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Zooming in on the cell biology of disease
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ABSTRACT Today'’s cell biology could be considered a fusion of disciplines that blends ad-
vanced genetics, molecular biology, biochemistry, and engineering to answer fundamental as
well as medically relevant scientific questions. Accordingly, our understanding of diseases is
greatly aided by an existing vast knowledge base of fundamental cell biology. Gunter Blobel
captured this concept when he said, “the tremendous acquisition of basic knowledge will al-
low a much more rational treatment of cancer, viral infection, degenerative disease and men-
tal disease.” In other words, without cell biology can we truly understand, prevent, or effec-

tively treat a disease?
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INTRODUCTION

It is an honor to receive the Gunter Blobel Early
Career Award from the American Society for Cell
Biology. | consider myself a cancer cell biologist,
having trained in both cancer and cell biology labs.
| have valued the opportunity to merge these two
identities over the course of my career in an effort
to better understand the fundamental principles
that drive cancer cell growth, spread, and resis-
tance to drugs that should normally kill cancer
cells. A long-standing interest has been to study
these complicated processes at the organelle
level. That is, how do changes in the individual
parts influence the behavior and fate of the cell as
a whole? Cancer, and all its complexities, has
served as an exciting, sometimes confusing, but
always intriguing “model system” to explore these
questions.

A TALE OF TWO WORLDS
Just as the study of cell biology increases our ability to understand
disease, diseased cells have long served as important tools for un-
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covering novel cell biology. Consider the myriad of
studies on how invading pathogens subvert host
cell defenses to establish a symbiotic albeit tempo-
rary residence. Understanding how a pathogen is
able to rewire a particular circuit can reveal a lot
about the circuit itself. Unsurprisingly, the study of
invading pathogens has helped to establish basic
concepts in endocytosis, membrane trafficking, or-
ganelle function, and membrane repair (Asrat
et al., 2014; Welch, 2015; Helenius, 2018). Other
disease states can also teach us about fundamen-
tal cellular programs that maintain organelle ho-
meostasis, nutrient balance, signal transduction,
regulated growth, and death.

Many diseases, including cancer, arise from ge-
netic alterations that initiate a chain reaction of
events resulting in aberrant cell behavior (Hanahan
and Weinberg, 2011; Dancey et al., 2012). To gain a complete pic-
ture of how a diseased cell subsequently evolves, it is important to
also consider the cell biological changes that arise downstream of a
disease mutation. As an honors and graduate student at the Univer-
sity of Melbourne and the Ludwig Institute for Cancer Research in
Australia, my first foray into science was to explore how specific
genetic mutations in glioblastoma cells—the most lethal cancer of
the brain—endows them with extraordinary growth and survival ca-
pabilities, while simultaneously imposing unique vulnerabilities that
can be exploited therapeutically. Working on a project that had
clear implications for how patients might be treated in the future
was particularly appealing to me as a young trainee. | distinctly re-
member observing how treatment of mice with experimental thera-
pies targeting cancer-specific mutant proteins led to a dramatic
shrinkage of tumors over time. However, | also noticed that some
drugs didn't have the same antigrowth effects despite being closely
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related to the more effective drug. At that time, | didn't know how
to “zoom in” and uncover what was happening within a cell. This
ignited a curiosity that would take me across the world to study how
cells function.

I was fortunate to spend part of my graduate studies at Yale Uni-
versity in the laboratories of Derek Toomre and Pietro De Camilli
(winner of this year’s E. B. Wilson Medal). It is here that | discovered
the power of cell biology and live cell microscopy and learned how
to piece together the inner workings of the cell. Pietro and Derek’s
labs were pioneering state-of-the-art methods to track endocytosis
in living cells in real time—an endeavor that was of particular interest
to many in the cell biology community at the time. Our specific goal
was to study how dynamic recruitment of key lipid kinases and phos-
phatases to the plasma membrane reshapes its phosphoinositide
composition, which in turn orchestrates the many interlocking steps
of endocytosis, subsequent intracellular trafficking, and the signaling
intensity of growth factor receptors. As with my experiences observ-
ing tumors shrinking before my eyes, | was now observing the inner
workings of cells in real time. It was an exhilarating period during
which | gained a vast amount of knowledge, learned how to ask
good questions, and effectively “grew up” as a scientist. Armed with
this new expertise, | felt | was finally ready to tackle that nagging
question that remained with me: what makes cancer cells so resilient
and stealthy? Are they simply better than a normal cell at executing
the same programs, or do they possess fundamentally different pro-
grams that have yet to be fully understood? A move to Boston al-
lowed me to explore these ideas and merge my cancer and cell biol-
ogy worlds to tackle a complicated and deadly disease.

A MERGING OF FIELDS

Pancreatic ductal adenocarcinoma (PDA) is the most lethal cancer of
the pancreas and remains one of the biggest challenges in cancer
biology and clinical care. In 2021, more than 60,000 patients will be
diagnosed with PDA in the United States (Siegel et al., 2021) and,
despite important progress in treatment and management, long-
term survivors are rare, with only 10% of diagnosed patients surviv-
ing 5 years (Siegel et al., 2021). By 2040 PDA will become the sec-
ond leading cause of cancer-related deaths among men and women
(Rahib et al., 2021). As with many diseases, the genetics of PDA is
well known—activating mutations in the small GTPase KRAS are
near universal in these tumors and trigger a cascade of downstream
events that contribute to the aggressive nature of the disease (Ying
et al., 2016). In the early 2000s the development of several geneti-
cally engineered mouse models of PDA that faithfully recapitulate
aspects of the human disease provided an unprecedented ability to
study its spatial and temporal evolution in a living host (Aguirre
et al., 2003; Hingorani et al., 2003, 2005; Bardeesy et al., 2006;
Guerra et al., 2007). From here, studies into the cellular biology of
PDA accelerated. | was conducting postdoctoral studies in the lab of
Nabeel Bardeesy—an expert in the genetics and biology of PDA—
at Massachusetts General Hospital in Boston when two seminal pa-
pers published in 2011 by the laboratories of Alec Kimmelman and
Eileen White showed that autophagy—a highly conserved intracel-
lular trafficking and recycling pathway—was constitutively activated
in KRAS mutant pancreatic and lung cancer cells, respectively (Guo
et al, 2011; Yang et al., 2011). Importantly, these studies deter-
mined that shutting down autophagy or the lysosome—the essen-
tial catabolic organelle that serves as the final step in the autophagy
cascade—was sufficient to block tumor growth. From here, new
questions arose: how does constitutive activation of the autophagy-
lysosome pathway occur in cancer cells, and why is pathway hyper-
activation necessary for tumor progression?
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Concurrent with these studies, Andrea Ballabio made the critical
discovery that activation of autophagy and lysosome biogenesis
was a highly regulated process controlled by a family of master tran-
scription factors known as the MiT/TFE proteins (Sardiello et al.,
2009; Palmieri et al., 2011; Settembre et al., 2011). This discovery
turned on its head the old notion that cellular catabolism occurs
constitutively and recast autophagy and lysosomes as a highly inte-
grated system that recognizes and responds to many diverse stimuli
and stressors both within and from outside the cell. The eureka mo-
ment for me came when | found that the MiT/TFE factors were over-
expressed in PDA cells along with a majority of their target genes,
which encode key components of lysosomes and the autophagy
machinery. | remember bringing my preliminary findings and ideas
to Nabeel and explaining what | thought might be uniquely occur-
ring in PDA cells. Nabeel immediately saw the implications of this
observation and gave me full freedom and unfettered support to
pursue this line of investigation. In this moment my two identities as
a cancer biologist and a cell biologist helped me to piece together
an unsolved puzzle. In PDA the MIT/TFE factors were constitutively
trafficked into the nucleus, leading to hyperactivation of the autoph-
agy-lysosome program. Using electron microscopy, we were also
able to show that patient PDA tumors had >10-fold more lysosomes
compared with normal pancreas (Perera et al., 2015). Together,
these studies zooming in from tumors to cells to organelles were the
culmination of a journey to establish a scientific identity of my own
and formed the foundation of my future lab.

CANCER CELL BIOLOGY—A FOCUS ON THE LYSOSOME
The advent of new techniques and models often changes the way
we study cells and their individual parts. Along with two-dimensional
cultured cells, we now have access to patient-derived organoid cul-
tures and tissue specimens; the arrival of CRISPR has made the gen-
eration of genetically engineered animal models faster and more
efficient; major leaps in genetic sequencing and profiling at the
single-cell level has uncovered new cellular states and transitions
and improved methods to visualize, purify, and profile organelles as
unearthed new features and functions linked to a variety of cellular
contexts. My lab has utilized methods to rapidly purify our organelle
of choice—the lysosome—to answer a simple yet fundamental
question: are lysosomes in cancer cells different from those in nor-
mal cells? Through this endeavor, we have uncovered how the lyso-
some plays a central role in diverse cellular processes from regula-
tion of cancer cell metabolism to escape from immune cell-mediated
killing as well as the great lengths taken to protect this key organelle
against damage and dysfunction (Yamamoto et al., 2020; Gupta
etal., 2021). Through collaboration with colleagues, we have helped
to uncover how autophagy and lysosomes contribute to cellular dif-
ferentiation, exosome biogenesis, and nutrient sensing (Altshuler-
Keylin et al., 2016; Castellano et al., 2017; Kilinc et al., 2021). | be-
lieve that we have only scratched the surface when it comes to
understanding lysosome function, composition, biogenesis, and in-
teraction with other organelles in healthy and diseased states. | am
excited to continue this exploration with the hope that our collective
discoveries will unearth new concepts in cell biology and also inform
new strategies for combating deadly diseases.
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