplantation &   Yogesh Patel, PhD, Pharmaceutical Sciences1 Seung Wook Yang, PhD, Cell & Molecular Biology Yandira Gabriela Salinas, Chemical Biology &   
 Therapeutics1  Cellular Therapy Iwona M. Pawlikowska, PhD, Biostatistics1 Xiaoyang Yang, MD, PhD, Developmental   PHARMACY RESIDENTS  Therapeutics1

Yin Ting Celyna Cheung, PhD, Epidemiology &  Halime Kalkavan, MD, Immunology Rhiannon Penkert, PhD, Infectious Diseases  Neurobiology Jon T. Fannin, PharmD1 Candace Sapp, Clinical Nutrition1

 Cancer Control Marcin Kaminski, PhD, Immunology Farrah Phillips, PhD, Immunology Daisuke Yoneoka, PhD, Epidemiology & Cancer  Nicholas Lockhart, PharmD Hao Shi, Immunology
Claiborne Christian, PhD, Hematology Bryan S. Kaplan, PhD, Infectious Diseases1 Timothy N. Phoenix, PhD, Developmental    Control Melissa Quinn, PharmD2 Aman Singh, Chemical Biology & Therapeutics 
Evan Comeaux, PhD, Pathology Rajendra Karki, PhD, Immunology  Neurobiology1 Makoto Yoshida, PhD, Bone Marrow Transplantation &  Deni Trone, PharmD, PhD Geetika Singh, Structural Biology
Valerie Cortez, PhD, Infectious Diseases Erik A. Karlsson, PhD, Infectious Diseases2 Aaron M. Pitre, PhD, Pharmaceutical Sciences2  Cellular Therapy1 Casey Smith, Surgery
Hongmei Cui, PhD, Chemical Biology & Therapeutics Peer Karmaus, PhD, Immunology David Place, PhD, Immunology Hiroki Yoshihara, MD, PhD, Pathology PHARMACY–MEDICATION SAFETY RESIDENTS Elizabeth Traxler, Hematology
Maxime Cuypers, PhD, Structural Biology Colin C. Kietzman, PhD, Infectious Diseases Kristine Faye Pobre, PhD, Tumor Cell Biology Shanshan Yu, PhD, Structural Biology Calvin Daniels, PharmD, PhD2 Alexander Uptain, Developmental Neurobiology
Erich Damm, PhD, Hematology Hyunsuh Kim, PhD, Infectious Diseases Gregory Poet, PhD, Tumor Cell Biology Anthony Zamora, PhD, Immunology Dagny Ulrich, PharmD, PhD Garrett Venable, Surgery1

Neha Das Gupta, PhD, Developmental Neurobiology Nam Chul Kim, PhD, Cell & Molecular Biology Amir Pourmoghaddas, PhD, Radiation Oncology Mark P. Zanin, PhD, Infectious Diseases Robert Vestal, Diagnostic Imaging1

Prakash Devaraju, PhD, Developmental Neurobiology Lee Ann King Jolly, PhD, Pharmaceutical Sciences Eleanor M. Pritchard, PhD, Chemical Biology &  Stephen Zano, PhD, Infectious Diseases1 PHYSICIAN-SCIENTIST TRAINING PROGRAM Xinyu von Buttlar, Oncology
Kaushik Dey, PhD, Structural Biology Sajjan Koirala, PhD, Cell & Molecular Biology  Therapeutics1 Maged Helmy Abdalla Zeineldin, MD, PhD,   FELLOWS Megan Walker, Hematology
Suresh Dharuman, PhD, Chemical Biology &   Regina M. Kolaitis, PhD, Cell & Molecular Biology Jennifer Pryweller, PhD, Diagnostic Imaging1  Developmental Neurobiology Thomas Alexander, MD Kirby Wallace, Oncology
 Therapeutics Elena A. Kozina, PhD, Developmental Neurobiology1 Melissa Puppa, PhD, Developmental Neurobiology1 Hu Zeng, PhD, Immunology2 Cristyn Branstetter, MD1 Hong Wang, Structural Biology
Larissa Dias da Cunha, PhD, Immunology David Krist, PhD, Structural Biology Xiaopeng Qi, PhD, Immunology1 Chen Zhang, PhD, Chemical Biology & Therapeutics1 Seth Karol, MD2 Amber Ward, Pathology
Christopher P. Dillon, PhD, Immunology1 Jan Kullmann, PhD, Developmental Neurobiology1 Maoxiang Qian, PhD, Pharmaceutical Sciences Hui Zhang, MD, PhD, Pharmaceutical Sciences Amanda Linz, MD Jenny Weon, Clinical Nutrition
Binbin Ding, PhD, Immunology Amit Kumar, PhD, Cell & Molecular Biology Shuai Qiao, PhD, Structural Biology Peipei Zhang, PhD, Cell & Molecular Biology Edward Wiley, Infectious Diseases1

Vernon J. Dodson, PhD, Infectious Diseases1 Gyanendra Kumar, PhD, Structural Biology2 Yu Qiu, PhD, Structural Biology Fei Zheng, PhD, Developmental Neurobiology PSYCHOLOGY FELLOWS Rachael Wood, Tumor Cell Biology
Phillip Doerfler, PhD, Hematology Jeeba Kuriakose, PhD, Infectious Diseases Giovanni Quarato, PhD, Immunology Janet Huimei Zheng, PhD, Structural Biology Jennifer Allen, PhD2 Kaitly Woodard, Hematology
Pranay Dogra, PhD, Immunology Teneema Kuriakose, PhD, Immunology Mamta Rai, PhD, Developmental Neurobiology Wenting Zheng, PhD, Pathology Lauren Cox, PhD Charles Wright, Chemical Biology & Therapeutics
Yiannis Drosos, PhD, Oncology Lalit Kumar, PhD, Infectious Diseases Joseph S. Ramahi, PhD, Infectious Diseases1 Danielle Graef, PhD1 Tianhua Wu, Pathology
Catherine Drummond, PhD, Oncology Casey Langdon, PhD, Oncology Pilar Ramos, PhD, Oncology CLINICAL FELLOWS Paige Lembeck, PhD Yinan Wu, Structural Biology1

Xingrong Du, PhD, Immunology Jon D. Larson, PhD, Developmental Neurobiology Anisha Rathi, PhD, Cell & Molecular Biology Kristin Niel, PhD Sri Yalamanchi, Biostatistics1

Susu Duan, PhD, Immunology Christophe Laumonnerie, PhD, Developmental Neurobiology Raju Rayavarapu, PhD, Cell & Molecular Biology BONE MARROW TRANSPLANTATION & CELLULAR Justin Williams, PhD Xue Yang, Cell & Molecular Biology
Laura Eadie, PhD, Pathology Wanda S. Layman, PhD, Developmental Neurobiology Jana Raynor, PhD, Immunology THERAPY FELLOWS Ranran Zhang, Pharmaceutical Sciences1

Haley Echlin, PhD, Infectious Diseases Christophe Lechauve, PhD, Hematology2 Delira F. Robbins, PhD, Chemical Biology &   Jessie Barnum, MD1 RADIATION ONCOLOGY FELLOWS Xujie Zhao, Pharmaceutical Sciences
Rabeh Elshesheny, PhD, Infectious Diseases Kyung-Ha Lee, PhD, Cell & Molecular Biology1  Therapeutics1 Deepakbabu Chellapandian, MD Charu Singh Henson, MD, PhD Yumei Zheng, Structural Biology
Tae-Yeon Eom, PhD, Developmental Neurobiology Bofeng Li, PhD, Pathology Diego A. Rodriguez Gonzalez, PhD, Immunology Esther Knapp, MD1 Derek Tsang, MD Qifan Zhu, Immunology
Megan Ericson, PhD, Infectious Diseases Yanfeng Li, PhD, Chemical Biology & Therapeutics Ricardo Rodriguez-Enriquez, PhD, Cell & Molecular  Aimee Talleur, MD2

Noelia A. Escobedo Marambio, PhD, Genetics Yuxin Li, PhD, Structural Biology2  Biology GRADUATE RESEARCH SCHOLARS 
Myron Evans, PhD, Developmental Neurobiology Swantje Liedmann, PhD, Immunology Hannah Rowe, PhD, Infectious Diseases CANCER SURVIVORSHIP FELLOWS Robert Autry, Pharmaceutical Sciences
Benjamin Evison, PhD, Chemical Biology &   Chengcheng Liu, PhD, Pharmaceutical Sciences Noah Roy, PhD, Developmental Neurobiology Malek Baassiri, MD1 Kheewong Baek, Structural Biology2

 Therapeutics Xueyan Liu, PhD, Biostatistics Marion Russier, PhD, Infectious Diseases Nicholas Phillips, MD, PhD Jacob Basham, Pathology
Zachary J. Faber, PhD, Pathology1 Yanling Liu, PhD, Computational Biology Farimah Salami, PhD, Diagnostic Imaging Daniel Bastardo Blanco, Immunology
Thomas Fabrizio, PhD, Infectious Diseases Yiwei Liu, PhD, Pharmaceutical Sciences Parimal Samir, PhD, Immunology NEURO-ONCOLOGY FELLOWS William Bodeen, Cell & Molecular Biology
Slim Fellah, PhD, Diagnostic Imaging Yu Liu, PhD, Computational Biology Kesavardana Sannula, PhD, Immunology Dima Hamideh, MD Kimberly Boone, Clinical Nutrition1

Ruopeng Feng, PhD, Hematology Lip Nam Loh, PhD, Infectious Diseases Jordy Saravia, PhD, Immunology Santhosh Upadhyaya, MD2 Christopher Trent Brewer, Chemical Biology &   
Maheen Ferdous, PhD, Hematology1 Ogheneochukome Lolodi, PhD, Chemical Biology &   Mohona Sarkar, PhD, Cell & Molecular Biology Anna Vinitsky, MD2  Therapeutics

 Therapeutics Shobhit Saxena, PhD, Hematology
1No longer at St. Jude

2Promoted to staff position
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These volunteers served on the Board of Governors of St. Jude Children’s Research Hospital 
during 2016. Officers are indicated by the titles under their names.

BOARD OF GOVERNORS EXECUTIVE COMMITTEE

Joyce A. Aboussie Christopher B. George, MD Michael C. Simon James R. Downing, MD, Chair Melissa M. Hudson, MD Leslie R. Robison, PhD
President and Chief Executive Officer Oncology Chair, Epidemiology & Cancer Control

Salem A. Abraham1 Judy A. Habib Paul J. Simon
Suzanne J. Baker, PhD Pat Keel, MHA Carlos Rodriguez-Galindo, MD

Susan Mack Aguillard, MD Gabriel Haddad, MD Tony Thomas Developmental Neurobiology Senior Vice President Executive Vice President
 Secretary Chief Financial Officer Chair, Department of Global Pediatric Paul K. Hajar Richard M. Unes James M. Boyett, PhD1 MedicineMahir R. Awdeh, MD

Charles C. Hajjar Paul H. Wein, Esq Chair, Biostatistics Larry E. Kun, MD3 Director, St. Jude Global
Joseph S. Ayoub Jr, Esq Executive Vice President

Fouad M. Hajjar, MD Thomas C. Wertz Shari M. Capers, MBA, MHA Clinical Director Martine F. Roussel, PhD
Paul J. Ayoub, Esq Vice President, Strategic Planning & Interim Chair, Diagnostic Imaging Tumor Cell Biology

Frederick R. Harris Tama Zaydon Decision Support
Frederick M. Azar, MD Richard Lee, PhD4 Victor M. Santana, MD

Frederick R. Harris Jr, MD Andrew M. Davidoff, MD Interim Chair, Chemical Biology & Vice President, Clinical Trials 
James B. Barkate Chair, Surgery Therapeutics AdministrationBruce B. Hopkins OncologyMartha Perine Beard

J. David Karam II Robyn Diaz, JD Jonathan A. McCullers, MD Chair  Senior Vice President Chair, Pediatrics, University of Tennessee Brenda A. Schulman, PhD
Sheryl A. Bourisk Michael D. McCoy Chief Legal Officer Health Science Center Structural Biology Pediatrician-in-Chief, Le Bonheur 
Robert A. Breit, MD Robert T. Molinet Pam M. Dotson, RN, MBA, CNAA Children’s Hospital Charles J. Sherr, MD, PhD

Senior Vice President, Patient Care Infectious Diseases Chair, Tumor Cell Biology
Terry L. Burman James O. Naifeh Jr Services

Chief Nursing Officer Thomas E. Merchant, DO, PhD Ronald Smith, MHA 
Ann M. Danner Ramzi N. Nuwayhid Chair, Radiation Oncology Vice President, Scientific Operations

Sherry Day2 Thomas J. Penn III Michael A. Dyer, PhD
Chair, Developmental Neurobiology James I. Morgan, PhD Deo Kumar Srivastava, PhD Epsilon Sigma Alpha    

Camille F. Sarrouf Jr, Esq Executive Vice President Interim Chair, Biostatistics  representative
 Vice Chair David W. Ellison, MD, PhD Scientific Director

Joseph M. DeVivo Chair, Pathology J. Paul Taylor, MD, PhD
Richard C. Shadyac Jr, Esq3 Charles G. Mullighan, MBBS(Hons), Chair, Cell & Molecular Biology

James R. Downing, MD3 Patricia M. Flynn, MD MSc, MD
Joseph C. Shaker St. Jude President and CEO Senior Vice President Pathology Elaine I. Tuomanen, MD

Interim Clinical Director2 Chair, Infectious DiseasesJoseph G. ShakerFred P. Gattas III, PharmD Interim Chair Bone Marrow Alberto S. Pappo, MD
George A. Simon II Transplantation & Cellular Therapy Oncology Mitchell J. Weiss, MD, PhD

Ruth C. Gaviria Director, Translational Trials Unit Chair, Hematology
Keith Perry, MBA

Amar J. Gajjar, MD Senior Vice President Stephen W. White, DPhil
Co-Chair, Oncology Chief Information Officer Chair, Structural Biology
Chair, Pediatric Medicine

Sean Phipps, PhD Barry Whyte, PhDEMERITUS MEMBERS
Terrence L. Geiger, MD, PhD Chair, Psychology Vice President, Communications & Public 

Thomas G. Abraham Senior Vice President RelationsSam F. Hamra, Esq David B. Nimer
Deputy Director for Academic and Ching-Hon Pui, MDJack A. Belz Theodore J. Hazer Talat M. Othman Biomedical Operations Chair, Oncology Jinghui Zhang, PhD

Stephen J. Camer, MD Joseph G. Hyder Manal B. Saab Pathology Chair, Computational Biology
V. Reo Campian Joseph D. Karam, Esq Camille F. Sarrouf Sr, Esq Mary Anna Quinn
Joseph G. Cory, PhD Richard J. Karam, Esq Frederick W. Smith Douglas R. Green, PhD Executive Vice President 
Leslie S. Dale Chair, Immunology Chief Administrative OfficerJames A. Kinney Ronald A. Terry
Lewis R. Donelson III, Esq Salli E. LeVan Terre Thomas Gerard C. Grosveld, PhD Mary V. Relling, PharmD
Edward M. Eissey, PhD Donald G. Mack, MD Pat Kerr Tigrett Chair, Genetics Chair, Pharmaceutical Sciences
George Elias Jr, Esq George M. Maloof, Esq Robert P. Younes, MD
Hasan M. Elkhatib Paul J. Marcus Ramzi T. Younis, MD R. Kiplin Guy, PhD1 Charles W. M. Roberts, MD, PhD
Fred P. Gattas Jr, Esq Chair, Chemical Biology & Therapeutics Executive Vice PresidentJames O. Naifeh Sr

Director, Comprehensive Cancer Center

1No longer a member 
2Nonelected member 1No longer at St. Jude

3Ex officio voting member 2July–December, 2016
3Emeritus

4October–December, 2016
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This panel of physicians and scientists, serving during 2016, fostered the institution’s development 
through discussion with faculty members, reports to the Board of Governors, and advice to the 
President and CEO on scientific and clinical research directions.

SCIENTIFIC ADVISORY BOARD

Michael P. Link, MD, Chair Jennifer A. Pientenpol, PhD

Lydia J. Lee Professor of Pediatrics Benjamin F. Byrd Jr. Endowed Professor of Oncology

Division of Pediatric Hematology/Oncology Professor of Biochemistry, Cancer Biology, and Otolaryngology

Stanford University School of Medicine Director, Vanderbilt-Ingram Cancer Center 

Lucile Packard Children’s Hospital Executive Vice President for Research
Vanderbilt University School of Medicine

Theodore S. Lawrence, MD, PhD, Vice Chair
Isadore Lampe Professor and Chair, Department of Radiation Raphael E. Pollock, MD, PhD

Oncology Professor and Director, Division of Surgical Oncology

University of Michigan Medical School Vice Chairman for Clinical Affairs, Department of Surgery

Member, Institute of Medicine of the National Academies Surgeon-in-Chief, James Comprehensive Cancer Center
Surgeon-in-Chief, The Ohio State University Health System

Benjamin F. Cravatt, III, PhD
Professor and Chair, Department of Chemical Physiology Aviv Regev, PhD

The Scaggs Institute for Chemical Biology Investigator, Howard Hughes Medical Institute

The Scripps Research Institute Professor, Department of Biology
Massachusetts Institute of Technology

Patricia A. Ganz, MD Core Member and Chair of the Faculty

Distinguished Professor of Health Policy and Management Director, Cell Circuits Program and Klarman Cell Observatory

UCLA Fielding School of Public Health Broad Institute

UCLA David Geffen School of Medicine
Director, Cancer Prevention & Control Research David H. Rowitch, MD, PhD, ScD

Jonsson Comprehensive Cancer Center Professor and Head of Paediatrics 

University of California, Los Angeles Wellcome Trust Senior Investigator

Member, Institute of Medicine of the National Academies Wellcome Trust–MRC Cambridge Stem Cell Institute
University of Cambridge

David P. Harrington, PhD
Professor, Department of Biostatistics and Computational Biology Michel W. Sadelain, MD, PhD

Dana-Farber Cancer Institute Stephen and Barbara Friedman Chair

Professor of Biostatistics Director, Center for Cell Engineering

Harvard TH Chan School of Public Health Memorial Sloan-Kettering Cancer Center

Member, Institute of Medicine of the National Academies
Joseph W. St. Geme III, MD

Mignon Lee-Cheun Loh, MD Leonard and Madlyn Abramson Professor of Pediatrics and 

UCSF Benioff Chair of Children’s Health Microbiology

Deborah and Arthur Ablin Endowed Chair in Pediatric Molecular Perelman School of Medicine, University of Pennsylvania

Oncology Physician-in-Chief and Chair, Department of Pediatrics 

Division Chief, Hematology/Oncology The Children’s Hospital of Philadelphia

University of California Benioff Children’s Hospital Member, Institute of Medicine of the National Academies

University of California, San Francisco

Ellis J. Neufeld, MD, PhD
Egan Family Foundation Professor in Transitional Medicine 
Harvard Medical School
Medical Director, Boston Hemophilia Center
Dana-Farber/Boston Children’s Cancer and Blood Disorders 
Center
Associate Chief, Division of Hematology/Oncology
Boston Children’s Hospital
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OPERATIONS

Operating expenses1    $808.8 million

Number of employees2  4922

RESEARCH STATISTICS 

Grant funding1   $98.7 million

Peer-reviewed original research publications   779

Faculty members   261

Postdoctoral fellows   302

Clinical residents and fellows3  205

Graduate research scholars   83

CLINICAL STATISTICS 

Number of beds4   66

Outpatient encounters5   308,386

Inpatient admissions   3395

Total inpatient days   19,188

Patients enrolled on therapeutic trials  1055

Patients enrolled on nontherapeutic trials   7812 

  5875 on prospective trials 

  1937 on tissue-banking protocols

Number of protocols open to accrual in 2016  420

Number of active therapeutic trials   222

Number of active nontherapeutic trials   198 

  6 prospective trials 

  192 tissue-banking protocols

OPERATIONS & STATISTICS

1Data represents the period July 1, 2015 – June 30, 2016.
2Data is from July 1, 2016.

3Data includes 67 full-time St. Jude fellows and 138 rotating fellows from the University of Tennessee Health Science Center or other medical schools.
4Data represents the number of beds in use. St. Jude is licensed for 80 beds.

5Data represents the total number of ambulatory or ancillary encounters not daily visits.
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To cure one child at St. Jude is to cure 
countless children worldwide.
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