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Title of Document: N-MYC DOWNSTREAM REGULATED
GENE 1 (NDRG1): A MOLECULAR
SWITCH FOR CELLULAR
ADAPTATION TO HYPOXIA

Jong Sung Park, Ph.D., 2021

Directed By: Rachel Brewster, Ph.D.,
Associate Professor
Department of Biological Sciences

University of Maryland, Baltimore County

Lack of oxygen (hypoxia and anoxia) is detrimental to cell function and survival and
underlies many disease conditions. Hence, metazoans have evolved mechanisms to adapt
to low oxygen. One such mechanism, metabolic suppression, decreases the cellular
demand for oxygen by downregulating ATP-demanding processes. However, the
molecular mechanisms underlying this adaptation are poorly understood. Here, we report
on the role of ndrgla in hypoxia adaptation of the anoxia-tolerant zebrafish embryo.

ndrgla is expressed in the kidney and ionocytes, cell types that use large amounts of ATP



to maintain ion homeostasis. ndrgl/a mutants are viable and develop normally when
raised under normal oxygen. However, their survival and kidney function is reduced
relative to WT embryos following exposure to prolonged anoxia. We further demonstrate
that Ndrgla binds to the energy-demanding sodium-potassium ATPase (NKA) pump
under anoxia and is required for its degradation. Consequently, ndrg/a mutants that fail
to downregulate NKA, have reduced ATP levels compared to WT embryos. Lastly, we
show that sodium azide treatment, which increased lactate levels, was sufficient to trigger
Ndrgla-NKA degradation. These findings support a model whereby Ndrgla functions as

a molecular switch for long term adaptation to hypoxia via metabolic suppression.
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CHAPTER 1: INTRODUCTION

1. Life and oxygen: Origin of oxygen on earth

When earth formed approximately 4.5 billion years ago, its atmosphere was anoxic
(devoid of oxygen) (Manhesa et al. 1980; Lindahl, 2008). Oxygen began to accumulate as
ancestors of cyanobacteria evolved to generate this element through the process of
photosynthesis (Figure 1.1. Earth’s geological time scale and oxygen concentration)
(Cardona et al. 2015). These oxygen-producing organisms are thought to have evolved
about 2.45 billion years ago (Tomitani et al. 2006). The newly synthesized oxygen
accumulated at high levels in earth's atmosphere and transformed it into an oxidizing
environment (Sosa Torres et al. 2015). This event led to the extinction of many existing
species (Hodgskiss et al. 2019) and was essential to the development of multicellular

organisms (Gross and Bhattacharya 2010).
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Figure 1.1. Earth’s geological time scale and oxygen concentration. When earth was
first formed 4.5 billion years ago, there was little to no oxygen present. The increase in

oxygen concentration began as the ancestors of cyanobacteria developed the process of
photosynthesis to generate oxygen. Image from Lindahl, 2008.



1.1. Role of oxvygen in cellular metabolism

The increase in oxygen initiated an evolutionary race for the survival of the existing
anoxic life, which took place over a period of 2 billion years and resulted in the current
oxic life forms. Oxygen now comprises approximately 21% of atmospheric gas and
serves as a critical molecule for the majority of life forms on earth. Specifically, oxygen
serves as the terminal electron acceptor in the electron transport chain. In addition, it is
used as a proximal signal in several molecular pathways, such as the well described

stabilization of the hypoxia inducible factor.

1.1.1 Cellular respiration and oxidative phosphorylation

One of the important roles of oxygen in cellular metabolism is its participation in the
oxidative phosphorylation step of cellular respiration. Cellular respiration is a set of
biochemical reactions that are coupled together to transform macromolecules into the
cell’s energy currency, i.e. adenosine triphosphate (ATP). Briefly, cellular respiration
consists of four major steps. The first step is glycolysis, during which glucose is broken

down via various enzymatic reactions to form pyruvate (Figure. Overview of

glycolysis).
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Figure 1.2. Overview of glycolysis. Following intake, glucose is processed by enzymes
in the glycolysis pathway, resulting in the production of pyruvate molecules. Hexokinase
(HK) and 6-phosphofructo-1-kinase (6PKF1), which phosphorylate glucose, are the rate

limiting steps. DHAP: Dihydroxyacetone phosphate ,TCA: tricarboxylic acid cycle .
Image from Guo et al., 2012.



The second step involves the transportation of pyruvate molecules derived from
glycolysis into the mitochondrial matrix and their conversion into acetyl CoA, a non-
reversible reaction. During the third step, known as the citric acid or Krebs cycle, acetyl
CoA molecules are used as building blocks to produce citric acid in the mitochondrial
matrix. Lastly, oxidative phosphorylation occurs on the inner membrane of the
mitochondria via the transport of electrons derived from acetyl CoA through the electron
transport chain, ultimately resulting in the production of ATP. This last step requires
oxygen, which serves as the terminal electron acceptor of cytochrome c oxidase (complex
IV) (Figure 1.3. Oxygen is the terminal electron acceptor in the electron transport
chain) (Carreau et al. 2011; Ramsden et al. 2012; Rich, 2003). Oxidative
phosphorylation specifically refers to a two-part process, namely oxidation of NADH and

FADH?2, followed by a phosphorylation step to produce ATP.
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Figure 1.3. Oxygen is the terminal electron acceptor in the electron transport chain.
Oxygen accepts electrons at the site of cytochrome ¢ oxidase (complex IV) in the electron
transport chain. Image from Ramsden et al., 2012.



Oxidative phosphorylation is fueled with 3 NADH and 1 FADH2 molecules for
each turn of the citric acid cycle (glycolysis and pyruvate processing also generate
NADH for oxidative phosphorylation). NADH oxidation results in a donation of
electrons to protein complex I of the electron transport chain and the transport of protons
against their gradient, from the matrix to the intermembrane space. The electrons
received by protein complex I are transferred to another membrane-bound electron carrier
in the electron transport chain called ubiquinone or simply Q. FADH?2 oxidation and
electron transfer are different from that of NADH. FADH2 directly donates electrons to
Q via protein complex II and there is no associated hydrogen pumping with this process.
The electrons from NADH via complex I-Q and electrons from FADH2 via complex II-Q
are then transferred to protein complexes III and IV, which contribute to proton pumping
into the intermembrane space. This accumulation of protons, also referred to as proton
motive force (PMF), is how the cell stores the transformed energy from NADH and
FADH2. The PMF powers the FOF1-ATP synthase, which uses the proton gradient
energy to synthesize ATP. The FOF1-ATP synthase is composed of two main parts: F1
rotary knob structure, which contains catalytic subunit, and FO stalk structure, which has
a proton channel that spans the inner membrane of the mitochondria. The passage of
protons from the intermembrane space through the FO stalk structure feeds protons into
the catalytic rotary F1 knob structure. It takes about 3 protons through the F1 catalytic
rotary component of the ATP synthase to produce 1 ATP. Thus, via ATP synthase, the
PMF is coupled with the phosphorylation of ADP to make ATP via ATP synthase.

Lastly, electrons are transferred to oxygen, the final electron acceptor, at protein complex



IV of the electron transport chain. Therefore, without oxygen, oxidative phosphorylation

cannot occur and ATP is not synthesized.

1.1.2 Oxygen-mediated cellular signaling: reactive oxygen species (ROS)

As discussed above, oxygen plays a critical role in cellular respiration, specifically, in
oxidative phosphorylation where it serves as the terminal electron acceptor, allowing
ATP-synthesizing machinery to run. However, oxygen also plays a role in the formation
of reactive oxygen species and downstream cellular signaling. ROS was initially
considered a detrimental byproduct of cellular respiration, as the accumulation of ROS
can result in cellular damage and death. However, recent studies revealed that ROS plays
a central role in key signaling pathways in physiological adaptation and homeostasis
(Shadel and Hovath 2015).

In animal cells, there are several pathways in which ROS can be produced:
mitochondrial ROS production, P450-dependent ROS production, and immune cell ROS
production. For my thesis, [ will only discuss the ROS produced in the mitochondria as it
is the most relevant to my research focus. Mitochondrial ROS functions to regulate
sodium-potassium ATPase activity when oxygen levels are low (discussed in further
detail in section I1.3). Due to its high affinity for electrons, oxygen readily accepts free
electrons generated by the electron transport chain resulting in the production of ROS
such as superoxide anion (O2*-) , hydroxyl radical (HO*), and hydrogen peroxide
(H202) as byproducts (Devasagayam et al. 2004; Edreva 2005). Under optimal
conditions, the flow of electrons to complex IV in the inner membrane of mitochondria

results in the reduction of oxygen to water, a process that is coupled with ATP synthesis.



However, electrons can also react with oxygen prior to complex IV to form ROS if
oxygen levels change suddenly, such as during reperfusion or reoxygenation events
(Murphy 2009). In particular, complexes I and III are thought to be the main sites of
mitochondrial ROS production, although recent findings suggest that other protein
complexes in the mitochondria, including complex 11, can participate in the production of
ROS (Quinlan et al. 2013). It is possible that different sites of ROS production in the
mitochondria can produce different species and amounts of ROS, which in turn
participate in the physiological adaptation to changing environments (Figure 1.4.

Mitochondrial ROS signaling pathways).
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Figure 1.4. Mitochondrial ROS signaling pathways. Superoxide (oxygen-) can be
turned into hydrogen peroxide (H202) by SOD. The resulting H202 can cross the
mitochondrial membrane to induce signaling in the cytoplasm that can result in thiol
PTM, activation of redox relay proteins, redox-regulation of transcription factors and
histone modifiers. Furthermore, both superoxide and hydrogen peroxide can modify
molecules in the mitochondria to induce ROS-signaling. Image from Shadel and Horvath,
2015.
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Several studies have shown that these mitochondrial ROS are implicated in
signaling pathways that either extend or inhibit aging in both invertebrates and
vertebrates (Shulz et al. 2007; Weimer et al. 2014; Zarse et al. 2012; Dancy et al. 2014;
Hekimi et al. 2011; Ristow and Schmeisser, 2011). In addition, mitochondrial ROS are
implicated in other pathways including, but not limited to wound healing, intracellular pH
balance, and survival under hypoxia (Xu and Chisholm 2014; Johnson et al. 2012;

Schieber and Chandel, 2014).

II. Oxygen deprivation and hypoxia-induced responses

Oxygen deprivation results in decreased ATP levels via a reduction in oxidative
phosphorylation, which is most acutely experienced in organs with high metabolic
demands such as the brain, heart, and kidney. Hence it is not surprising that hypoxia
and/or ischemia (inadequate blood supply to an organ) related injuries such as stroke and
myocardial infarction cause major morbidity and mortality worldwide (Mozaffarian et al.
2016). Normal physiological oxygen levels in cells can be as low as 1.3% partial oxygen
pressure (Table 1.1. Values of normal physiological oxygen in different organs)
(Carreau et al. 2011) and hypoxia-induced adaptive responses are triggered when

physiological oxygen levels decrease below their normal threshold.
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p02

mmHg %
Air 160 21.1
Inspired air (in the tracheus) 150 19.7
Air in the alveoli 110 14.5
Arterial blood 100 13.2
Venous blood 40 513
Cell 9.9-19 1.3-2.5
Mitochondria <99 <13
Brain 338+26 4403
Lung 42.8 5.6
Skin (sub-papillary plexus) 352 +8 46 +1.1
Skin (dermal papillae) 24+64 32+08
Skin (superficial region) (el 11+04
Intestinal tissue 576 +23 76=*=03
Liver 406 =54 5407
Kidney 72 =20 95+26
Muscle 292 +18 3802
Bone marrow 489 +45 6406

Table 1.1. Values of normal physiological oxygen in different organs. Normal
physiological oxygen levels vary widely depending on the location and function of the
organs. Image from Carreau et al., 2011.
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These responses can vary widely among species, at different developmental
stages and among different tissue types within the same organism (Clegg, 1997;
Dinkelacker, Costanzo and Lee, 2005; Duerr and Podrabsky, 2010; Meller and
Podrabsky, 2013; Podrabsky and Wilson, 2016; Smith et al. 2009; Storey, 2007).
A common theme among organisms discussed below is the need to get rid of lactate build
up. Lactate is a byproduct of glycolysis and that it can build up when organisms are
deprived of oxygen for a long period. In turn, lactate causes acidosis, which is toxic to the
cell. Hence, hypoxia-tolerant organisms have evolved mechanisms to get rid of lactate.
Crucian carps (Carassius carassius) and goldfish (Carassius auratus) can survive without
oxygen for days to months while overwintering in ponds that can become hypoxic during
cold months (Vornanen, Stecyk, & Nilsson, 2009). These fish survive low oxygen
conditions (hypoxia) or even the anoxia by turning the byproduct of glycolysis, lactate,
into ethanol in skeletal muscle in order to continue to flux the glycolysis pathway and
prevent lactic acidosis (Figure 1.5. Lactate to ethanol pathway in the crucian carp

under hypoxia). Ethanol is secreted out of the fish through the gills.
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Figure 1.5. Lactate to ethanol pathway in the crucian carp under hypoxia. Ethanol is
produced in muscle cells while all other cells produce lactate when exposed to hypoxia.
The lactate molecules from other cells are turned into pyruvate in the muscle cell by
lactate dehydrogenase (LDH). Then, pyruvate is further converted into acetaldehyde by
pyruvate dehydrogenase (PDH). Finally, the acetaldehyde is turned into ethanol by
alcohol dehydrogenase (ADH), which is a special enzyme that is only found in the
muscle cells of crucian carp and closely related goldfish. Ethanol can easily diffuse
across the plasma membrane and it enters the bloodstream to be eventually secreted by
the gills. This process prevents the buildup of lactate and allows hypoxic glycolysis to
continue for an extended period in the crucian carp. Image from Vornanen et al., 2009.
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Furthermore, lamellae of the gill tissue protrude outward in response to hypoxia,
resulting in an increased respiratory surface area for increased oxygen uptake (Sollid,
2003). Another adaptive mechanism in crucian carp is the extremely high oxygen affinity
of haemoglobin (Stenslokken et al., 2014). In addition, these fish conserve ATP by
reducing brain activity using inhibitory neuromodulators, GABA and adenosine (Nilsson,
1991; Stenslekken et al., 2014).

Painted turtles (Chrysemys picta) are also known for their remarkable hypoxia
tolerance, surviving for several months trapped under ice or in anoxic mud (Jackson,
2002). This species allows a continuous flux of glycolysis by removing the excess
buildup of lactate under anoxia via storage and buffering of lactate in their shell and
skeleton (Jackson, 2004). Furthermore, painted turtles inhibit ion transporters to make
their plasma membranes impermeable, a process known as channel arrest (Pamenter et
al., 2008). Although channel arrest in neurons causes this organism to enter into a state of
coma, this process allows conservation of ATP and survival of the organism. Channel
arrest will be revisited in the Conclusion section of my thesis, as it may relate to Ndrgl
function. Furthermore, painted turtles, like crucian carps and goldfish, use adenosine and
GABA to downregulate neuronal activity (Buck, Hogg, Rodgers-Garlick, & Pamenter,
2012; Lutz & Leone-Kabler, 1995; Pék & Lutz, 1997; Pérez-Pinzon, Lutz, Sick, &
Rosenthal, 1993).

In contrast to these aquatic organisms, naked mole rats, which live underground
in dry and arid regions, survive anoxia by switching from glucose to fructose-mediated
glycolysis. Upregulation of GLUTS (a fructose transporter) and ketohexokinase allows

mole rats to use fructose to drive glycolysis and avoid feedback inhibition on
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phosphofructokinase due to lactic acidosis (Figure 1.6. GLUTS up-regulation and
ketohexokinase allow mole rats to use fructose to drive glycolysis and avoid

feedback inhibition on phosphofructokinase due to lactic acidosis) (Park et al., 2017).
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Figure 1.6. GLUTS up-regulation and ketohexokinase allow mole rats to use
fructose to drive glycolysis and avoid feedback inhibition on phosphofructokinase
due to lactic acidosis. Fructose enters cells via GLUTS5 and ketohexokinase (KHK)
phosphorylates fructose at a higher rate than hexokinase (HK). Fructose-1-P is
metabolized into trioses via aldolase B (ALDOB) or aldolase C (ALDOC), bypassing the
feedback inhibition on phosphofructokinase (PFK) by the buildup of lactate.
Glyceraldehyde-3-phosphate (GA3P), tricarboxylic acid (TCA). Image from Park et al.,

2017.
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The examples provided above illustrate overlapping yet distinct adaptive
responses to hypoxia between organisms. The outcome of hypoxia responses can also
vary within the same organism depending on how far below the norm the levels of
oxygen are (e.g. hypoxia vs. anoxia). In C. elegans, the response to severe hypoxia (0.1
kPa oxygen) and anoxia is dramatically different. Under anoxia, the majority of
organisms survive while most of them die when exposed to severe hypoxia. A postulated
key difference between these treatments is that anoxia elicits metabolic arrest but severe
hypoxia does not. Thus, while neither treatment allows for ATP levels to be maintained at
normoxic values (glycolysis produces less ATP than oxidative phosphorylation), anoxia
preserves energy by shutting down metabolically demanding processes. (Figure 1.7.
Survival of C. elegans to low oxygen is discontinuous) (Nystul & Roth, 2004). These
observations further suggest that the differential response to low oxygen is qualitative and

may not simply be the result of a passive response to oxygen deprivation.
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Figure 1.7. Survival of C. elegans to low oxygen is discontinuous. C. elegans were
subjected to different oxygen concentrations for 24 hours. From left to right, Anoxia (0%
oxygen); .01 kPa oxygen; .05 kPa oxygen; .1 kPa oxygen; .5kPa oxygen. Survival was
scored using three independent experiments. Image from Nystul and Roth, 2004.
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While the examples provided above highlight unique adaptive mechanisms to low
oxygen in different organisms, especially those involved in metabolic reprogramming
(switching to and maintaining glycolysis), currently there are very little findings on
mechanisms that induce metabolic arrest, which is the focus of my thesis.

Metabolic arrest or hypometabolism is the concept that ATP can be preserved via
reduction of its turnover rate by downregulating ATP demanding processes in the cell.
There are reports of downregulation of transcription and translation as examples of
hypoxia adaptation (K. B. Storey & Storey, 2007). In addition, hypoxia-tolerant
organisms such as the painted turtle, crucian carp, and goldfish have the ability to reduce
cell membrane permeability to ions - specifically in neurons, which may reduce ATP
demand. However, these underlying mechanisms remain poorly understood.
Interestingly, human cells and organs are not thought to perform active metabolic
suppression - although controversially, they do downregulate sodium-potassium pump
(NKA), a protein that consumes high levels of ATP.

For my thesis, I will investigate the impact of downregulation of NKA under
anoxia in the zebrafish kidney, an organ with very high ATP demand that relies heavily

on NKA activity.

1I.1. Causes and types of hypoxia in humans

There are many different ways in which hypoxia can manifest itself in humans. Mainly,
any dysfunction in the lung tissues, including alveoli and the surrounding tissues can
impair oxygen diffusion. In addition, inefficient vascular circulation can also cause

hypoxia. The following are some of the well-known causes of hypoxia in humans:
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premature birth (underdeveloped lungs), sleep apnea, sickle cell anemia, and life at high
altitude. In addition, underlying pathophysiology such as pneumonia, COVID19, asthma,
or chronic obstructive pulmonary disease (COPD) may result in insufficient air exchange
resulting in hypoxia. Furthermore, any condition that reduces the function or the amount
of haemoglobin to support normal oxygen levels can cause hypoxia. Such conditions
include iron deficiency, hemorrhage, methemoglobinemia, carbon monoxide poisoning.
Also, improper blood flow caused by sickle cell anemia, edema, heart attack or ischemic
stroke can cause hypoxia in the downstream target tissues. Lastly, chemical agents such
as cyanide block the process of oxidative phosphorylation to suffocate the cell in the
presence of oxygen.

Terminology that is often used interchangeably to indicate low oxygen includes
hypoxia, anoxia, hypoxemia, and ischemia. However, these terms are not synonymous.
Hypoxia and anoxia have been previously defined, but in detail, hypoxia refers to the
state in which the oxygen supply is below the normal threshold to maintain normal cell or
tissue function while the term anoxia refers to a state where there is a complete absence
of oxygen supply in the cell. The normal physiological oxygen values for different
organs can be found in (Table 1.1. Values of normal physiological oxygen in different
organs). The term hypoxemia refers to arterial oxygen supply that is below a normal
threshold (West, 1977). Hence, there may be hypoxemia without the onset of hypoxia or
anoxia in tissues if hypoxemia is a recent occurrence. Lastly, ischemia refers to
disruption or insufficient blood flow to the target tissue, which can cause hypoxia in

those affected cells and tissues.
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In addition, hypoxia can be classified as either a generalized or local event.
Generalized hypoxia affects the whole body while local hypoxia affects specific tissues
or organs of the body. Signs and symptoms of hypoxia vary depending on the severity
and onset, but in general, hypoxia results in cyanosis or bluing of the affected tissues,
confusion, hypertension, headache, fainting, polycythemia (chronic hypoxia) and
tachycardia (fast heart rate). In the case of severe hypoxia, if the affected tissues or
organs are not adequately oxygenated within a few minutes, then most tissues will suffer

from irreparable damage and, in severe cases, death may occur.

11.2. Hypoxia-induced responses and molecular pathways

While the previous section above described the general hypoxia adaptive strategies such
as metabolic reprogramming and hypometabolism in non-human organisms, this section
will focus on molecular pathways of hypoxia-induced responses.

Endogenous hypoxia-induced responses can be activated when oxygen levels decrease
below the normal threshold of oxygen concentration depending on tissue types. There are
several major hypoxia pathways that are well studied, including the hypoxia inducible
factor pathway, the discovery of which earned Kaelin, Ratcliffe and Semanza the 2019
Nobel prize in physiology and medicine. In addition, AMPK and NF-kB are well studied
hypoxia responsive molecules, which will be further described below. Although there are
other hypoxia induced responses, I will not cover them as they are less well understood

and not directly relevant to my thesis.

11.2.1 The hypoxia inducible factor (HIF)
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Specific hypoxia responsive genes are upregulated in response to stabilization of the
hypoxia inducible factor (HIF). HIF is a member of the basic helix-loop-helix (bHLH)
per-arnt-sim (PAS) domain-containing transcription factors (Dengler et al. 2014). The
active form of the transcription factor is composed of two HIF subunits, one alpha and
one beta subunit (Semenza and Wang, 1992; Wang et al., 1995). Under normoxia, the
alpha subunit or HIF-1a, is hydroxylated by the prolyl-hydroxylase enzyme (PHD2)
using oxygen as a substrate (Ivan et al., 2001; Jaakkola et al., 2001; Bruick and
McKnight, 2001; Epstein et al., 2001; Ivan et al., 2002). When HIF-1a is hydroxylated, it
can be recognized and ubiquitinated by the Von-Hippel Lindau tumor suppressor (E3
ubiquitin ligase) and subsequently targeted for proteasomal degradation (Figure 1.8. HIF
degradation pathway) (Maxwell et al., 1999; Cockman et al., 2000; Kamura et al.,
2000; Krieg et al., 2000; Ohh et al., 2000; Tanimoto et al., 2000). However, under
hypoxia, the low levels of molecular oxygen prevents PHD2 from hydroxylating HIF-1a
and the resulting stabilized HIF-1a can localize to the nucleus where it dimerizes with its
partner, HIF-1b, and regulates the expression of genes that contain hypoxia-responsive
elements (HRE) in their promoter region. In addition, it has been found that HIF can also
be stabilized by ROS (Jung et al., 2008). Many of the genes that are upregulated by HIF

control angiogenesis, erythropoiesis, glycolysis, and cell survival pathways.
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Normoxia

Figure 1.8. HIF degradation pathway. Under normoxia, oxygen is used as a substrate
for hydroxylation of HIF-1a by the prolyl hydroxylase enzyme (PHD). Following
hydroxylation, HIF-1a is subsequently ubiquitinated by Von-Hippel Lindau tumor
suppressor (E3 ubiquitin ligase) and targeted for proteasomal degradation. Under low
oxygen , HIF-1a is protected from degradation and accumulates in the nucleus where it
associates with HIF-1b or ARNT to bind to hypoxia-response element (HRE) sequences
to regulate hypoxia responsive genes. Image from Nobelprize.org.
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11.2.2 The AMP-activated protein kinase (AMPK)

In addition to HIF, AMP-activated protein kinase (AMPK) plays an important role in the
hypoxia adaptive response. AMPK is a well characterized energy sensor that is present in
both vertebrates and invertebrates, (Hawley et al., 1996; Hardie and Ashford, 2014;
Hardie et al., 2016). Although its function is not completely understood, it is well
established that AMPK can act as an energy sensor by sensing the AMP/ATP ratio in the
cell. Under stressful conditions such as hypoxia or the presence of oxidative
phosphorylation inhibitors (Corton et al., 1994; Hardie et al., 2016), the cell's energy
supply (ATP) drops below its normal threshold. This directly changes the AMP/ATP
ratio - specifically, AMP levels rise while ATP levels decrease. This increase in
AMP/ATP ratio results in the binding of AMP to the gamma subunit of AMPK, which
results in allosteric activation of the alpha subunit of AMPK via phosphorylation at the
Thr182 residue. Thus the energy currency of the cell, ATP, and its dephosphorylated
form, AMP, are tightly coupled to the activity of AMPK (Hardie and Ashford, 2014).
However, previous reports have also proposed that AMPK can be activated by ROS
acting on redox-sensitive cysteine residues on the alpha subunit of AMPK (Zmijewski et
al., 2010). Another study confirmed that the role of ROS in activating AMPK is merely
an indirect one (Hinchy et al., 2018). Regardless of how AMPK is activated, it regulates
the activity of target proteins via phosphorylation to reprogram metabolism. Mainly, it
deactivates energy-consuming processes and promotes glycolysis to maintain adequate
levels of ATP despite reduced oxygen (Hardie and Ashford, 2014; Lang and Foller,
2014). There are many studies that document the activation of AMPK in hypoxia-induced

pathologies in the heart, brain, and gut and downstream events that promote cell survival
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(Russell et al., 2004; Seo-Mayer et al., 2011; Cai et al., 2019; Hu et al., 2019; Michiels

2004; Kondo et al., 2019).

III. N-myc downstream regulated genes (NDRGs)

N-myc downstream regulated genes (NDRGs) consist of four members (NDRG1-4).
NDRGs are members of the alpha/beta hydrolase superfamily that contain alpha/beta
hydrolase fold motifs in their structure (Melotte et al., 2010) (Figure 1.9. Structural

outline of the human NDRG proteins 1-4).
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Figure 1.9. Structural outline of the human NDRG proteins 1-4. Schematic of
different domains present in each of the NDRG family members. Image from Melotte et
al., 2010.

27



The different NDRG paralogs share about 53-65% protein homology while each
member of the NDRG family (NDRG1 in different species) are highly conserved among
different organisms (Figure 1.10. Phylogenetic tree of the NDRG family). For
example, human and mouse NDRG1, NDRG2, and NDRG3 share a sequence homology

of 94%, 92%, and 96%, respectively (Zhou et al. 2001).
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Figure 1.10. Phylogenetic tree of the NDRG family. NDRG proteins 1-4 from human
(Homo sapiens), crab-eating macaque (Macaca fascicularis), Cow (Bos taurus), mouse
(Mus musculus), rat (Rattis norvegicus), lipid frog (Xenopus tropicalis), and zebrafish
(Danio rerio) are from UniProt/Swiss-Prot database. For outgroup, a closely related
protein from Caenorhabditis elegans was selected (YDJ1). Image from Melotte et al.,

2010.
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Furthermore, NDRG homologs are also found in plants (Krauter-Canhame et al.
1997) and are conserved (Figure 1.11. Amino acid comparison of NDRG1 among
different species). In sunflowers, the ndrgl homolog is known as the sf2/; it is thought
that the protein acts in pollen-pistil interaction (Krauter-Canhame et al., 1997). For the
rest of the document, NDRG refers to NDRGs in mammals and members of this family in

general while Ndrgs refers to members of the family in zebrafish specifically.
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Figure 1.11. Amino acid comparison of NDRG1 among different species. Putative
catalytic residues are in red triangles, putative metal-binding residues in pink triangles,
phosphorylation sites in green circles, SUMOylation site in grey circle and a predicted
proteolytic cleavage site are in black triangle. UniProtKB accession numbers were as
follows: dog NDRG1 (L7V3M2-1), mouse NDRG1 (Q62433-1), zebrafish NDRG1
(Q6A3P5-1), fruit fly BcDNA : GH02439 (Q9Y 164-1) and sunflower pollen-specific
protein SF21 (Q23969-1). Image from Mustonen et al., 2021.
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Interestingly, despite belonging to the alpha/beta hydrolase family, NDRGs lack
key amino acids required for the catalytic activity of the alpha/beta hydrolase (Shaw et
al., 2002; Hwang et al., 2011). However, the recent crystal structure of NDRGI suggests
that this family member contains putative catalytic residues (Mustonen et al., 2021)
(Figure 1.12. New crystal structure of NDRGI reveals putative catalytic amino acids

that were once thought to be absent).
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Figure 1.12. New crystal structure of NDRG1 reveals putative catalytic amino acids
that were once thought to be absent. Panels A and B were prepared using PyMOL. (A)
The 3D structure of NDRG1 reveals that the canonical catalytic sites are not present in
NDRGI, however, amino acids Asp64 and His194 are in close enough proximity to
function as putative catalytic residues. (B) Overlap between the 3D structure of NDRG1
and a well known catalytic site of Bacillus subtilis stress-response regulator, RsbQ (in
orange), supports the model for NDRG1 putative catalytic activity. Image from
Mustonen et al., 2021.
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Previously, NDRGs have been proposed to function as molecular scaffolds that
mediate protein-protein interactions and signaling among different binding protein
partners (Kim et al. 2020). Such an adapter function for NDRGs could in principle enable
context-dependent functions - acting as a switch between normoxia and hypoxia by
interacting with different sets of proteins in these environments. In addition, the different
tissue-specific expression patterns of NDRGs (Okuda et al. 1999; Zhou et al. 2001)

suggest that members of this family function in a context specific manner.

II1.1. NDRG background and history

Although the cellular function of the NDRG family is not completely clear, our
understanding has grown over the past decade. There is enough evidence to suggest that
NDRGs are stress-responsive genes regulated by hypoxia, both transcriptionally and
post-translationally (unpublished Le et al.). Other studies also revealed that NDRGs have
a normoxic role in vesicle trafficking (Askautrud et al. 2014, Kacchap et al. 2007,
Pietiainen et al. 2013, Fontenas et al. 2016), cytoskeletal interaction (Croessmann et al.,
2015, Kim et al., 2004) and cell proliferation (Jin et al., 2014; Lu et al., 2015; Liu et al.,
2012; Ai et al., 2016). NDRG1 was the first family member to be discovered and so
named because it is negatively regulated by the proto-oncogenes MYC and N-MYC
(Shimono et al. 1999). NDRG1 has a rich nomenclature history, as it was renamed
multiple times; its former names are: reducing agents and tunicamycin-responsive protein
(RTP), reduced in tumor, 42kDa (Rit42), calcium associated protein 43kDa (Cap43),
downregulated gene 1 (Drgl), and protein regulated by oxygen 1 (PROXY 1) (Kokame et

al., 1996; Kurdistani et al., 1998; Zhou et al., 1998; Piquemal et al.,1999; Shimono et al.,
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1999; Kitowska and Pawelczyk, 2010). Much of the previous work on NDRG1 has
focused on its role in cancer progression, as either an oncogene or a tumor suppressor
(van Belzen et al. 1997; Kurdistani et al. 1998). NDRG1 has also been implicated in
several neuropathies and mutations in this gene have been identified in patients with
Charcot-Marie Tooth Disease Type 4D (CMT4D), a demyelinating disease. In this
context, NDRG1, which is expressed in Schwann cells, mediates the endosomal
trafficking that supports myelination and the considerable demands of nerve growth
(Piatianinen et al. 2013).

Thus far, the majority of studies on NDRGI have revealed normoxic functions.
Hence, our current understanding of the role of NDRG family members in physiological
adaptation to hypoxia is quite incomplete. For my thesis, [ aim to unravel the molecular
role of NDRGI1 in hypoxia tolerance. I propose two general models for NDRG1 as a
molecular switch for hypoxia adaptation, which are partly informed by its known

normoxic roles: a guantitative model, in which the normoxic function of NDRG] is

enhanced under hypoxia, and a qualitative model, whereby NDRG1 acquires new

properties in response to hypoxia that are distinct from those it has under normoxic
conditions. These models, which are not mutually exclusive, will be further discussed in

the sections below.

111.2. Hypoxic regulation of NDRGs

1I1.2.1 Transcriptional regulation of NDRGs. As the name suggests, both NDRGI and 2
can be transcriptionally downregulated by Myc via Miz-1 (transcriptional factor)

dependent interaction with the NDRGI and 2 promoter regions. In fact, both N-Myc and

36



c-Myc can downregulate human NDRG/ at the transcriptional level (Zhang et al., 2008).
Furthermore, NDRGs can be regulated by many different signals including hypoxia,
nickel, cobalt, reducing agents, and as a result of DNA damage (Kokame et al., 1996;
Park et al., 2000; Said et al., 2017; Stein et al., 2004; Wang et al., 2013; Zhou et al.,
1998). Hence it is not surprising that NDRGs are targets of both p53 (a tumor suppressor
associated transcription factor), and aryl hydrocarbon receptor (AHR, also known as HIF-
1b) (Stein et al., 2004). Furthermore, hypoxia-responsive elements (HREs) have been
identified in the promoter region of human and zebrafish NDRG family members (Wang
et al., 2013; Greenland et al., 2015). Specifically, both the NDRGI and NDRG2 promoter
regions have been reported to contain HRE motifs (Wang et al., 2008; Wang et al., 2013).
Furthermore, a long non-coding transcript of NDRG! functions to inhibit transcription
and translation of NDRG itself under hypoxia, identifying another layer of complexity in
the regulation of NDRG! (Lin et al., 2017).

Furthermore, work from the Brewster lab on the transcriptional regulation of
zebrafish ndrgs revealed that members of this family are responsive to hypoxia in
concentration-dependent manner and that ndrgl/ is the most robustly up-regulated

member (Le et al., unpublished).

1I1.2.2 Post-translational regulation of NDRGs

NDRGI and NDRG?2 are the only members of the NDRG family known to be
transcriptionally up-regulated in a HIF-dependent manner under hypoxia (Wang et al.,
2008; Wang et al., 2013). However, it is possible that additional NDRG family members

are post-translationally modified in response to hypoxia. Indeed, several post-
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translational modifications (PTMs) that change the localization, stability or/and activity
of these proteins (NDRG1 and NDRG3 in particular) have been reported to occur under
both normoxic and hypoxic conditions. The focus here will be on the hypoxia-induced
PTMs of NDRGs, although studies reporting on the normoxic PTMs of NDRGs are more
abundant.

A study by Shi et al. revealed that NDRG1 redistributes to the nucleus and
endoplasmic reticulum from the cytosol under hypoxia in a phosphopantetheine
attachment site (PPAS)-dependent manner (Shi et al. 2013). In bacterial systems, the
phosphopantetheine (Ppant) prosthetic group is post-translationally added to the PPAS by
a phosphopantetheinyl transferase enzyme (Copp et al., 2006). The addition of the
flexible Ppant arm to target proteins in this organism assists with the processing of
metabolite intermediates by allowing dynamic spatial movement within the complex
(Marahiel et al., 1997; Quadri et al., 1998). Although the potential function of the PPAS
site on NDRG1 can only be gleaned from bacterial studies, this study suggests a potential
role for the Ppant PTM in regulating NDRGI1 subcellular distribution in response to
hypoxia.

Another study by Park and colleagues showed that NDRG1 is phosphorylated at
serine 330 and threonine 346 following the induction of HIF-1a using potential anti-
cancer treatment agents DFO, Dp44mT, and DpC (Park et al. 2018). These compounds
function by binding to cellular iron. Furthermore, NDRG1 phosphorylation at serine 330
resulted in NDRG1 localization to the nucleus, while phosphorylation at the threonine

346 correlated with the localization of NDRG1 to the cytoplasm. It is possible that the
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induction of HIF activity by these anti-cancer agents may result in kinase upregulation
that results in the phosphorylation of NDRGI.

Several studies have also alluded to the possibility of a cytochrome C hypoxia-
mediated PTM of NDRG1 with no known function. Sugiki et al. identified a cytochrome
C heme-binding motif on NDRG1 (Sugiki et al. 2004) (Figure 1.13. Location of
phosphorylation, phosphopantetheine (PPAS), and putative cytochrome C family

heme-binding motif in the NDRG1 core domain).
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Figure 1.13. Location of phosphorylation, phosphopantetheine (PPAS), and putative
cytochrome C family heme-binding motif in the NDRG1 core domain. Bottom arrows
indicate the location of possible phosphorylation sites for PKA, PKC, CK-II, and CaMK-
II. In addition, the location of phosphopantetheine (PPAS) and cytochrome C family

heme-binding motifs are depicted above the protein sequence. Image from Sugiki et al.,
2004.
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In support of this finding, a study by Naro et al. in 1993 reported the release of
cytochrome C from the inner mitochondrial membrane during hypoxia (Naro et al. 1993).
As the release of cytochrome C often leads to apoptosis (Cai et al. 1998), it is possible
that the cytochrome C interaction with NDRG1 under stressful hypoxic environments
may trigger an initial protective cellular adaptation before the eventual apoptosis of the
cell.

Another study by Lee et al. demonstrated that the stability and functional
regulation of NDRG3 is mediated by hypoxic PTMs, which have been compared to those
of HIF-1a. Under normoxic conditions, NDRG3, much like HIF-1a, is degraded by the
26S proteasome in a PHD2-VHL-dependent manner (Lee et al. 2015) (Figure 1.14.

Signaling role of lactate in the adaptive response of cancer cells to hypoxia).
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Figure 1.14. Signaling role of lactate in the adaptive response of cancer cells to
hypoxia. Under normoxia, NDRG3 is degraded in a PHD and VHL-dependent manner.
As oxygen levels drop and lactate levels rise, NDRG3 is stabilized by the binding of
lactate, which prevents VHL mediated degradation. Once stable, NDRG3 signals through
Raf/ERK to promote growth and angiogenesis in cancer. Image from Lee et al., 2015.
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However, the accumulation of lactate resulting from prolonged hypoxia mediates
the stabilization of NDRG3 by conferring protection against the PHD2-VHL degradation
pathway. Once stable, NDRG3 signals through Raf/ERK to promote growth and
angiogenesis in cancer under hypoxia. Interestingly, the NDRG3 residues that bind
lactate are also conserved in NDRG1 (unpublished observation), suggesting that this
metabolite may play a role in lactate-NDRGI1 signaling.

As demonstrated by these examples, hypoxic PTMs regulate the localization,
stability and activity of NDRGs. It is possible that these PTMs induce conformational
changes in NDRGs that enable NDRGs to interact and bind with new protein partners
under hypoxia. These PTMs would allow NDRGs to serve as adapter proteins to confer

novel functions under low oxygen conditions.

111.3. Molecular functions of NDRGs

Most NDRG studies have been performed under normoxia or hypoxia, but seldom both,
making it difficult to parse out whether NDRG function is the same across different
oxygen concentrations or different.

In an attempt to address these unknowns, I propose two different models, a

quantitative model and a qualitative model, for NDRG1 activation under hypoxia, both of

which are supported by the literature (Figure 1.15. Illustration of simplified
quantitative and qualitative models). In the quantitative model, the normoxic function
of NDRG1 is heightened under hypoxia due to increases in NDRG1 protein levels,

resulting from transcriptional upregulation (Le et al., unpublished). This model assumes
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that NDRGI1 has no other unique functions under hypoxia other than enhanced activity

levels brought on by the increased levels of NDRGI.
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Figure 1.15. Illustration of simplified quantitative and qualitative models. In the
quantitative model, the normoxic function in NDRG1 is maintained but enhanced due to
an increase in the amount of NDRG1 following transcriptional up-regulation and
stabilization . In the qualitative model, NDRG1 acquires different properties and
functions than those effective under normoxia via conformational change following
PTMs, which modify the binding affinity of NDRGI.
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In the qualitative model, NDRG1 acquires properties and functions that are
distinct from those exhibited under normoxic conditions. These may be acquired through
PTMs (Lee et al., 2015) that result in changes in protein conformation or binding partners
(Chapter 2, Figure 5). These two models are not mutually exclusive since they may both
occur during the transition to a hypoxic environment. It is interesting to note that NDRG1
interacts with a diverse class of proteins in human prostate cancer cells. Among them, is
the alpha subunit of the NKA, which my thesis has focused on the functional relevance of
Ndrgl interaction with nka in the kidney (Table 1.2. List of NDRG1-interacting
proteins in normoxic prostate cancer cells identified by immunoprecipitation and

LC/MS/MS).
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Tams |

Proteins identified from NDRGT IP complex by LC-MS/MS analysis

Total No. of RefSeq Amino acid
Gene symbol m. of independent Pt BCCHSSION Protein description
peptides  experments no. Govesege
-
NDRG1 b 3 IPI00022078 NP_006087 NDRG1 282
Chaperon protein
HSPCA 57 3 IPI00382470 NP_005339 Heat shock protein HSP 90-a 447
HSPAS
(GRP78) 79 3 IPI00003362 NP_005338 Heat shock 70 kDa proten 5 42
vce 19 3 IPI00022774 NP_009057 Transitional endoplasmic reticulum ATPase 232
CANX 18 3 IPI00020984 NP_001737 Calnexin 215
Ubiquitin-dependent 2 3 IPI00016308 NP_002795 26S protease regulatory subunit 6A 321
protein
catabolism
PSMC2 17 3 IPI00021435 NP_002794 26S protease regulatory subunit 7 255
PSMD2 3 IPI00012268 NP_002799 26S proteasome non-ATPase regulatory subunit 2 37a
DNA repair proteins
XRCCS (Ku70) R 3 IPI00465430 NP_001460 ATP-dependent DNA helicase Il 488
RUVBL2 8 3 IPI00009104 NP_006657 RuvB-ike 2 219
T ' factor
ILF3 (NFAT90) 16 3 IPI00219330 NP_036350 Interleukin enhancer-binding factor 3 195
SEC23A 19 3 IPI00017375 NP_006355 Protein transport protein Sec23A 23
coPB82 54 3 IPI00220219 NP_004757 Coatomer 8 subunit 367
CLTC 86 3 IPI00024067 NP_004850 Similar to clathrin heavy chain 272
AP2M1 5 3 IPI00022256 NP_004059 AP-2 complex subunit u-1 125
APIM2 28 3 IPI00002552 NP_005489 Spiice isoform 1 of AP-1 complex subunit u-2 3
Cell adhesion and 38 3 IPI00247063 NP_009218 Nepriysin 409
cytoskeleton
organzation
CTNNB1 3 3 IPI00017202 NP_001895 Spiice isoform 1 of S-catenin 387
ACTB 50 3 IPI00021440 NP_001605 Actin 60.5
KIFS8 12 3 IPI000126837 NP_004512 Kinesin heavy chain 136
Signal transduction
PPP2R2A 17 3 IPI00332511 NP_OO2708 Serina/threcnine protein phosphatase 2A 313
TLE3 3 3 IPI00219368 NP_005009 Spiice iscform 1 of transducin-iike enhancer 34
proten 3
Metabolic erzymes, n 3 IPI00019912 NP_000405 Peroxisomal multifunctional erzyme type 2 165
mitochondria
precursors, and
camer
HSD17B4
CNDP2 N 3 IPI00177728 NP_080705 Cytosolic nonspecific dipepticdase 335
DARS 38 3 IPI00216951 NP_001340 Aspartyl-tRNA synthetase 481
DLST " 3 IPI00420108 NP_001924 F ) ' 139
ACSL3 16 3 IPI00401055 NP_004448 acyl-CoA synthetase long chain family member 3 167
FASN k< 3 IPI00645907 NP_004005 Fatty acid 1ns
MAOA 26 3 IPI00008483 NP_000231 Amine oxidase (flavin containing) A 252
LDHA 14 3 IPI00217966 NP_005557 Lactate dehydrogenase A 26
PKM2 41 3 IPI00479186 NP_002645 Pyruvate kinase 3 isoform 1 409
noh-
cosyRtransferase
RPN2 18 3 IPI00301271 NP_002042 63 kDa subunit precursor 39
TARS 2 3 IPIO0320633 NP_689508 Threonyl-tRNA synthetase, cytoplasmic 237
SHMT2 n 3 IPI00002520 NP_005403 Serine hydroxymethyltransferase, mitochondrial 198
procursor
SLC25A8 3 3 IPI00291467 NP_001627 Solute carrier family 25 ADP/ATP transiocase 3 168
2 3 IPI00006482 NP_000092 Sodium/potassium-transporting ATPase a-1 17.4
Protein translation 37 3 IPI00186200 NP_001952 Elongation factor 2 287
regulators EEF2
EEF1G 38 3 IPI00000875 NP_001395 Simiar to elongation factor 1-gamma 372
EIF2S3 15 3 IPI00297962 NP_001406 Eukaryotic transiation initiation factor 2 subunit 3 331
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EIF3S6 1 3 IPI00013068 NP_001559 Eukaryotic translation initiation factor 3 subunit 6 247
PABPC1 52 3 IPI00008524 NP_002559 Splice isoform 1 of polyadenylate-binding 429
protein 1
Ribosomal proteins
RPS3 35 3 IPI00011253 NP_000996 40S ribosomal protein S3 572
RPS6 17 3 IPI00021840 NP_001001 40S ribosomal protein S6 213
RPL24 7 3 IPI00306332 NP_000977 60S ribosomal protein L24 134
RPL3 31 3 IPI00550021 NP_000958 60S ribosomal protein L3 343
RPS16 15 3 IPI00221092 NP_001011 40S ribosomal protein S16 248
RPS8 13 3 IPI00216587 NP_001003 40S ribosomal protein S8 319
RPS20 6 3 IPI00012493 NP_001014 40S ribosomal protein S20 252
RPS9 18 3 IPI00221088 NP_001004 40S ribosomal protein S9 306
RPL4 79 3 IPI00003918 NP_000959 60S ribosomal protein L4 392
RPS26 9 3 IPI00655650 NP_001020 40S ribosomal protein S26 211
RNA processing
NCL 21 3 IPI00444262 NP_005372 Nucleolin 252
HNRPF 25 3 IPI00003881 NP_004957 Heterogeneous nuckear ribonucleoprotein F 205
HNRPU 2 3 IP1I00644079 NP_114032 Heterogeneous nuclear ribonucleoprotein U 185
HNRPH1 25 3 IPI00013881 NP_005511 Heterogeneous nuclear ribonucleoprotein H1 205
DDX1 2 3 IPI00293655 NP_004930 ATP-dependent helicase DDX1 205
DDX5 6 3 IPI00017617 NP_004387 Probable RNA-dependent helicase p68 176
UPF1 21 3 IPI00034049 NP_002902 Regulator of nonsense transcripts 1 192
EWSR1 1 3 IPI00009841 NP_005234 EWS-B of RNA-binding protein EWS 155

Table 1.2. List of NDRG1-interacting proteins in normoxic prostate cancer cells
identified by immunoprecipitation and LC/MS/MS. Several classes of proteins were
identified from this mass-spectrometry study investigating binding partners of NDRG.
The following are general categories of cell function in which these identified proteins
can be grouped: Chaperon proteins, Ubiquitin-dependent protein catabolism, DNA repair
proteins, Transcriptional factors, Cell cytoskeletal organizations, Signal transduction,
Metabolic enzymes, Translation machinery, Ribosomal proteins, RNA processing. The
alpha subunit of NKA is boxed in green. Image from Tu et al., 2007.
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111.3.1 NDRGs as regulators of vesicular trafficking

Vesicular Trafficking Overview

Cells have evolved complex signaling pathways and mechanisms that regulate vesicular
trafficking between the plasma membrane and organelles to maintain membrane structure
and function. Translation of the vast majority of proteins in eukaryotic cells begins in the
cytosol. For proteins bound for the plasma membrane, translation ends in the ER, then
those fully translated proteins are modified through multiple layers of the Golgi
apparatus. These organelles function to further modify membrane-bound proteins. In
addition, these proteins are checked for misfolding during these initial synthesis steps and
if any mistakes are found, the misfolded proteins are targeted for degradation.

Once at the plasma membrane, the proteins can subsequently be endocytosed, then
recycled back to the membrane, or be processed for degradation via either the lysosome
or proteasome depending on the cellular condition and needs. The endocytosis of
membrane proteins can be initiated by ubiquitination (Foot et al., 2017). When membrane
proteins are ubiquitinated, this PTM triggers the entry into vesicles at the plasma
membrane (Hicke and Dunn, 2003). Hence ubiquitination is an important step in the
initiation of plasma membrane protein degradation. However, as mentioned previously,
depending on further modification of these vesicles, the cargo can either be recycled back
to the plasma membrane or further ubiquitination can serve as a signal for proteolysis by
the lysosome (Bonifacino and Traub, 2003). Many types of membrane proteins are

regulated by ubiquitination, including ion transporters and channels.
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A review of the current literature reveals that NDRGs play an essential role in
regulating vesicular trafficking. The following section compares and contrasts the

normoxic and hypoxic role of NDRGs in vesicular trafficking.

Normoxic role of NDRGs in Vesicular Trafficking
NDRGs have been shown to regulate both exocytic and endocytic pathways. In
particular, a global gene expression profiling study by Askautrud and colleagues revealed
that NDRGI levels in breast epithelial cell lines, SUM102 and ME16C2, negatively
correlated with the expression levels of vesicular trafficking genes in both exocytic and
endocytic pathways (Askautrud et al. 2014). Specifically, the study identified 21
differentially expressed genes related to ER, Golgi, endosomes, or vesicular transport
among these organelles and found that 19 of these were upregulated in cells with NDRG1
knockdown, and downregulated in cell populations with ectopic overexpression of
NDRGTI (Askautrud et al., 2014). The authors proposed that NDRG1 may increase cell
survival during hypoxia by downregulating secretory or endocytic functions of the cell to
conserve energy. It is currently not known how NDRGI regulates these genes, but an
NDRGTI protein interactome study (Tu et al., 2007) revealed that NDRG1 physically
interacts with the members of the transcription processes (Table 1.2. List of NDRGI1-
interacting proteins in normoxic prostate cancer cells identified by
immunoprecipitation and LC/MS/MS). It is tempting to speculate that NDRG1 may
regulate the mRNA levels of other genes via interaction with transcription factors

In addition to transcriptionally regulating vesicular trafficking genes, NDRG1

appears to directly interact with the proteins involved in vesicular trafficking. It is also
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interesting to note that the localization of NDRG1 protein to cellular compartments such
as ER and endosomal compartments is consistent with the proposed role of NDRGI in
regulating vesicular trafficking.

One of the first reported normoxic roles of NDRGs in regulating vesicular
trafficking was demonstrated for the exocytosis pathway. In this study, NDRG1 was
described as a Rab4a effector protein that recycled E-cadherin back to the membrane
(Kacchap et al. 2007). Specifically, NDRG1 stabilized the levels of E-cadherin at the
membrane by binding to recycling endosomes and interacting with membrane-bound
Rab4aGTPase. Another study by Fontenas and colleagues demonstrated that NDRG4
also promotes exocytosis via regulation of snap25 and NSF expression. In this manner,
NDRG4 was shown to regulate sodium channel clustering in nodes of Ranvier in
zebrafish (Fontenas et al. 2016).

The role of NDRG1-in mediating exocytosis of select targets, and more precisely
in recycling specific proteins from early endosomes back to the plasma membrane, is
further confirmed in the work by Pietiainen and colleagues. In this study, NDRGI1 was
shown to maintain steady LDLR levels on the plasma membrane. Specifically, silencing
NDRGI resulted in reduced LDLR levels on the plasma membrane and an accumulation
of LDLR in EEA1-positive endosomes. (Pietiainen et al. 2013). Thus, NDRG1 can
regulate the trafficking of target proteins both indirectly via the modulation of the
transcript levels of proteins implicated in vesicular trafficking, and directly by mediating

the delivery of specific target proteins to the plasma membrane.

NDRG and membrane protein degradation
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In addition to their role in exocytosis, members of the NDRG family also mediate
endocytosis and degradation. First, the previously mentioned study by Pietiainen and
colleagues hints at the possible role of NDRGI in the endocytosis-degradation pathway.
In addition to finding that LDLR was not recycled back to the membrane in the absence
of NDRG1, the authors also demonstrated that LDLR degradation was reduced in
NDRGI-depleted epithelial cells. Furthermore, there is correlative physiological evidence
for NDRGs mediating membrane protein degradation. Kultz and colleagues showed that
NDRGI levels were negatively correlated with ion transporter protein levels in the gills
of tilapia, a fresh water fish. Specifically, in high salinity, ion transporters were found to
be upregulated to compensate for high ion homeostasis, while NDRG1 was strongly
down-regulated (Kultz et al. 2013, 2014). In addition, in a correlative clinical study, Ma
et al. demonstrated that NDRG2 expression is associated with glucose transporter
degradation and a positive prognosis in breast carcinomas (Ma et al. 2014). Wang et al.
further revealed that NDRGI is required for the fusion of vesicles with lysosomes (Wang
et al. 2017) (Figure) and a zebrafish study revealed that NDRG1a promotes the
ubiquitination and degradation of IFN (interferon) regulatory factor 7 (IRF7) (Lu et al.,
2018).

Lastly, Menezes et al. showed that NDRGI is involved in the endocytic-
lysosomal mediated degradation pathway of epidermal growth factor receptor (EGFR) by
upregulating mitogen-inducible gene 6 (MIG6). Specifically, the authors demonstrated
that the overexpression of NDRG1 resulted in increased levels of MIG6, which in turn
facilitates lysosomal processing and degradation of EGFR. Briefly, MIG6 is a

cytoplasmic EGFR inhibitor that binds to the EGFR dimers to lock EGFR in catalytically
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inactive conformation. It has been previously reported that MIG6 can initiate the
endocytosis and degradation of EGFR via a lysosomal mechanism (Menezes et al. 2019;
Frosi et al., 2010).

Currently, no published studies address the role of NDRGs in vesicular trafficking
in the context of hypoxia, but interestingly the NDRGI interaction study by Tu and
colleagues revealed that NDRG1 binds to several components of vesicular trafficking and
degradation pathways (Table 1.2. List of NDRG1-interacting proteins in normoxic
prostate cancer cells identified by immunoprecipitation and LC/MS/MS). My thesis
work will address this in the context of downregulation of the NKA in response to

hypoxia, a key mechanism for hypoxia adaptation.

111.4. Zebrafish NDRGs

In zebrafish, there are 6 ndrg genes: ndrg la, 1b, 2, 3a, 3b, and 4. It is likely that the
genome duplication event in zebrafish resulted in the paralogs of ndrgs (ndrglb, 3b) that
are not present in other species (Taylor et al., 2003; Postlethwait et al., 2004). However,
all members of the zebrafish ndrg family have high homology to mammalian NDRGs as
well as invertebrate homologs of ndrgs.

Thus far, studies specifically on zebrafish ndrgs have been few and far between
and most of then have focused on Ndrg localization or expression (Takita et al., 2016; Le
et al., unpublished; Schonkeren et al., 2019) with very sparse functional studies (Lu et al.,
2018; Fontenas et al. 2016).

It is interesting to note that NDRGs are expressed in ATP-demanding tissues such

as the kidney, heart, brain, and muscle in zebrafish, amphibians and mammals (Melotte et
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al., 2010; Zhong et al., 2015, Le et al., unpublished). Ndrgla, the focus of my thesis, is
primarily expressed in the embryonic kidney (pronephric duct) and ionocytes (Chapter
2, Figure 1).

Kidney cells reabsorb ions in part through active transcellular transport. Likewise,
ionocytes, specialized cells in the skin of zebrafish embryos, facilitate active absorption

of electrolytes from the environment (Kersten & Arjona, 2017).

1V. Zebrafish as a model organism

Zebrafish is an ideal model organism to use for developmental hypoxia tolerance. First
and foremost, zebrafish embryos are hypoxia tolerant (discussed in more detail in section
IV.1 below). Zebrafish is also an inexpensive vertebrate model organism that reaches
adulthood in three months. Female zebrafish can produce hundreds of embryos in a single
spawning that are transparent and externally fertilized, which facilitates imaging of deep
tissues and real-time imaging. Furthermore, a large array of genetic and molecular tools
are available for this model organism. In contrast, other hypoxia-tolerant models such as

carps and turtles are not genetically tractable.

1V.1. Zebrafish embryos are hypoxia-tolerant

Zebrafish embryos maintain function and homeostasis in decreasing levels of
physiological oxygen by transitioning into a hypometabolic state, characterized by a
dramatic reduction in metabolic rate and energy production (Lant & Storey, 2010). In
zebrafish embryos, hypometabolism is manifested by a delay or an arrest in development

in young embryos and by suppression of physiological responses in older embryos
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(Figure 1.16. Hypoxia-induced developmental and physiological arrest in zebrafish

embryos) (Padilla & Roth, 2001).
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Figure 1.16. Hypoxia-induced developmental and physiological arrest in zebrafish
embryos. (A) shows embryos developmentally arrest under anoxia and that this arrest is
reversible. (B) shows reversible physiological arrest under anoxia in 29 hpf stage
zebrafish embryo. Image from Padilla and Roth, 2001.
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Remarkably, young (pre-gastrula) zebrafish embryos can survive for up to 50
hours of anoxia in this arrested state and resume normal development upon return to
normoxic conditions (Mendelsohn et al., 2008). Previous studies suggest that a proximal
signal that induces hypometabolism is triggered by the blockage of the electron transport
chain (ETC). Indeed, the Gitlin laboratory and a research group at Novartis both showed
that exposure to chemical ETC blockers results in reversible developmental arrest in
zebrafish embryos under normoxic conditions (Lai et al., 2013; Mendelsohn et al., 2008).
Given that ETC blockage and anoxia have a similar effect on the embryo and ETC is
disrupted under severe hypoxia, these findings suggest that a yet-to-be-identified
endogenous signaling molecule(s) is produced downstream of ETC blockage. It is
tempting to speculate that this molecule might be hydrogen sulfide and/or lactate, as both
are produced endogenously and are known to contribute to hypoxia adaptation (Olson et
al., 2010).

Interestingly, a field study investigating the oxygen concentration of water bodies
where zebrafish live revealed that these water can be severely hypoxic (Suriyampola et
al., unpublished; e-mail correspondence) (Table 1.3. Dissolved oxygen levels in the
body of water containing zebrafish in nature). That said, adult zebrafish do not survive
severe hypoxia as long as zebrafish embryos, indicating that hypoxia-tolerance, in this
organism, is developmental stage specific. However, considering that carp and turtles
maintain very high hypoxia tolerance as adults, it is unlikely that the developmental stage
specificity observed in zebrafish can be accounted for solely by higher ratios of

progenitor and stem cells in embryos versus adults. Irrespective of the underlying reason,
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this developmental stage specificity could be exploited to facilitate the identification of

underlying signaling pathways.
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Water body
Slow-flowing stream 1

Slow-flowing stream 2
Slow-flowing stream 3
Paddy field

Irrigation channel 1
Irrigation channel 2

Table 1.3. Dissolved oxygen levels in the body of water containing zebrafish in
nature. Levels of dissolved oxygen measured in (mg/L) corresponding to water depth at
different water bodies. All of the field sites contained live zebrafish. Data from

DO’ (mg/L)
8.5-8.75
6.7-7.65

7

4.48
0.42-0.62
4.85-6

Depth (cm)
10 to 18

6 to 32
5

2

10 to 22
4 to 30

Suriyampola et al., unpublished - email correspondence; Martins lab.
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1V.2. Kidney development and function in terrestrial and aquatic vertebrates

ndrgl is prominently expressed in the kidney of zebrafish, thus I will discuss kidney
development and function in zebrafish. Zebrafish is an aquatic vertebrate that lives in a
hypotonic freshwater environment and must therefore constantly maintain bodily fluid
and ionic homeostasis. Freshwater fish have highly concentrated blood (akin to
mammals) (~290 mOs; concentration of salts) and live in a freshwater environment of
about ~20 mOs. Hence freshwater fish are constantly at risk for osmotic swelling. The
primary function of the kidney in these fishes is therefore to prevent excessive water
influx and retain salts. Therefore, defective kidney function in zebrafish typically leads to
interstitial edema due to constant influx of water from the environment (Maceina and
Shireman, 1979).

In both non-mammalian and mammalian vertebrates, the kidney plays an essential
physiological role in the removal of unwanted metabolites, balancing water, ionic and
acid-base systems, and regulation of blood pressure (McCampbell and Wingert, 2014).
Mammals or humans have a pair of bean-shaped kidneys located in the back abdominal
cavity. Nephrons, which are the functional units of the kidney, are packed neatly in
arrays. Each nephron is composed of 3 major components: 1. The filter, also known as
the glomerulus, and 2. The tubule, which is composed of various segments expressing
diverse transporters that can function to either secrete or reabsorb specific molecules and
3. The collecting duct, where excretion of unwanted solute along with water occurs

(Figure 1.17. Mammalian Kidney structure depicting filter, tubule, and duct).
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Figure 1.17. Mammalian kidney structure depicting filter, tubule, and duct. Panel A
shows a depiction of a typical mammalian kidney structure, which consists of millions of
nephrons. A’ reveals an individual nephron with key components labeled: filter, tububle,

and the duct. Image from McCampbell and Wingert, 2014.
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The components of the nephron are conserved, however, differences are found
even in closely related mammals (Reilly et al., 2007). During normal development, the
mammalian kidney differentiates sequentially into three distinct kidney structures,
namely, the pronephros, the mesonephros, and the metanephros (Dressler, 2006). In
mammals, the metanephros is the adult kidney form that contains the most complex
arrangement of nephrons. However, in lower vertebrates such as frogs and zebrafish, the
mesonephros is the terminally differentiated kidney form that serves as the adult organ
(Vize et al., 1997; Drummond, 2003; Chan and Asashima, 2006; Gerlach and Wingert,
2013). In zebrafish, the pronephros consists of 2 nephrons only. When the pronephros
differentiates into the mesonephros, the zebrafish gains several hundred nephrons that are
added on top of the initial pronephros structure (Gerlach and Wingert, 2013).
Interestingly, the zebrafish nephrons contain proximal and distal tubule domains that are
highly similar to the mammalian nephron counterparts and share similar histological
characteristics with mammals. These similarities suggest that kidney development and
function are likely conserved, although there are some structures and segments that are
absent in the zebrafish (Wingert, Selleck, Yu et al., 2007) (Figure 1.18. The zebrafish

pronephros is highly similar to the human nephron).
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Somite  Pronephros

Figure 1.18. The zebrafish pronephros is highly similar to the human nephron. (A)
shows a 24 hpf old embryo. (B) is an illustration of lateral view of the pronephros in a
24hpf embryo. (C) shows a dorsal view of the pronephros, which reveals the bilateral
pronephros with each of the segments represented in different color schematics:
glomerulus (G), neck (N), proximal convoluted tubule (PCT), proximal straight tubule
(PST), distal early (DE), corpuscle of Stannius (CS), distal late (DL), and pronephric duct
(PD). Panel C represents a diagram of a human nephron with each of the segments
represented in different color schematics: glomerulus (G), proximal convoluted tubule
(PCT), proximal straight tubule (PST), thin limb (TL), thick ascending limb (TAL),
macula densa (MD), distal convoluted tubule (DCT), connecting tubule (CNT), and
collecting duct (CD). The segment color schematics that are matching between the
zebrafish and human indicate genetic conservation. Image from Poureetezadi and
Wingert, 2016.
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The cellular architecture of kidney tubule cells is equally well conserved across
vertebrates. These cells are highly polarized with distinct ions channels and pumps
distributed on either apical, lateral, or baso-lateral surfaces (Kersten and Arjona, 2017;
Takvam et al., 2021). Of particular interest, the NKA is on the basolateral surface of the
kidney, which is the surface that is closest to the blood vessels. Basolateral NKA activity
results in Na+ being pumped out of the kidney cells and into the blood. This creates a
gradient for Na+ ions to enter the kidney cell from the apical surface of the kidney that is
closest to the lumen. Hence the polarity of the kidney is also integral to the function of
the kidney. Without this polarized distribution of NKA, Na+ ions would not be able to be
transported through the kidney cell in a directional manner (Figure. 1.19. Overview of

the localization of ion and water transporters in freshwater teleost kidney).
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Figure. 1.19. Overview of the localization of ion and water transporters in
freshwater teleost kidney. (A) shows localization of various ion and water transporters
that have been molecularly detected at different segments (Anterior to posterior; top to
bottom) of the freshwater teleost kidney. Transporters in yellow are located at the apical
membrane, those labeled in red are expressed on the basolateral surface, and lastly
transporters in black are found in multiple locations. Interestingly, NKA is localized to
the basolateral membrane along the kidney. Abbreviations: NKCC (Na-K-Cl
cotransporter), AQP (aquaporin), SLC13A1 (Sodium/sulfate symporter), SLC26A 1
(Sulfate transporter), NHE3 (Sodium-hydrogen exchanger), CLC-K (Chloride ion
channel), NCC (Sodium-chloride symporter). Image from Takvam et al., 2021.

65



Interestingly, there appears to be increased Na+ ion transport into the blood at the
distal (posterior) ends of the kidney compared to the proximal (anterior) kidney (Figure

1.20. Movement of Na+ ions across freshwater teleost Kidney).
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Figure 1.20. Movement of Na+ ions across freshwater teleost kidney. (A) shows type
and magnitude of ions or water movement along different segments of freshwater teleost
kidney. Interestingly, the posterior kidney (green and yellow) segments show higher
magnitude of Na+ movement into the blood. Image from Takvam et al., 2021.
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1V.2.1 lonocyte development and function in zebrafish

Both aquatic and terrestrial vertebrates have evolved mechanisms to regulate ion and
fluid homeostasis in their bodily fluids to allow efficient physiological function. In the
terrestrial vertebrates, ion and fluid homeostasis is maintained mainly by the kidney.
However, aquatic vertebrates also use their gills and ionocytes as major non-kidney
organs that balance ions and maintain fluid homeostasis (Evans et al., 2008; Hwang et al.,
2011; Hwang and Perry, 2010).

Four types of ionocytes have been identified in the developing zebrafish: 1, H+
ATPase-rich, 2. Na+K+ ATPase-rich, 3. Na+Cl- cotransporter-expressing, and 4. K+
secreting cells, which perform transepithelial H+ secretion/Na+ uptake/NH4+ excretion,
Ca2+ uptake, Na+/Cl- uptake, and K+ secretion, respectively (Hwang and Chou, 2013;
Chang and Hwang, 2011)(Figure 1.21. Comparison of models between zebrafish
ionocytes and mammalian Kidney cells). Interestingly, these ionocytes are similar to
various renal tubular cells in terms of their composition of ion transporters as well as

their functions.
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Figure 1.21. Comparison of models between zebrafish ionocytes and mammalian
kidney cells. (A) Different types of zebrafish ionocytes containing ion transporters; from
left to right: (KS cell): K+ secreting cells, (NCC cell): Na+ CI- cotransporter, (NaR cell):
Na+ K+ ATPase-rich, (HR cell): H+ ATPase-rich. Note that all the ionocytes contain a
different isoform of the sodium potassium pump alpha subunit (ATP1a); KS cell contains
NKA.4, NCC cells contain NKA.2, NaR cells contain NKA.1, and HR cells contain
NKA.5 isoform of the NKA alpha subunit (Hwang and Chou, 2013). (Bottom panels).
Different cells of mammalian kidney with their ion transporters; left from left to right:
thick ascending limb (TAL), distal convoluted tubule (DCT), alpha-intercalated cell (a-
IC), proximal tubular (PT) cell. Image from Chang and Hwang, 2011.
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In the early stages of development before the gills are functional, ionocytes
differentiate from ionocyte progenitors that are derived from epidermal stem cells and
become functional around 24 hpf (Hwang and Chou, 2013). Given their properties, which
are similar to renal tubule cells, and their direct exposure to the outside environment,
ionocytes can be readily treated with different drugs and ion concentrations, making this
cell type an ideal model to study ion and fluid homeostasis. Ionocytes therefore add to the
benefits of using zebrafish as a model organism.

Although there are many ion transporters present in the zebrafish kidney and
ionocytes, for the purpose of my dissertation thesis, I will focus on the NKA, which is
expressed throughout the entire length of the embryonic kidney in addition to the
ionocytes (Figure in Chapter 2). Briefly, the NKA is an energetically demanding pump
that uses 1 ATP to move 3 Na+ ions out of the cell, while transporting 2 K+ ions into the
cell. The Na+ and K+ gradients established by NKA are critical for ion and water
homeostasis and regulate the functions of other ion channels in the kidney. Under energy
demanding conditions such as hypoxia, NKA is targeted for downregulation to conserve
energy in many hypoxia tolerant organisms (Buck and Hochachka, 1993; Hylland et al.,
1997; De Angelis et al., 1998; Stecyk et al., 2017). Also in human lung cells, hypoxia
decreases the number of active NKA at the plasma membrane, although it is not
commonly thought to be an adaptive mechanism (Dada et al., 2013; Gusarova et al.,
2009; Gusarova et al., 2011). Given that NDRGI is hypoxia-responsive protein expressed
in the zebrafish pronephros and ionocytes (Figure Chapter 2), and is known to bind
ATPla (Tuetal., 2007), it is possible that NDRGI regulates ATP1a under hypoxia, a

hypothesis I will explore in my thesis.
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V. Hypotheses and Specific Aims

The molecular mechanisms that trigger entry into hypometabolism in zebrafish and other
anoxia-tolerant organisms are for the most-part unknown. However, current literature
suggests that anoxia-induced hypometabolism is accomplished by an intricate balancing
act between ATP demand and anoxia-diminished ATP supply and may involve multiple
signaling pathways acting downstream of ETC blockage or anoxia itself (Padilla & Roth,
2001; Mendelsohn et al., 2008; Lai et al., 2013). In an effort to identify a proximal signal
that induces hypometabolism, we collaborated with Dr. Young-Sam Lee at Johns
Hopkins University, and performed a mass spectrometry (MS) experiment to identify
metabolites whose levels change in response to anoxia. It was reasoned that metabolites
would serve as ideal signaling molecules as their levels change rapidly in response to
fluctuations in the environment. Global metabolite MS screening revealed several
metabolites implicated in the glycolytic pathway whose levels changed in response to
anoxia, among which was lactate (Chapter 2, Figure 6). Further analysis using a
fluorometric lactate detection assay revealed a rapid increase in lactate levels in 24 hour-
post fertilization (hpf) zebrafish embryos exposed to a short duration of anoxia.

In support of our finding, studies from the Gitlin laboratory also showed that both
anoxia and blockage of the ETC resulted in accumulation of lactate in zebrafish embryos
(Figure 1.22. Rate of lactate build up in 24 hpf embryos following incubation in

different chemical ETC blockers or anoxia) (Mendelsohn et al., 2008).
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Figure 1.22. Rate of lactate build up in 24 hpf embryos following incubation in
different chemical ETC blockers or anoxia. A, anoxia; R, rotenone; M, myxothiazole;

O, oligomycin. The chemical ETC blockers resulted in a higher rate of lactate
accumulation than in anoxia. Image from Mendelsohn et al., 2008.
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While lactate is generally thought of as a byproduct of glycolysis, increasing
evidence suggests that this metabolite also plays an important signaling role. For
instance, lactate was shown to bind to a GPCR olfactory receptor, Olfr78, in the carotid
body to stimulate hyperventilation in response to hypoxia (Chang et al., 2015).
Furthermore, as mentioned in the section on post-translational modification of NDRGs,
another study revealed that lactate binds to and stabilizes N-myc downstream-regulated
gene 3 (NDRG3) to promote cellular adaptation in hypoxic cancer cells via Raf-ERK
signaling pathway (Figure 1.14. Signaling role of lactate in adaptive response of
cancer cells to hypoxia) (Lee et al., 2015; Park et al., 2015); indicating that lactate-
NDRG signals promote cellular adaptation to low oxygen. Other than the study by Lee
and colleagues (2015), the physiological role of NDRG family members under low
oxygen has not been investigated. While the role of NDRG1 in cancer progression is
being slowly uncovered, its contribution to normal physiology, more specifically, in
intact organisms, is mostly unknown.

The observations that lactate levels increase dramatically under hypoxia and the
study by Lee et and colleagues revealing a lactate-NDRG signaling axis were the starting
point of my thesis work. I became interested in understanding the role of Ndrg1 in the
hypoxia response and more specifically, its potential function in lactate-mediated
adaptation to low oxygen. Although both Ndrgl and Ndrg3 are expressed in the kidney,
there was an interesting protein-protein mass spectrometry study (Table 1.2. List of
NDRGT1-interacting proteins in normoxic prostate cancer cells identified by
immunoprecipitation and LC/MS/MS) (Tu et al., 2007) for Ndrg1 that further

solidified my interest in pursuit of Ndrgl.
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My thesis thus explores the physiological significance of lactate/NDRG signaling
in the developing zebrafish embryo. More specifically, I have investigated the role of
lactate/NDRGI signaling in regulating the metabolic and physiological responses in the

pronephros and ionocytes.

The following hypotheses will be tested:

Hypothesis 1: NDRG1 promotes tissue and organismal protection under hypoxia.

Hypothesis 2: NDRG1 downregulates the ATP-demanding sodium potassium ATPase

pump under hypoxia.

Hypothesis 3: Lactate is a proximal signal downstream of hypoxia that can activate

NDRGI.
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ABSTRACT

Lack of oxygen (hypoxia and anoxia) is detrimental to cell function and survival and
underlies many disease conditions. Hence, metazoans have evolved mechanisms to adapt
to low oxygen. One such mechanism, metabolic suppression, decreases the cellular
demand for oxygen by downregulating ATP-demanding processes. However, the
molecular mechanisms underlying this adaptation are poorly understood. Here, we report
on the role of ndrgla in hypoxia adaptation of the anoxia-tolerant zebrafish embryo.
ndrgla is expressed in the kidney and ionocytes, cell types that use large amounts of ATP
to maintain ion homeostasis. ndrgl/a mutants are viable and develop normally when
raised under normal oxygen. However, their survival and kidney function is reduced
relative to WT embryos following exposure to prolonged anoxia. We further demonstrate
that Ndrgla binds to the energy-demanding sodium-potassium ATPase (NKA) pump
under anoxia and is required for its degradation. Consequently, ndrg/a mutants that fail
to downregulate NKA, have reduced ATP levels compared to WT embryos. Lastly, we
show that sodium azide treatment, which increased lactate levels, was sufficient to trigger
Ndrgla-NKA degradation. These findings support a model whereby Ndrgla functions as

a molecular switch for long term adaptation to hypoxia via metabolic suppression.

INTRODUCTION

Hypoxia contributes to multiple disease conditions, including acute kidney injury (Shu et
al., 2019), pulmonary hypertension (Bosc, Resta, Walker, & Kanagy, 2010), obstructive
sleep apnea (Douglas et al., 2010), neurodegenerative disease (Peers et al., 2009), and
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ischemia/stroke (Won, Kim, & Gwag, 2002). Despite these hypoxia-related pathological
outcomes, low oxygen is encountered in many environments, such as at high altitude,
overwintering in frozen ponds, embryonic development in utero and in the center of solid
tumors. Hence, metazoans have evolved mechanisms to adapt to hypoxia and maintain
homeostasis. These adaptations differ among cell types and species and the degree of
protection they confer, however, they generally involve enhanced oxygen delivery,
autophagy to recycle cellular constituents, and metabolic reprogramming (switch from
oxidative phosphorylation to glycolysis) (Bellot et al., 2009; Guillemin & Krasnow,
1997; Semenza, 2001; Xie & Simon, 2017). Important mediators of such responses
include hypoxia inducible factor la (Hifla), a transcription factor that is stabilized by
low oxygen (Semenza, 2012) and AMP-activated kinase (AMPK), whose activation is
triggered by an increase in AMP or reactive oxygen species levels (Dengler, 2020). In
addition, cells adapt to chronic and severe hypoxia by reducing their metabolic rate via
suppression of ATP-consuming processes (Hochachka & Lutz, 2001). This regulation
allows cells to maintain steady ATP levels even though ATP production is decreased. As
ion pumps are major utilizers of cellular ATP, a key aspect of metabolic suppression is
reduction in ion pumping via downregulation of NKA (Bogdanova, Petrushanko,
Hernansanz-Agustin, & Martinez-Ruiz, 2016; Buck & Hochachka, 1993; Gusarova et al.,
2011). In alveolar cells, this process depends on activation of AMPK (Gusarova et al.,

2011).

The NDRG family consists of four members (NDRG 1-4) that belong to the a—8
hydrolase superfamily, however, they lack the catalytic domain to be enzymatically

active (Shaw, McCue, Lawrence, & Dordick, 2002). Several members of this family have
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altered expression in cancer cells and tumor suppressor or oncogenic functions that
impact cell proliferation, differentiation and metastasis (Melotte et al., 2010). NDRGs
are also implicated in stress response and some members are transcriptionally up-
regulated, in a Hifla -dependent manner, following exposure to hypoxia (Angst et al.,
2006; Cangul, 2004; Chen, Nelson, & Sadovsky, 2006; Melotte et al., 2010; Park et al.,
2000). In hypoxic cancer cells, NDRG3 is stabilized by lactate and promotes
angiogenesis and cell growth via activation of the Raf-ERK pathway (Lee et al., 2015).
NDRGTI (formerly known as Drgl, Cap43, Rit42, RTP, and PROXY-1) protects human
trophoblasts from hypoxic injury by triggering an anti-apoptotic response (Chen et al.,
2006; Choi, Oh, Kim, Sadovsky, & Roh, 2007; Roh, Budhraja, Kim, Nelson, &
Sadovsky, 2005). While NDRGs are clearly implicated in the stress response, their

physiological roles in hypoxia adaptation of normal cells are mostly unknown.

The zebrafish genome encodes six ndrg family members that are highly
homologous to mammalian NDRGs (Melotte et al., 2010). We have previously shown
that ndrgla mRNA is up-regulated nine fold in zebrafish embryos exposed to prolonged
anoxia (Le et al., under revision), despite a general suppression of transcription under
severe hypoxia (Storey & Storey, 2007). These observations suggest that ndrgla plays an
essential role in hypoxia adaptation. ndrgla is primarily expressed in the embryonic
kidney (pronephric duct or PD) and ionocytes (Le et al., under revision), cell types that
maintain ion homeostasis via the activity of membrane pumps and ion transporters

(Hwang & Chou, 2013).
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We report here on the function of ndrgla in the anoxia-tolerant zebrafish embryo,
which can survive up to 50 hours of anoxia in a state of reversible arrest (Mendelsohn,
Kassebaum, & Gitlin, 2008; Padilla & Roth, 2001). While ndrgla is expressed in the PD
and ionocytes, it is not required for the differentiation or function of these cells under
normal conditions (normoxia). We rather found that ndrgla promotes organismal
survival and protects the kidney from hypoxic injury following exposure to prolonged
anoxia. We further show that, under normoxic conditions, Ndrgla spatially overlaps with
NKA in the PD and ionocytes and that NKA degradation is accelerated in response to
prolonged anoxia, in an Ndrgla-dependent manner. Given that ndrg/a mutants have
reduced ATP levels relative to WT embryos post-anoxia, we propose that activation of
Ndrgla contributes to metabolic suppression. Lastly, we show that an increase in
intracellular lactate, the end product of glycolysis, may be sufficient to trigger NKA
degradation. These findings support a model whereby Ndrgla functions as a molecular

switch for long term adaptation to hypoxia via metabolic suppression.

METHODS

Zebrafish husbandry and use

Wild type (WT) zebrafish (Danio rerio) of the AB strain were reared and manipulated
using protocols approved by the Institutional Animal Care and Use Committee at the
University of Maryland Baltimore County. Fish were maintained in UV-irradiated,
filtered running water and exposed to a 12:12 light/dark cycle. Male and female fish were
separated by a partition that was removed after the first light to initiate spawning.
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Embryos were collected and staged according to previously described methods (Kimmel
et al., 1995). Both age and stage-matched controls were used for hypoxia/anoxia -treated

embryos. The sex of the embryos used is unknown.

CRISPR/Cas9 mutagenesis to generate ndrgla mutants

Target Selection. The online bioinformatics tool CHOPCHOP

(https://chopchop.cbu.uib.no/) was used to identify three unique CRISPR targets for

ndrgla (NM_001128353, isoform 1; GRCz10). Each guide RNA (gRNA) target
sequence was chosen based on homology to other sequences in the published zebrafish
genome, predicted off-target effects, and self-complementation. Two gRNAs were used
to target the intron-exon splice junctions of ndrgla exons 4 (gRNA1) and 5 (gRNA?2),
and a third gRNA was complementary to coding sequence in exon 7 (gRNA3)

(Supplemental Fig. 1A).

The CRISPR target sequences are as follows:

gRNAL: 5-CCACGTCATGITCCTACACGGGG-3’

gRNA2: 5-AGGCAATGTAACTCACCCAGTGG-3°

gRNA3: 5-CTTAGAAAGGATGTAAGCACCGG-3’

Generation of insertion-deletions (indels). Embryos were mutagenized using active
ribonucleoproteins (RNPs) consisting of the Alt-R CRISPR/Cas9 high fidelity nuclear-

targeted Cas9 protein (HF-nCas9) and synthetic gRNAs according to the manufacturer’s
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recommendations (Integrated DNA Technologies; IDT). RNPs were co-injected in one-

cell stage embryos in the animal pole for multiplexed editing of ndrgla.

CRISPR mutant identification and characterization of the ndrgla™®! allele. Genomic
DNA sequencing of one of the F2 females identified 1-9 bp deletions in the vicinity of
each of the gRNAs (Supplemental Fig. 1B). Sequencing of the corresponding cDNA
revealed a large deletion spanning exons 4-15 (likely caused by gRNA1) (Supplemental
Fig. 1C), which resulted in a truncated protein product that lacks the a—f hydrolase fold
in addition to the C-terminal three tandem repeats and the phosphopantetheine
sequence which are characteristic of NDRG1 (14) (Supplemental Fig. 1D). A
homozygous mutant line was established for this allele, ndrgla™°' (designated as ndrgla
). Immunolabeling and western blotting using anti-NDRG1 (directed against AA 82-203
of human NDRG1; UniProt accession no. Q92597) did not detect any signal in ndrgla -
mutants (Supplemental Fig. 1E, G). In contrast, wholemount in sifu hybridization
(riboprobe targeting the 3’ end of the gene and 3’UTR) revealed that the transcript is
expressed at normal levels (Supplemental Fig. 1F). The failure to detect protein is

therefore likely to be a consequence of protein truncation.
Morpholino-mediated Ndrgla knockdown

Morpholinos (MOs) targeting the translational start site of ndrgla (Supplemental Fig.
1A) and the human B-globin gene (standard, control MO) (Schmajuk, Sierakowska, &
Kole, 1999) were commercially obtained (Gene Tools, LLC) and administered at

2nl/embryo using 0.1mM working solution. Each MO was injected at the 14 cell stages
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into the yolk margin just underneath the embryo proper. The MO sequences are as

follows:

ndrgla (MO1): 5°- CGTCCATTCTCAACGAGGACACCCG -3’

Standard control MO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’

Specificity of the ndrgla MO1 was confirmed using immunolabeling and western

blotting, which revealed that Ndrgla protein was absent or greatly reduced in MO-
injected embryos (Supplemental Fig 1E, G). As expected, ndrgla transcript levels,
detected using whole-mount in sifu hybridization, appeared normal in ndrgla MO-

injected embryos Supplemental Fig 1F).

Whole-mount in situ hybridization

Embryos were fixed in 4% paraformaldehyde (PFA) at the desired stages and processed
for in situ hybridization as previously described (Thisse and Thisse, 2008), using
riboprobes against zebrafish atplalal.2, kenjla. 1, ndrgla, slci12a3, slc20ala. Primers
used for probe design were as follows: The underlined font indicates the T7 RNA

polymerase binding site.

atplalal .2:

FWD: 5’>-CTTATGGAATCCAGGTGGCATC-3’

REV: 5’-TAATACGACTCACTATAGGCAGTACCTTCAACACAGTTGG-3’

kenjla.l:
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FWD: 5’-CCTGGAGGTGTGGCTTTGAT-3’

REV: 5’-TAATACGACTCACTATAGAGCCATGCCATCGAGGAAAA-3’

ndrgla:

FWD: 5’>-AGCTCACACCTCCGAAAACC-3’

REV: 5’-TAATACGACTCACTATAGACGATGTCTCTGTGCTGCAT-3’

slcl12a3:

FWD: 5’>-ATGGGAATCCAAGGCCCAAG-3’

REV: 3’-TAATACGACTCACTATAGACACAGGAGCCAATGGTAGC-3’

slc20ala:

FWD: 5’>-ACCATCTTTGAGACAGTGGGTG-3’

REV: 5°-TAATACGACTCACTATAGCAGCCCAGTGAGATTAGCAGGG-3’

Immunolabeling and other labeling procedures

Immunolabeling. Embryos were fixed in 4% paraformaldehyde (PFA) at 4°C overnight
and washed in 1x PBS for 30 min. Fixed embryos were permeabilized with cooled
acetone for 5 min at -20°C, followed by a 5 min wash in 1x PBS. Embryos were
subsequently incubated in Inoue blocking solution (Inoue & Wittbrodt, 2011) (5 %
Normal Goat Serum (NGS) (Abcam, cat# ab7481, lot# GR325285-5), 2% BSA (Fisher

Scientific, cat# BP1600-100, lot# 196941), 1.25% Triton X-100 (Fisher Scientific, cat#
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BP151-500, lot# 172611) in 1x PBS for 1 hour at room temperature (RT) on a rotating
platform (80 RPM). Incubation in primary antibodies was performed in I-buffer solution
(1% normal goat serum, 2% bovine serum albumin, 1.25 % Triton X-100, in 1x PBS) for
2 days at 4°C on a rotating platform (80 RPM). Embryos were then washed three times,
30 min each, with 1x PBS at room temperature. Secondary antibodies, diluted in I-buffer,
were applied for 1 day at 4°C on a rotating platform (80 RPM). After secondary antibody

incubation, embryos were washed three times with 1x PBS for 30 min.

Primary antibodies: anti-NDRG1 @ 1:500 (Sigma Aldrich, catalog # HPA006881, lot#

A 69409, rabbit polyclonal), anti-ATP1A1A @ 1:500 (DHSB, catalog # aSs, lot#
10/17/19, mouse monoclonal), anti-GFP @ 1:500 (Invitrogen, cat# A21311, lot#
2207528, rabbit polyclonal, Alexa Fluor 488 conjugated), anti-ZO-1 @ 1:500

(Invitrogen, cat#40-220D*, lot# UB280595, rabbit polyclonal). Secondary antibodies:

Goat anti-rabbit Alexa Fluor 594 (Abcam, cat# ab150080, lot# GR3373513-1), Goat anti-
mouse Alexa Fluor 488 @ 1:500 (Abcam, catalog # ab150113, Lot#GR3373409-1).

Other labels added after secondary antibodies. Phalloidin-Alexa 594 (Invitrogen,

cat#A 12381, lot# 2256805), Phalloidin-Alexa 405 (Invitrogen, cat#A30104, lot#
2277734) and DAPI (Thermo Scientific, cat# 62248, lot# WD3246961) were used

according to the manufacturer’s instructions.

Whole-mount proximity ligation assay (PLA). To identify in situ protein-protein
interactions, PLA was performed using the PLA Duolink kit (Sigma Aldrich, catalog#
DUO92101). The protocol was performed according to the manufacturer’s instructions
with the following modifications: All steps were performed in 96-well plates, 40 mM

final volume, at RT, rotating (80 RPM). Embryos were incubated in primary antibody
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solution at RT overnight. Embryos were then treated with Duolink PLA probes at RT
overnight, followed by incubation in the ligation solution at RT overnight and an
additional 1 hour at 37°C. Between primary antibody, Duolink PLA probe, and ligation
solution incubations, samples were washed with 1x Wash Buffer A at RT for 3 x 20 min.
Embryos were incubated in the amplification solution at RT overnight, followed by 1
hour at 37°C. Lastly, samples were washed in 1x Wash Buffer B at RT for 3 x 20 min,

then in 0.01x Wash Buffer B at RT for 20 min.

Sectioning and microscopy

Sectioning embryos. Transverse sections (40 um) of fixed and labeled embryos were
obtained using a vibratome (Vibratome, 1500). Embryos were mounted in agarose (4 %)
blocks prior to sectioning. Sections through the anterior and posterior pronephric duct
were distinguished based on tissue morphology, as the distance between the two tubules

is larger in the anterior region.

Compound microscopy. Live, dechorionated embryos were immobilized using the
sedative tricaine methanesulfonate at 0.001% w/v in embryo medium E3 (5mM NacCl,
0.33mM CaCl2, 0.17mM KCI, 0.33mM MgS04). Sedated or fixed embryos were
mounted on depression slides in E3 medium. Lateral views of 24-48 hpf embryos were
viewed at 50X magnification using an Axioskop II compound microscope (Carl Zeiss,

Axioscope II) and imaged with an AxioCam (Carl Zeiss, 504 CCD camera).

Confocal microscopy. For lateral views, 24-48 hpf embryos were mounted in E3 medium
on glass-bottom culture dishes with size #1.5 coverslips (Mattek, cat# PS0GC-1.5-14-F).
Images were captured with a 5X air objective lens using an inverted SP5 laser scanning
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confocal microscope (Leica Microsystems). For imaging transverse sections of embryos,
a 63X oil objective lens was used. Images were analyzed and processed using FI1JI
ImageJ (National Institutes of Health) and PowerPoint (Microscope). When comparing
protein levels between embryos in the same experimental repeat, all specimens were

processed using identical settings, including gain.

Western blot Analysis

Embryos were dechorionated and mechanically lysed in precooled cOmplete Protease
Inhibitor Cocktail (Millipore Sigma, catalog# 11836145001). The bicinchoninic acid
(BCA) protein assay was used to determine the total protein concentration in embryo
lysates. Western blot analysis was performed by loading 7.5 g of total protein per lane
into 7.5% Tris-glycine SDS-PAGE gels (Bio-Rad, catalog #4561026) and transferring to
methanol-activated PVDF membranes (Bio-rad, cat# 1620177. Specific protein detection

was performed using diluted primary antibodies as follows: anti-NDRG1 @ 1:5000

(Sigma-Aldrich, catalog# HPA006881, rabbit polyclonal); anti-GAPDH @1:5000
(GeneTex, catalog #GTX124503; batch: RRID:AB 11165273, rabbit polyclonal). The

secondary antibody used is Goat anti-rabbit @ 1:10,000 (Cell Signaling Technology,

catalog #7074; RRID:AB 2099233). Molecular weights were determined using pre-
stained protein ladders (Thermo Fisher Scientific, catalog #26616; GE Healthcare,
catalog #RPN80OOE). Protein abundance was detected on membranes using the
SuperSignal West Femto enhanced chemiluminescence kit (Thermo Fisher Scientific,
catalog #34095) and Blu-C high-contrast autoradiography film (Stellar Scientific, catalog

#BLC-57-100).
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Drug treatments

Sodium Azide (NaN3) (catalog #S2002-5G) was used at 300 uM concentration in E3
embryo medium to increase endogenous lactate levels, as previously described (Oginuma
et al., 2017). Since Sodium Azide arrests or delays development, age and stage-matched

untreated controls were used.

Protease inhibitor MG-132 (EMD Millipore Corp, cat# 474791-5MG, lot# 3537249) and
autophagy inhibitor Chloroquine (Sigma Aldrich, cat# C6628-50G, batch # 0000090940)

were used at 100 pM and 1 mM, respectively in E3 embryo medium.

Hypoxia and anoxia treatments

For all hypoxia experiments, oxygen levels were controlled using a PLAS LABS’
Controlled Environmental Chamber (model# 856-HYPO). A combination of pure
nitrogen (N2) (Airgas) and room air was perfused into the chamber and resulting oxygen
concentrations were measured using the PLAS LABS’ built-in oxygen sensor.
Additionally, a handheld portable oxygen meter (Yellow Springs Instruments (YSI)
Item# 626972) was placed inside of the hypoxia chamber to directly monitor oxygen
levels in E3 embryo medium. E3 medium was placed in the PLAS LABS chamber in a
beaker and aerated using an air pump to accelerate equilibration of dissolved oxygen

levels with the chamber’s ambient oxygen level for 12 hours before experimentation.

Survival tests

Anoxia survival. Survival was assayed immediately following anoxia exposure. Embryos

were examined for severe tissue necrosis and deterioration using bright field imaging.
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Anoxia + re-oxygenation survival. Embryos that survived anoxia were transferred to
normoxic water and examined after two days of re-oxygenation for signs of viability,
including heartbeat and response to touch. The surviving embryos were further
categorized into either mild or severe edema cases. All survival experiments were

performed at least three times with > 25 embryos per experiment.

Kidney clearance assay

Kidney function was examined in WT and ndrgla’™ mutants using the kidney clearance

assay (KCA) (Christou-Savina, Beales, & Osborn, 2015).

KCA using embryos raised under normoxic conditions. WT embryos and ndrgla™
mutants were injected at 48 hpf in the pericardial cavity with rhodamine dextran (10,000
MW; Invitrogen, cat# D1824, lot# 2270252; working concentration of 5 mg/ml in
distilled water). Fluorescence in the heart chamber of injected embryos was imaged and
quantified 3 and 24 hours post-injection (hpi) using an Axioskop II compound
microscope (Carl Zeiss) and AxioCam 504 CCD camera (Carl Zeiss). Embryos were
imaged at 50 X total magnification using identical exposure settings. Images were taken
in an area of interest centered on the heart and analyzed and processed using ImageJ

(National Institutes of Health).

KCA using embryos exposed to anoxia followed by re-oxygenation. Same procedure as
described above but with the following modifications: 24 hpf WT embryos and ndrgla”
mutants were exposed to 12 h of anoxia, followed by injection of rhodamine dextran

(under normal oxygen) and two days of re-oxygenation.
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ATP assay

24 hpf WT embryos and ndrgla’ mutants were exposed to 0, 6, 12, 18 and 24 h of
anoxia and snap-frozen in liquid nitrogen immediately post-anoxia treatment and removal
of E3 medium. Metabolites were extracted and ATP concentration (nmol/embryo)
measured using a luminescent ATP Detection Assay kit (Abcam, catalog # ab113849),

according to the manufacturer’s instructions.

Lactate assay

Lactate levels were measured in 24 hpf WT and ndrgla”’™ mutant embryos exposed to
either anoxia or Sodium Azide. For each treatment group, 20 embryos were snap-frozen
in liquid nitrogen after embryo medium removal and kept at - 80°C until further
processing. The L-lactate fluorometric kit (BioVision, catalog #K607) was used
according to the manufacturer’s instructions for small biological samples. No-sample
background control fluorescence was subtracted from the experimental samples’

fluorescence to account for background fluorescence.

Metabolomic analysis

A metabolomic analysis was performed on 5 hpf WT embryos exposed to 1 hour of
anoxia and age-matched normoxic controls (5 hpf). 400 pl of methanol and 400 pl of
water were added as a polar solvent to decant the embryos over ice. After decanting, 400
ul of isopropanol was added as a nonpolar solvent. Samples were rocked at 4° C for 20
min and centrifuged at 13,000 g for 5 min. The water-soluble metabolites (top of phase

separation) was extracted and stored at - 80°C. Four biological replicates were obtained
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and 10 embryos were used per sample. Mass spectra were acquired using a Phenomenox
Luna NH2 column connected to an Agilent 1200 HPLC and Agilent 6210 ESI-TOF mass
spectrometer in a negative ion mode. Data were analyzed with Agilent software packages
(MassHunter, Mass Profiler, Profinder and Mass Profiler Professional) using 1,000 ion
counts as an arbitrary cutoff. An extracted ion chromatograph (EIC) was then generated
for each ion. lons that did not show clear peaks were discarded from the subsequent
analysis. lons were identified by comparing molar mass against Mzed database (Draper et
al., 2009). The lactate peak (observed: 89.0240, calculated mass for M-H ions is 8§9.0239)

was extracted, and the area was used for comparison.

Alignment of NDRG Family Members

The protein sequences of several vertebrate NDRG family members (human: NDRG3,
NP 114402.1; mouse: NDRG3, NP 038893.1, zebrafish: Ndrgla, NP_998513.2,
zebrafish: Ndrglb: NP 956986.2, zebrafish Ndrg3a: NP 955811.1, zebrafish Ndrg3b:
XP 005162043.1) were aligned using the Clustal Omega Multiple Sequence Alignment
software (https://www.ebi.ac.uk/Tools/msa/clustalo/) to identify homologous regions of

interest.

Measurements

Fluorescence intensity measurements of the pronephric duct. Fluorescence intensity
corresponding to ATP1A1A protein levels in the anterior and posterior pronephric duct
was measured using lateral views of immunolabeled embryos. Two regions of interest
(ROI) centered along the anterior or posterior halves of the pronephric duct were
delineated for intensity measurements using ImageJ (FIJI) software.
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Fluorescence intensity measurements of ionocytes. Fluorescence intensity
corresponding to ATP1A1A protein levels in ionocytes was measured by drawing a tight
ROI around individual ionocytes (5-10) in the yolk ball and flank region demarcated by

the distal ends of the yolk extension using ImagelJ (FLJI).

ITonocyte length: lonocyte length (micron) was measured by drawing a line along the

longest axis of the cell.

Experimental design and statistical analysis

Graphing and statistical analysis were performed using Prism 9 (Graph Pad). Statistical
significance was declared in circumstances where p < or = 0.05. Experiments comparing
three or more groups were analyzed using a two-way ANOVA test. An unpaired t-test
was used when comparing means of two independent groups. Data were reported as the

mean +/- SEM unless otherwise indicated.

RESULTS

ndrgla is not required for kidney and ionocyte differentiation or function

We have previously shown that ndrgla is a hypoxia-responsive gene whose transcript
levels increase proportionately with the severity and duration of hypoxia (Le et al., under
review), suggesting that ndrgla is implicated in hypoxia adaptation. However, others
have shown that NDRG1 plays a key role in kidney cell differentiation in Xenopus

(Kyuno, Fukui, Michiue, & Asashima, 2003; Zhang, Guo, & Chen, 2013), which, if
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conserved, would preclude directly testing the function of this NDRG family member in
cell physiology. We therefore began by investigating whether differentiation of PD cells

and ionocytes is impaired in Ndrgla-deficient zebrafish embryos.

Ndrgla was targeted using a translation-blocking morpholino (MO) and
CRISPR/Cas 9 mutagenesis to produce a null allele, ndrgla™*! (Supplemental Fig. 1).

mbel mutants (henceforth referred to as ndrgla™) are homozygous viable and

ndrgla
morphologically normal (Supplemental Fig. 1E, F). Please see Appendix Section II for

more details on CRISPR ndrgla’™ mutant generation.
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Supplemental Figure 1. Generation of ndrgla loss of function tools.

(A) Schematic of the ndrgla locus showing 5° and 3’ untranslated regions, exons (black
boxes), and the target sites for the ndrgla translation-blocking morpholino (MO1, green
bar) and the three CRISPR-Cas9 guide RNAs (gRNA 1-3, red bars). (B) Genomic DNA
sequences of WT embryos and ndrgla™' homozygous mutants at the CRISPR-Cas9
gRNA target sites. PAM sequences are in blue, underlined font and insertion/deletion
mutations are shown in red. (C) Illustration of exons included in the WT and ndrgla™*!
mutant alleles. (D) Structure of the WT and ndrg/a mutant proteins showing domains
present and missing in the mutant. Domains present in WT include: o/p hydrolase fold,
cytochrome ¢ heme binding motif, NDR, phosphopantetheine attachment site (PPAS) and
3 X 10 AA repeats. (E) Lateral views of 24 hpf WT, standard (STD, control) morpholino
(MO)-injected, ndrgla MO-injected and ndrgla™“! homozygous mutants,
immunolabeled with anti-NDRGI1. Scale bar 300 mM. n= 3 embryos imaged per
treatment group. (F) Lateral views of 24 hpf WT, STD MO-injected, ndrgla MO-injected
and ndrgla™ homozygous mutants labeled by whole-mount in situ hybridization using
an ndrgla riboprobe. Scale bar 300 mM. n= 3 embryos imaged per treatment group (G)
Western blot analysis of Ndrgla protein levels in 24 hptf WT, STD MO-injected, ndrgla
MO-injected and ndrgla™<’ homozygous mutants. GAPDH was used as a loading
control. n= 2 repeats.
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Whole-mount in situ hybridization (WISH) using several markers (s/c20ala:
anterior PD, slc12a3: posterior PD, atplala, the catalytic subunit of NKA: entire length
of the PD and all ionocytes and kcnjla.l: middle part of the PD and ionocytes), revealed
that the distribution of these transcripts is normal in ndrgla loss-of-function (LOF)
embryos at 24 hpf, when PDs are fully formed (Kimmel, Ballard, Kimmel, Ullmann, &
Schilling, 1995) (Fig. 1 A). Furthermore, the expression of s/ic20ala and atplala is
properly maintained in 48 hpf ndrgla LOF embryos (Supplemental Fig. 2A), when the
kidney becomes fully functional (Drummond et al., 1998). Immunofluorescence using
anti-ATP1A1A and anti-GFP in the transgenic line Tg[enpep: GFP] (entire length of the

PD) further confirmed proper protein expression in the PD (Fig. 1B).

Kidney physiology is tightly linked to cell polarity, which enables the directional
flow of ions. Analysis of the subcellular distribution of polarity markers F-actin and
Zonula-Occludens-1 (ZO-1) showed that ndrgla is not required for apico-basal

polarization of PD cells (Supplemental Fig. 2B).

We next tested the function of the embryonic kidney using a kidney clearance
assay (KCA) (Christou-Savina et al., 2015). Rhodamine dextran was injected into the
pericardial cavity of 48 hpf embryos and the ability of the kidney to clear the rhodamine
dextran was tested by measuring fluorescence intensity after 3 and 24 hours post-
injection. This analysis revealed that kidney filtration is normal in ndrgla’~ mutants

(Supplemental Fig. 2C, D).
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Figure 1. Ndrgla is not required for the differentiation of the pronephric duct and
ionocytes.

(A, B) Lateral views of 24 hpf WT, standard MO-injected, ndrgla MO-injected and
ndrgla’” mutant embryos labeled using (A) wholemount in situ hybridization to detect
the mRNA distribution of sic20ala, slcl12a3, atplala and kenjla.l and (B)
immunolabeling with anti-ATP1A1A or anti-GFP (Tg[enpep:GFP transgenic line). n = 3
embryos imaged for each probe. Scale bar 300 um for slc20ala, kcnjla. 1, and ATP1ala.
Annotations: arrows point to signal in the pronephric duct; arrowheads: ionocytes.
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Supplemental Figure 2. The morphology, differentiation and function of the
pronephric duct are normal in Ndrgla loss-of-function embryos.

(A) Lateral views of 48 hpf WT, STD MO-injected, ndrgla MO-injected and ndrgla™
mutant embryos labeled by whole-mount in situ hybridization using slc20ala and
atplala riboprobes. Scale bar 300 mM. Annotations: arrows point to signal in the
pronephric duct. n=3 embryos imaged per treatment group. (B) Transverse views of the
anterior and posterior pronephric duct of WT embryos and ndrgla”” mutants, labeled
with anti-ATP1A1A (green), anti-ZO-1 (apical pole, red), and phalloidin (F-actin, blue).
Scale bar 10 mM. Annotations: arrows point to the apical surface. n =3 embryos imaged
per treatment group. (C) Kidney clearance assay using 48 hpf WT embryos and ndrgla”
mutants raised under normoxic conditions. Embryos were injected at 48 hpf in the
pericardial sac with thodamine dextran. Lateral views of injected embryos were taken 3
and 24 hours post-injection (hpi). White boxes indicate where fluorescence
measurements were taken. Scale bar 200 um. (D) Quantification of kidney clearance
assay. No significant difference between WT and mutants was observed 24 hpi (unpaired
t test; p value = 0.8192, ns). n = 10 embryos analyzed per group.
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These findings indicate that ndrgla is neither required for the differentiation of
the PD and ionocytes nor for the function of the PD under normoxic conditions, enabling

us to directly test the function of ndrgla in physiological adaptation to hypoxia.

Ndrgla promotes organismal and cell survival under prolonged hypoxia

To test whether ndrgla promotes hypoxia survival, we exposed 24 hpf embryos to
increasing durations of anoxia (6, 12, 18 and 24 h) and scored viability immediately post-
treatment. This analysis showed that WT embryos survived prolonged anoxia exposure
somewhat better than ndrg/a”" mutants (18 h: WT 78.5% vs. ndrgla™ 52.6%; 24 h: WT
47.8% vs. ndrgla™23.2%) (Fig. 2A). However, when surviving embryos were returned
to normal oxygen for 2 days, we noticed a dramatic reduction in viability of ndrgla
mutants relative to WT embryos (18h: WT 79.0% vs. ndrgla ™" 35.5%; 24h: WT 58.8%
vs. ndrgla™ 7.1%) (Fig. 2B). Furthermore, a large percentage of the ndrgla - mutants
that survived immediately post-anoxia developed mild or severe edema (Fig. 2C) (6h:
WT 97.3% no edema, 2.7% mild edema, 0% severe edema vs. ndrgla™ 69.5% no
edema, 30.5% mild edema, 0% severe edema; 12h: WT 94.5% no edema, 5.5% mild
edema, 0% severe edema vs. ndrgla™ 65.2% no edema, 28.2% mild edema, 6.6% severe
edema; 18h: WT 93.1% no edema, 6.9% mild edema, 0% severe edema vs. ndrgla™
50% no edema, 8.8% mild edema, 41.2% severe edema). Edema results from water
retention and has multiple proximal causes, including malfunction of the PD (Elmonem
et al., 2018) and ionocytes (Hwang & Chou, 2013). We therefore tested whether renal
damage occurred post-anoxia using the kidney clearance assay. 24 hpf embryos were
subjected to 12 h of anoxia and 2 days of re-oxygenation, following which rhodamine

dextran was injected into their pericardial cavity and fluorescence measurements were
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made 3 and 24 hours post-injection. This analysis revealed that ndrgla - mutants
retained more rhodamine dextran than WT embryos post-anoxia (WT: 44.3%
fluorescence vs. ndrgla ™™ mutants: 60.3% fluorescence) (Fig. 2D, E), indicative of

reduced kidney filtration capability.

Together, these data suggest that ndrgla protects the kidney (and possibly
ionocytes) from hypoxia-induced cellular damage, which reduces edema formation and

enhances survival.
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Figure 2. ndrgla confers protection from hypoxic injury

(A) % Survival of WT embryos and ndrgla”" mutants immediately following 6, 12, 18
and 24 h of anoxia exposure. Embryos were 24 hpf at the time of exposure. A significant
difference between WT and mutants was observed for 12 and 18 h of anoxia (Two-way
ANOVA analysis was performed; 0 h WT vs. ndrgla’™: p value > 0.9999, ns; 6 h WT vs.
ndrgla’: p value = 0.1275, ns; 12 h WT vs. ndrgla™: p value = 0.9940, ns; 18 h WT vs.
ndrgla’: p value < 0.0001, ****; 24 h WT vs. ndrgla™: p value < 0.0001, ***%) n =
average of 30 embryos per experimental group; n > 5 experiments. (B) % Survival of WT
embryos and ndrgla’ mutants following 6, 12, 18 and 24 h of anoxia exposure and 2
days of re-oxygenation (re-ox). Embryos were 24 hpf at the time of initial anoxia
exposure. A significant difference between WT and mutants was observed for 18 and 24
h of anoxia + 2 days re-ox (Two-way ANOVA analysis was performed; 0 h + re-ox WT
vs. ndrgla™: p value > 0.9999, ns; 6 h + re-ox WT vs. ndrgla’™: p value > 0.9999, ns;
12h + re-ox WT vs. ndrgla™: p value >0.9999, ns; 18 h + re-ox WT vs. ndrgla™: p value
<0.0001, ****: 24 h + re-ox WT vs. ndrgla’™: p value < 0.0001, ****) n = average of 9-
26 embryos per experimental group; n = 2-5 experiments. (C, left) % Edema observed in
WT embryos and ndrgla” mutants following 0, 6, 12, 18 and 24 h of anoxia exposure
and 2 days re-ox. Edema phenotypes were divided into 3 categories: no edema, mild
edema and severe edema. A significant difference between WT and mutants was
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observed for 6, 12, and 18 h of anoxia + 2 days re-ox for the presence of either mild or
severe edema (Two-way ANOVA analysis was performed; Oh + re-ox WT vs. ndrgla™:
p value > 0.9999, ns; 6 h + re-ox WT vs. ndrgla™: p value = 0.0224, *; 12 h + re-ox WT
vs. ndrgla™: p value = 0.0118, *; 18 h + re-ox WT vs. ndrgla’™: p value = 0.0001, ***).
(C, right) Representative images of embryos in each phenotypic category. n = average of
9-26 embryos per experimental group; n = 2-3 experiments. Scale bar 200 um. (D)
Quantification of kidney clearance assay using 48 hpf WT embryos and ndrgla” mutants
exposed to 12 h of anoxia, followed by 2 days re-ox and injection with rhodamine
dextran. A significant difference between WT and mutants was observed 24 hpi
(unpaired t test; p value < 0.0001, **** n = average of 9 embryos per experimental
group; each experiment was repeated 2 times. (E) Lateral views of injected embryos were
taken 3 and 24 h post-injection (hpi). White boxes indicate where fluorescence
measurements were taken. Scale bar 200 pum.
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NKA is downregulated following prolonged anoxia

The expression of ndrgla in the PD and ionocytes and the edema observed in mutants
exposed to severe and prolonged hypoxia suggest that Ndrgla plays a regulatory role,
perhaps by controlling ion homeostasis. Of the multiple ion channels and pumps
expressed in these cells (e.g. Fig. 1), the catalytic subunit of the NKA pump, ATPIA1A,
was selected for further analysis. This enzyme is estimated to consume 30% of the cell’s
energy in maintaining Na" and K" gradients (Pirahanchi, Jessu, & Aeddula, 2021). Given
this high-energy demand, an evolutionarily conserved response of cells exposed to low
oxygen is to downregulate NKA activity or to degrade the pump itself (Bogdanova et al.,

2016; Buck & Hochachka, 1993; Gusarova et al., 2011).

To address whether Ndrgla and ATP1A1A interact in the zebrafish embryo, we
began by examining their distribution. There are five genes encoding the alpha 1 subunit
in the zebrafish genome (atplala.l-atplala.5), each with a distinct expression profile
(Blasiole et al., 2002; Canfield et al., 2002). The distribution of atplala.2 is very similar
to that of ndrgla, both of which are expressed in the PD and ionocytes (Fig. 3al,a2).
Double immunolabeling using anti-NDRG1 and anti-ATP1A1A (against the chick alpha
1 subunit) confirmed that Ndrgla and ATP1A1A are co-expressed in the kidney and
ionocytes (Fig. 3a3), although a small percentage of ionocytes are positive for only

Ndrgla or ATP1A1A (magnified image Fig 3a3, colored boxes in Fig. 4al).
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Figure 3. NKA downregulatation in the pronephric duct in response to anoxia is
ndrgla-dependent

(A) Lateral views of 24 hpf WT embryos revealing (a.1,2) ndrgla and atplala transcript
distribution using whole-mount in sifu hybridization. (a.3) Ndrgla and ATP1A1A protein
distribution using double immunolabeling. Scale bars: al, a2: 300 mM, a3: 100 mM for
both wholemount and inset. (B) Lateral views of WT embryos and ndrgla”" mutants
exposed at 24 hpf to increasing duration of anoxia: (b1, b4) 0 h; (b2, b5) 6 h; (b3, b6) 12
h and immunolabeled to reveal ATP1A1A. n = average of 5 embryos per experimental
group; n=2 experiments. Scale bar 100 um. Abbreviations: ant = anterior, post =
posterior. Annotations: yellow boxes show where anterior and posterior pronephric duct
measurements were taken. Arrowheads indicate decreased signal. (C) Normalized
fluorescence intensity in the (c1) anterior and (c2) posterior pronephric duct of WT
embryos and ndrgla”” mutants. Embryos were exposed at 24 hpf to increasing duration of
anoxia (0, 6, 12, 18 and 24 h) and immunolabeled to reveal ATP1AI1A levels. n = average
of 5 pronephric duct per experimental group; n=2 experiments. (D) Cross sections views
of the anterior (d1-d3’°, d7-d9’) and posterior (d4-d6°, d10-d12”) pronephric ducts in WT
embryos (d1-d3’°, d4-d6’) and ndrgla’ mutants (d7-d9°, d10-d12°), labeled with anti-
ATP1AT1A and phalloidin (F-actin). Scale bar 20 mM. Annotations: asterisks indicate the
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lumen (apical surface of PD cells). n = average of 6 pronephric ducts imaged per
treatment group or 3 embryos; each experiment was repeated 2 times.
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Figure 4. NKA is co-expressed with Ndrgla in a subset of ionocytes and
downregulated under anoxia in an ndrgla-dependent manner

(A, left) Lateral views of WT embryos (al-b3) and ndrgla” mutants (c1-c3) exposed to
anoxia for 0 h (al-cl), 6 h (a2-c2), 12 h (a3-c3) and immunolabeled with anti-ATP1ATA
(green) and anti-Ndrgla (red); (al-a3) show merged channels, while (b1-c3) show the
green (ATP1ATA) channel only. Annotations: yellow and green boxes identify ionocytes
that are positive for Ndrgla and ATP1A1A (yellow) or ATP1A1A-only (green). Scale
bar: al: 100pum; al’: 2pum. (A, right) Higher magnification images of yellow boxed in
areas in al-b3, showing merged channels (al-a3”) and green channel only (b1-b3’). (B)
Normalized fluorescence intensity of ATPIA1A in ionocytes of WT embryos and
ndrgla”” mutants exposed to anoxia for 0, 6, 12, 18, and 24h.
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We next tested whether NKA is hypoxia-responsive in zebrafish by examining
ATP1ALIA levels in embryos that were exposed to different durations of anoxia. Under
normoxic conditions (0 h time point), ATP1A1A was distributed along the entire length
of the PD but its levels were noticeably higher in the posterior PD (Fig. 3b1). Following 6
h of anoxia, the intensity of the signal was reduced throughout the PD, but most
noticeably in the anterior region (open arrowheads in Fig. 3b2; quantified in Fig. 3C). By
12 h of anoxia, ATP1A1A levels were further decreased along the full anterior-posterior
extent of the PD (open arrowheads in Fig. 3b3; quantified in Fig. 3C). Additional
timepoints of anoxia (18 and 24 h) resulted in further NKA downregulation (WT anterior
PD: 48% reduction of NKA level between Oh and 24h anoxia; WT posterior PD: 49%
reduction of NKA level between Oh and 24h anoxia) (Fig. 3C), but not complete
depletion, consistent with prior observations in human and rat lung cells (Wodopia et al.,
2000). Transverse sections of WT embryos subjected to anoxia and double labeled with
anti-ATP1AT1A and the cell surface marker phalloidin (cortical F-actin) revealed that
NKA levels were gradually reduced in the baso-lateral plasma membrane compartment of

anterior (Fig. 3d1-d3’, top panels) and posterior (Fig. 3d4-d6’, bottom panels) PD cells.

ATP1A1A was also downregulated under anoxia in ionocytes that co-expressed
Ndrgla (33% reduction of NKA level between Oh and 24h anoxia), (yellow boxes in Fig.
4al-b3, al’-b3’, quantified in Fig. 4B). In contrast, ionocytes that were Ndrgla-negative
retained high levels of ATP1A1A following 6 and 12 h of anoxia (green boxes in Fig
4al-b3, quantified in Fig. 4B). These observations reveal a negative correlation between

the presence of Ndrgla and ATP1A1A levels.
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We also observed that the downregulation of ATP1A1A is reversible. Indeed,
following 18 h of anoxia, ATP1A1A levels in both the PD and ionocytes increased
steadily when embryos were re-introduced to normoxia, plateauing at 6 h post-re-

oxygenation (anterior PD) (Supplemental Fig. 3).

Overall, these data indicate that downregulation of NKA is a gradual, long-term

response to anoxia that is reversible when oxygen levels return to normal.
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Supplemental Figure 3. NKA downregulation is reversible upon reoxygenation.

(A) Lateral views of WT embryos exposed at 24 hpf to 18 h of anoxia followed by 1, 3, 6
and 9 h of re-oxygenation and immunolabeled with anti-ATP1ATA. Scale bar 200 um.
n= average of 3 embryos per experimental group; n=3 experiments. (B) Quantification of
ATP1A1A levels during reoxygenation. n= average of 3 embryos per experimental
group; n=3 experiments. Annotations: arrowheads point to PLA signal in the pronephric
duct.
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Degradation of NKA is Ndrgla-dependent

The spatial overlap between Ndrgla and ATP1A1A and the negative correlation between
the levels of these proteins in ionocytes, suggested that Ndrgla may control NKA
abundance under hypoxia. To test this, ndrgla - mutants were exposed to different
durations of anoxia and ATP1A1A levels were quantified. Unexpectedly, analysis of
normoxic controls (0 h anoxia time point) revealed that the PD (Fig. 3bl vs. b4, C) and
ionocytes (Fig. 4bl vs. al’, B) of mutants expressed higher levels of ATP1A1A than cells
in WT embryos (58% and 20% increase in anterior and posterior PD of mutants vs. WT),
suggesting that Ndrgla regulates ATP1A1A levels, even under normal oxygen. However,
despite these elevated normoxic levels, the relative amount of ATP1A1A in the PD of
mutants was only marginally reduced following prolonged anoxia compared to WT
embryos in which ATP1A1A levels decreased proportionately to time in anoxia (24 h
anoxia, anterior PD: 8.3% reduction for ndrgla ™ vs. 48% reduction for WT; 24 h anoxia,
posterior PD: 25% reduction for ndrgla ™ vs. 49% reduction for WT) (Fig. 3b2,b3 vs. b3,

b6, C) and even slightly increased in ionocytes (7% increase) (Fig. 4B).

Furthermore, analysis of cross sections double-labeled with phalloidin showed
that ATP1A1A mostly remained localized in the baso-lateral membrane of PD cells (Fig.

3D) in ndrgla”" mutants, suggesting that the pump is not endocytosed.

These data suggest that Ndrgla negatively regulates NKA abundance in the
plasma membrane under normal oxygen and that this activity is somehow enhanced or

accelerated in response to prolonged anoxia.

Ndrgla and NKA interact under severe hypoxia
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A previous study identified ATP1A1A as a potential binding partner of NDRG1 in
human prostate cancer cells (Tu, Yan, Hood, & Lin, 2007), raising the question of
whether Ndrgla physically interacts with ATP1A1A to bring about its downregulation.
ATP1AL1A is a transmembrane protein, in contrast to NDRG1 whose peptide sequence
does not include an obvious membrane localization signal (Shi, Larkin, Chen, &
Sadovsky, 2013). Furthermore, NDRGI1 intracellular distribution appears to vary between
cell types and in response to environmental signals, including hypoxia (Caruso et al.,
2004; Kim et al., 2004; Kurdistani et al., 1998; Lachat et al., 2002; Shi et al., 2013;
Sibold et al., 2007; Song et al., 2010). Given that ATP1A1A downregulation is triggered
downstream of hypoxia, in an Ndrgla-dependent manner, we reasoned that these proteins
may co-localize near the cell cortex. This was confirmed in embryos that were double-
labeled with anti-NDRG1 and anti-ATP1A1A. Under normoxic conditions, we observed
that Ndrgla was distributed throughout the cytosol and overlapped extensively with
ATP1AT1A at the cell cortex of ionocytes (Fig 4al (inset)) and PD cells (Fig. 5al, a4).
The overlap was reduced following 6 and 12 h of anoxia in both the ionocytes (insets in
Fig. 4a2, a3) and the anterior PD, coinciding with significant downregulation of
ATP1AT1A (Fig. 5a2, a3). In contrast to the anterior PD, the posterior kidney showed
extensive overlap of Ndrgla and ATP1A1A at the cell cortex, even after 12 h of anoxia
(Fig 5a5, a6), which is consistent with retention of NKA in the distal kidney tubule (Fig.

3b3, d6) and indicative of distinct physiological properties of these cells.
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Figure 5. NKA interacts with Ndrgla under anoxia and is degraded via lysosomal
and proteasomal pathways to preserve ATP.

(A) Cross sections of WT embryos exposed to anoxia for O h (al, a4), 6 h (a2, a5) and 12
h (a3, a6) and immunolabeled with anti-ATP1A1A (green) and anti-Ndrgla (red). (al-a3)
Anterior pronephric duct. (a4-a6) Posterior pronephric duct. Scale bar = 10 pm. n =
average of 3 embryos per experimental group; each experiment was repeated 2 times. (B)
Lateral views of WT (b1-b3) and ndrgla” (b4-b6) embryos labeled using whole-mount
proximity ligation assay (PLA) to reveal Ndrgla and ATP1A1A interaction. Embryos
were exposed to 0 h (b1, b4), 6 h (b2, bS), and 12 h (b3, b6) of anoxia. Scale bar =300
um. n = average of 3 embryos per experimental group; each experiment was repeated 3
times. (C) Cross sections through the anterior (c1-c3) and posterior (c4-c6) pronephric
duct of WT embryos treated as in (b1-b4). Scale bar = 10 um. (D) Lateral views of WT
embryos exposed to 0 h (d1) or 12 h of anoxia (d2-d5) in presence or absence of MG-132
(100uM, proteasome inhibitor), or Chloroquine (10 mM, autophagy inhibitor), or both
and immunolabeled using anti-ATP1A1A. n = average of 4 embryos per experimental
group; each experiment was repeated 2 times. Scale bar 200 um. Annotation: yellow
boxes show where anterior and posterior pronephric duct measurements were taken. (E)
Quantification of ATP1A1A fluorescence intensity in the pronephric duct of embryos
subjected to the same anoxia and drug treatments as shown in. Anterior PD: 7% increase
in anoxia 12 h, mg132 vs anoxia 12 h, no drug p > 0.9999 ns; 59% increase in anoxia 12
h, chloroquine vs anoxia 12 h, no drug p = 0.0298 *; 87% increase in anoxia 12 h

139



mg132+chloroquine vs anoxia 12 h, no drug p = 0.0013 **. Posterior PD: 24% increase
in anoxia 12 h, mg132 vs anoxia 12 h, no drug p=0.0640 ns, 36% increase in anoxia 12 h,
chloroquine vs anoxia 12 h, no drug p = 0.0002 ***_45% increase in anoxia 12 h
mg132+chloroquine vs anoxia 12 h, no drug p < 0.0001 ****_(F) Quantification of total
ATP concentration per WT embryo or ndrgla’” mutant exposed to 0, 6, 12, 18 and 24 h
of anoxia. A significant difference between WT and mutants was observed for 12, 18 and
24 h of anoxia (Two-way ANOVA analysis was performed; 0 h WT vs. ndrgla™: p value
>0.9999, ns; 6 h WT vs. ndrgla’™: p value = 0.3192, ns; 12 h WT vs. ndrgla’: p value =
0.0131, *; 18 h WT vs. ndrgla’: p value =0.0076, **; 24 h WT vs. ndrgla™: p value =
0.0122, *). n = average of 15-20 embryos per experimental group; each experiment was
repeated 2 times.
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To test whether Ndrgla may bind to ATP1A1A, we adapted the proximity
ligation assay (PLA) for use on whole-mount zebrafish embryos. PLA, uses antibodies to
two proteins of interest associated with DNA primers; a productive PCR product is
produced and detected by fluorescent labeling only when the two antibodies are within
less than 40 nm, suggesting that the two target proteins are in close physical proximity
and may interact (Weibrecht et al., 2010). PLA performed on anoxia-treated embryos
using anti-NDRG1 and anti-ATP1A1A antibodies revealed a low signal in the PD for the
0 h anoxia time point (Fig. 5bl, c1, c4), which noticeably increased by 6 and 12 h of
anoxia (Fig. 5b2, b3, c2, ¢3, ¢5, ¢6). Cross sections further showed that the PLA signal in
the anterior PD was scattered, localizing to subcortical and possibly intracellular storage
compartments (Fig. 5¢2, ¢3), whereas it appeared mostly associated with the cell cortex
in the posterior PD (Fig. 5c5, ¢6). No PLA signal was detected in ndrgla’” mutants,

confirming that the assay is specific for Ndrgla-ATP1A1A interaction (Fig. 5b4-b6).

The ability to detect strong PLA signal after 12 h of anoxia, a time point that
correlates with significantly reduced ATP1A1A levels in the PD, is consistent with the
high level of sensitivity of this assay and indicates that interaction between Ndrgla and

ATP1AL1A is enhanced by hypoxia.

NKA is downregulated via lysosomal and proteasomal degradation pathways

While ATP1A1A protein levels are not fully depleted following prolonged anoxia, they
are greatly reduced. Degradation of transmembrane proteins usually occurs through the
lysosome, although these proteins, including potentially NKA, can also be targeted to the

proteosome (Helenius, Dada, & Sznajder, 2010; Hirsch & Ploegh, 2000). Hence,
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blocking lysosomal or/and proteasomal degradation is expected to enhance ATP1A1A
levels in embryos exposed to anoxia. To determine the ATP1A1A degradation route, WT
embryos were exposed to anoxia (12 h) and simultaneously incubated in either MG-132
(26S proteasome inhibitor) or Chloroquine (autophagy inhibitor) (Mathai, Meijer, &
Simonsen, 2017) or a combination thereof, and immunolabeled using anti-ATP1A1A.
Measurements of fluorescence intensity showed that either drug slightly enhanced
ATP1AT1A levels in the PD relative to control embryos (12 h anoxia, no drug) (Fig. 5d2-
d4 E) (Anterior PD: 7% increase in anoxia 12 h, mg132 vs anoxia 12 h, no drug p >
0.9999 ns; 59% increase in anoxia 12 h, chloroquine vs anoxia 12 h, no drug p = 0.0298
*; Posterior PD: 24% increase in anoxia 12 h, mg132 vs anoxia 12 h, no drug p = 0.0640
ns, 36% increase in anoxia 12 h, chloroquine vs anoxia 12 h, no drug p = 0.0002 **%*),
but the combined use of both drugs had the strongest effect relative to control embryos
(12 h anoxia, no drug) (Fig. 5d5 E) (Anterior PD: 87% increase in anoxia 12 h
mg132+chloroquine vs anoxia 12 h, no drug p = 0.0013 **; Posterior PD: 45% increase
in anoxia 12 h mgl32+chloroquine vs anoxia 12 h, no drug p <0.0001 ****). These
results suggest that ATP1A1A is partially degraded following prolonged anoxia via both
lysosomal and proteasomal pathways. It is possible that Ndrgla mediates both
degradation pathways given that previous studies have identified three subunits of the
26S proteasome (Tu et al., 2007) and lysosomal-associated membrane protein 1

(LAMP1) (Liu et al., 2018) as putative NDRGI1 binding partners.

Ndrgla preserves ATP levels under severe hypoxia

Hypoxia-induced downregulation of NKA is thought to be a key aspect of metabolic

suppression, the ultimate goal of which is to preserve cellular energy (Bogdanova et al.,
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2016; Buck & Hochachka, 1993; Gusarova et al., 2011). To assess whether the activity of
Ndrgla contributes to the establishment of hypometabolism, the total level of ATP (from
whole embryo lysates) was quantified using a luminescent ATP assay (Fig. 5F). We
found that ATP levels were similar between WT and ndrgla”” mutants under normoxia (0
h anoxia time point). Surprisingly, ATP concentration transiently increased in embryos of
both genotypes (6 h anoxia) (WT 0 h vs 6 h: p <0.0001 ****; ndrgla” 0 hvs 6 h: p <
0.0001 ****) before steadily declining with additional time points in anoxia. However,
depletion of total ATP was more pronounced in ndrg/a mutants than in WT embryos

following 12, 18, and 24 h of anoxia.

These results suggest that Ndrgla-mediated downregulation of NKA promotes
energy conservation during a time window spanning 12- 24 h of anoxia exposure and
hence contributes to organismal adaptation to prolonged hypoxia. The transient rise in
ATP for the 6 h anoxia time point is possibly due to sustained oxidative phosphorylation

and an increase in glycolysis.

Lactate as a candidate proximal signal for metabolic suppression

Thus far, our data suggest that activation of Ndrgla accelerates NKA degradation
following prolonged anoxia. However, the proximal signal that activates Ndrgla
downstream of anoxia is unknown. We reasoned that this signal could be a small
molecule whose levels accumulate following hypoxia exposure. To gain insight into the
identity of this putative signal, we carried out metabolite profiling using pre-gastrula
zebrafish embryos. Early embryos have a relatively homogenous cell population,

facilitating the identification of candidate small molecules. Furthermore, they arrest
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rapidly following anoxia exposure (Padilla & Roth, 2001), which provides a convenient
read out for metabolic suppression. We therefore carried out metabolite profiling using
dome-stage WT embryos subjected to 1 h of anoxia and age- and developmental stage-
matched controls raised under normoxic conditions. Following extraction of metabolites,
mass spectrometry was performed to identify small molecules whose levels are either up
or down regulated (Fig. 6A-C). This analysis revealed three candidate ions, sulfite,
sulfate and lactate, which lied outside of the 99™ percentile confidence interval for
outliers (a-c in Fig. 6A). We chose to further pursue lactate, given that this metabolite,
the end product of glycolysis, was previously shown to bind to NDRG3 in hypoxic
cancer cells, resulting in NDRGS3 stabilization and activation of Ras-Erk signaling (Lee et

al., 2015).
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Figure 6. Lactate concentration increases under anoxia

(A, top) Metabolites enriched in anoxia-treated embryos relative to normoxic controls. Y
axis: metabolite levels (integrated ion counts) in extracts from sphere stage (4 hpf)
embryos exposed to 1 hour of anoxia; X axis: metabolite levels (integrated ion counts) in
extracts from age-matched (5 hpf) normoxic controls. The red lines show the predicted
correlation line (99% confidence). Blue lines demarcate outliers (99% confidence). Three
potential outliers (a, b and c¢) were identified. n = 10 embryos per sample and 2 technical
repeats. (A, bottom) Identity of the three outliers (a,-c) that are significantly enriched in
the anoxia-treated sample. (B) Extracted ion counts for different elution timepoints are
shown for two extracts from sphere stage (4 hpf) embryos exposed to 1 h of anoxia
(orange and red lines) and two control samples from 5 hpf normoxic embryos (yellow
and green lines). The peak corresponds to lactate. (C) Comparison of lactate levels
(highest peak intensity) in extracts from sphere stage (4 hpf) embryo exposed to 1 h of
anoxia and 5 hpf normoxic controls reveals an 18 fold increase (unpaired t test; p < 0.01).
(D) Fluorometric lactate assay showing lactate concentration (nmol lactate/embryo) in
whole embryo extracts from 24 hpf WT embryos exposed to increasing durations of
anoxia (0-7 hours). n = average of 20 embryos per experimental group; each experiment
was repeated 3 times. (E) Alignment of members of the NDRG family revealing lactate-
docking residues, identified in Lee et al (2015). Green residues represent amino acids that
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are critical for the interaction between NDRG and lactate, while red residues represent
other potentially important lactate docking sites.
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Lactate accumulation in anoxic samples was verified by measuring HILIC LC-
MS extracted ion counts (Fig. 6B) and quantified using integrated ion count areas (Fig.
6C). To test whether an increase in L-lactate also occurs in older 24 hpf embryos and
determine the temporal profile of lactate accumulation, we performed a lactate
fluorometric assay (Fig. 6D). This analysis revealed that lactate concentration increased
linearly with time in anoxia, consistent with previous observations (Podrabsky, Lopez,
Fan, Higashi, & Somero, 2007; Van Heel, 2001; Virani & Rees, 2000). This conserved

response reflects a shift from oxidative phosphorylation to anaerobic respiration.

Inhibition of oxidative-phosphorylation increases lactate and induces ATP1A1A

degradation

A protein alignment of members of the human, mouse and zebrafish NDRG family
revealed that the NDRG3 amino acid residues previously implicated in lactate binding
(Lee et al., 2015) are conserved across members of this family (Fig. 6E), suggesting that

lactate may also bind to and possibly activate NDRG1.

We next asked whether lactate may be sufficient to promote ATP1A1A
degradation under normoxic conditions. Sodium azide, an electron transport chain
inhibitor, was used to increase endogenous lactate levels as previously shown (Oginuma
et al., 2017) and was confirmed to be effective (WT 158% increase, ndrgla” 140%
increase) (Fig. 7A). We then tested whether exposure of WT embryos to sodium azide (6,
12, 18, 24 h duration) under normal oxygen caused a decrease in ATP1A1A levels (Fig.
7B). This analysis revealed that NKA levels were indeed reduced in response to sodium

azide treatment (WT anterior PD: 73% reduction of NKA level between 0 h and 24 h
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anoxia; WT posterior PD: 63% reduction of NKA level between 0 h and 24 h anoxia)
(Fig. 7C-D). If Ndrgla is activated downstream of sodium azide, we would expect that
ATP1A1A levels would not be reduced in ndrgla’ - mutants exposed to this drug.
Analysis of sodium azide treated ndrgla” mutants immunolabeled with anti-ATP1A1A
revealed that NKA levels were comparably higher in mutants than in WT embryos for the
same treatment groups (ndrgla’ anterior PD: 20% reduction of NKA level between 0 h
and 24 h anoxia; ndrgla” posterior PD: 7.5% reduction of NKA level between 0 h and

24 h anoxia) (Fig. 7C-D), corroborating with this prediction.

Consistent with the ability of sodium azide to downregulate NKA under normoxic
conditions, we also observed that azide treated embryos exhibited enhanced Ndrgla-
ATP1AI1A interaction, as PLA labeling increased proportionately with the duration of the
treatment (Fig 7E, e1-4). In contrast, ndrgla’ mutants subjected to the same treatment
had no PLA signal, confirming the specificity of the PLA assay (Fig 7e5). These data are
consistent with lactate being a proximal signal that contributes to NKA downregulation

by promoting Ndrgla-ATP1A1A interaction.

148



>
@
m

[wm WT = ndgra | Normoxia + Azide Normoxia + Azide

P
WTOh

WTOh

l

°
L d

No Azide 150uM Azide

Normalized luminescence intensity
o
L

WT12 h
WT6h

C ~= WT antenor ~— ndrg1a +- anternor
06

I

WT 24 h

WT12h

I

advgie O h
WT18 h

jormalized NKA
o o
-~ -
24 h

°
ndvgie

T T T
° € 12 18 24
Hours in sodium azide

I advgie O h [

Figure 7. Lactate concentration increases following sodium azide treatment under
normoxia and correlates with ATP1A1A downregulation

(A) Fluorometric lactate assay showing normalized lactate fluorescence intensity in
whole embryo extracts from WT embryos and ndrgla’” mutants raised under normoxic
conditions and exposed to sodium azide for 9 h. Embryos were 24 hpf at the time of
treatment and untreated embryos were stage-matched to drug-treated embryos. n =
average of 15 embryos per experimental group; experiment was performed once. (B)
Lateral views of WT embryos and ndrgla’” mutants exposed at 24 hpf to increasing
duration of azide under normoxia: (b1-5) 0 h; (b1, b4) 12 h; (b3, 5) 24 h and
immunolabeled to reveal ATP1A1A. n = average of 3 embryos per experimental group.
Scale bar 300 um. Arrowheads indicate decreased signal. (C-D) Normalized fluorescence
intensity in the (C) anterior and (D) posterior pronephric duct of WT embryos and
ndrgla’ mutants. Embryos were exposed at 24 hpf to increasing duration of azide under
normoxia (0, 6, 12, 18 and 24 h) and immunolabeled to reveal ATP1A1A levels. n=
average of 3 pronephric ducts per experimental group. (E) Lateral views of WT embryos
(e1-4) and an ndrgla’” mutant (e5) labeled using whole-mount proximity ligation assay
(PLA) to reveal Ndrgla and ATP1ATA interaction. Embryos were raised under normoxic
conditions in the presence (6, 12 and 18 h exposure) or absence of sodium azide. n =
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average of 3 embryos per experimental group; each experiment was repeated 2 times.
Annotations: arrowheads point to PLA signal.
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DISCUSSION

Increasing evidence indicates that members of the NDRG family of a—-f hydrolases are
implicated in the hypoxia response (Melotte et al., 2010). However, the mechanisms by
which they function in the physiological adaptation of normal cells to low oxygen are,
for the most part, unknown. We uncover here a novel and essential role for Ndrgla in
promoting long-term adaptation to hypoxia via metabolic suppression. Overall, our
findings support a model whereby prolonged and severe hypoxia activates or enhances
Ndrgla signaling in the zebrafish embryo, possibly via lactate binding. Activated Ndrgla
accelerates the rate of endocytosis and degradation of the energy-demanding NKA
pump in the PD and ionocytes, thereby preserving ATP. The high level of homology
between NDRG1 in vertebrates along with evidence pointing towards conserved
molecular interactions, suggest that the proposed model for Ndrgla signaling may be

broadly applicable.

Ndrgla as a molecular switch for long-term adaptation to hypoxia

Given that the molecular cascade leading to ATP1A1A internalization and degradation is
triggered by prolonged anoxia and dependent on ndrgla, we propose that Ndrgla
functions as a molecular switch for long-term adaptation to hypoxia. The mechanisms
underlying Ndrgla activation have not been fully elucidated, however two non-mutually
exclusive models can be envisaged, which we have coined quantitative vs. qualitative. In
the quantitative model, Ndrgla normoxic activity is enhanced in response to hypoxia,

possibly via post-translational modifications (PTM) or/and transcriptional up-regulation
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of ndrgla (Le et al., under revision). Consistent with this model, we have shown that
ndrgla is required to maintain normoxic levels of NKA in the plasma membrane and to
accelerate NKA degradation under hypoxia. Others have reported on similar NDRG1-
dependent regulation of LDLR and E-Cadherin levels under normal oxygen (Kachhap et
al., 2007; Pietiainen et al., 2013), however it is unknown whether such activities are

enhanced under hypoxia.

In the qualitative model, Ndrgla acquires new properties under hypoxia due to a
PTM or binding to a small molecule, which brings about a change in protein
conformation or/and binding partner affinity. In support of this model, a previous study
showed that binding of lactate to NDRG3 in hypoxic cancer cells is sufficient to stabilize
NDRG3 and activate Raf-ERK signaling (Lee et al., 2015). We have shown that sodium
azide treatment, which blocks oxidative-phosphorylation and increases the intracellular
concentration of lactate, is sufficient to induce ATP1A1A degradation under normoxic
conditions and exerts this function in an Ndrgla-dependent manner. While several
metabolites could function downstream of sodium azide as effectors of this response, our

data point to lactate as a prime candidate.

There is currently no consensus on the molecular role of activated NDRGI1
(Melotte et al., 2010), however we favor the idea that Ndrgla functions as an adapter
protein to link protein-binding partners together. Indeed, there is a growing list of
NDRGI1 binding partners that localize to several cellular compartments (Tu et al., 2007).
Our findings suggest that one the protein complexes that NDRGI could bring together
under hypoxic conditions includes ATP1A1A, endosomal components or/and protein

degradation machinery.
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Hypoxia-induced NKA downregulation as a mechanism to preserve ATP

The NKA isoforms that are expressed in the kidney are essential for the active
translocation of Na" and K" ions across the membrane and in the secondary active
transport of other solutes, including glucose (Katz, 1982). The cost of operating NKA is
considerable, and hence an evolutionarily conserved response to hypoxia is to
downregulate this pump to conserve ATP. Mechanisms of downregulation include
reducing pump activity (inactivation via several redox-sensitive modifications) and/or
triggering its endocytosis and degradation (Bogdanova et al., 2016; Buck & Hochachka,
1993; Gusarova et al., 2011). In the zebrafish, downregulation of NKA is a slow response
to prolonged anoxia, taking place over the course of several hours. This response
correlates with ATP preservation and is most likely delayed because it is a last resort for

the cell.

In order for NKA downregulation to be considered a hypoxia adaptation, it would
have to be reversible upon return to normoxia, which we have confirmed. The cellular
source of the post-anoxia protein is unknown, but may involve intracellular stores of
endocytosed NKA or/and protein synthesized de novo. The former could provide an
immediate source of NKA for rapid restoration of pump activity, while the latter, a more

delayed response, could fully replenish the cell’s NKA supply.

Context-specific function of NDRG1

Our data support a physiological role for ndrgla in hypoxia-induced NKA degradation.
The NKA pump plays an important role in freshwater teleosts such as zebrafish. These
fish are faced with the challenge of potential over-hydration and salt depletion, since their
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body fluids are hyperosmotic with respect to the environment. To compensate for the
tendency towards water influx, zebrafish excrete large volumes of water and limit NaCl
loss via reabsorption of Na" and CI" in the kidney distal (collecting) duct and bladder, and
also through ionocyte-dependent absorption of these ions from the environment (Takvam,
Wood, Kryvi, & Nilsen, 2021). Consistent with these findings, zebrafish NKA is
expressed more highly in the posterior PD, where its activity may power the bulk of Na*
reabsorption. PLA further revealed regional differences in the manner in which NKA is
regulated in the anterior and posterior PD, as ATP1A1A and Ndrgla appear to interact in
posterior cells even under normoxic conditions. It is possible that owing to the high level
of activity of NKA in the posterior tubules, there is a build up of lactate in these cells. If
correct, constitutive Ndrgla-ATP1A1A interaction in posterior cells may prime them for

a more effective response to hypoxia.

Studies in amphibians show that NDRG1 controls cell differentiation of
endodermal organs (Kyuno et al., 2003; Zhang et al., 2013), with no indication of a
physiological role for this protein. It is unclear what accounts for the difference in
NDRGTI function between teleosts and amphibians, but one possibility is the increased
number of Ndrg paralogs in zebrafish (6 NDRGs in zebrafish versus 4 in Xenopus laevis).
This increase might have enabled functional diversification of some members of the
NDRG family and for ndrgla in particular to evolve a role in hypoxia adaptation.
However, there is ample evidence in mouse and human cells that NDRG1 is hypoxia-
responsive (Melotte et al., 2010), making this an unlikely explanation. Alternatively,
ndrgla may be required for PD and ionocyte differentiation but its function is masked by

other members of the NDRG family that compensate for ndrgl/a LOF.
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NDRGI1 and ion homeostasis

While NKA degradation preserves ATP, the loss of this pump can cause a rise in
intracellular Na' concentration and subsequent water influx, culminating in cellular
edema (Bogdanova, Grenacher, Nikinmaa, & Gassmann, 2005; Leaf, 1956; Mudge,
1951). However, hypoxia-tolerant organisms are thought to counter NKA depletion with
a general reduction in membrane permeability via blockage of leak and water channels
(Boutilier, 2001; Doll, Hochachka, & Reiner, 1991; LaMacchia & Roth, 2015; Lutz &
Nilsson, 1997). The underlying mechanisms for this phenomenon, known as channel
arrest, have remained controversial, especially with regards to the identity of the proximal

signal that triggers channel arrest (Buck & Hochachka, 1993; Hochachka & Lutz, 2001).

PD cells and ionocytes in zebrafish embryos exposed to prolonged anoxia do not
show overt signs of cellular edema (Fig. 3D and 4A), suggesting that channel arrest may
apply to this organism. We further speculate that NDRG1 may negatively regulate ion
transporters in zebrafish embryos, in addition to mediating NKA degradation. Indeed,
ndrgla’” mutants exposed to prolonged anoxia develop severe edema. Moreover, NDRG1
is known to interact with ion transporters CLNS1A and SLC25A6 and ion transport
regulator FXYD (Arystarkhova, Bouley, Liu, & Sweadner, 2017; Yang, Kang, Hsu, Lin,
& Lee, 2016) and the level of several ion transporters in cichlids exposed to high salinity
was shown to be inversely proportional to that of NDRG1 (Kultz, Li, Gardell, & Sacchi,
2013). If correct, the implication of this prediction is that NDRG1 could function as a
master switch that coordinates both metabolic suppression/energy preservation (NKA

downregulation) and ion homeostasis (reduction in membrane permeability).
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Given that human NDRG1 is expressed in the kidney as well as other
metabolically-demanding tissues (Melotte et al., 2010) and interacts with NKA and
several ion transporters, it is intriguing to consider whether NDRG1-lactate signaling

could be modulated to mitigate the cellular damage caused by hypoxic injury.

Thus, we propose the following overall molecular model for Ndrgla signaling
under anoxia (Fig. 8). In response to prolonged anoxia, lactate levels rise. Correlating
with lactate increase, we observed we observe that Ndrgla-ATP1A1A interact,
coinciding with ATP1A1A downregulation under prolonged anoxia, which is Ndrgla-
dependent. Lastly, Ndrgla signaling results in tissue protection and survival of embryos

under prolonged anoxia.
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Figure 8. NDRG1: A model representing NDRG1 as a molecular switch for cellular
adaptation to hypoxia.

Anoxia induces an increase in lactate, which correlates with Ndrgl and ATP1A1A
interaction and ATP1A1A downregulation in an Ndrgla-dependent manner. The
downregulation of ATP1A1A is beneficial for the organism as it provides tissue
protection and survival under prolonged anoxia.
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS
Chapter 3 of my dissertation thesis is organized around the three major findings from

Chapter 2:

I. NDRGI promotes tissue and organismal protection during long term exposure to
hypoxia

II. NDRG1 downregulates the ATP-demanding sodium potassium ATPase pump under
hypoxia

III. Blockage of oxidative phosphorylation is a proximal signal downstream of hypoxia

that can activate Ndrgl

Within each of the sections outlined above, a detailed discussion of related topics is

further examined along with future research directions.

1. NDRG1 promotes tissue and organismal protection during long-term exposure to

hypoxia
My thesis work has demonstrated that NDRG1 promotes tissue and organismal protection
following exposure to prolonged anoxia. ndrgla mutants begin to show signs of tissue
damage and death only after prolonged anoxia (12 hours of anoxia or more) (Figure 2 -
Chapter 2). However, 12 h of anoxia is a very harsh treatment compared to hypoxia that
embryos would normally encounter in their natural environment.

It is likely that more commonly, mild to moderate hypoxia may be what most

organisms face in nature. In addition, natural hypoxia exposure may be shorter in
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duration. Thus, there must be other hypoxia-responsive molecules that are activated
under acute, mild hypoxia.

These observations suggest that NDRG1 is implicated in long term adaptation to
severe hypoxia and that other signaling molecules, such as HIF and AMPK may mediate
responses to more acute and moderate hypoxia in the zebrafish embryo. In the section
below, NDRG is described in relation to other hypoxia-responsive molecules that
complete the entire picture of the hypoxia response as the intensity and duration of

oxygen deprivation increases.

I.1.Relation of NDRG1 to other mediators of (short and long term) hypoxia adaptation

As a reminder, my experiments exposed normoxic embryos to anoxia without any
intermediary mild/moderate hypoxia steps, which is quite different from the gradual
worsening of hypoxic conditions that embryos might encounter in the wild. Indeed, there
are other hypoxia adaptive responses that are mounted during the mild and moderate
hypoxia that may be activated prior to anoxia responses such as NDRG1-mediated NKA
downregulation.

In a recent study using an invertebrate, the bearded fireworm (Hermodice
carunculata), it was shown that HIF-1a is differentially regulated depending on the

severity of hypoxia (Grime et al., 2021). The authors observed that the HIF-1a subunit

was upregulated only during the mild hypoxia phase (4.5 £ 0.25 mg 02 L—1 [64%
of normoxia levell) and was subsequently downregulated under moderate hypoxia

(2.5+0.25 mg 02 L—1 [36% of normoxia levell). Consistent with the above

finding, additional studies suggest that HIF is a hypoxia-responsive transcription factor
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that is only activated under mild hypoxia (Hochachka and Lutz, 2001; Semenza, 2001a,b;
Guillemin and Krasnow, 1997; Lavista-Llanos et al., 2002), establishing HIF as an early
mediator of the hypoxia response. This makes sense given that HIF is an oxygen sensor
whose regulation reflects the concentration of environmental oxygen. In addition, given
that HIF is a transcription factor that initiates the upregulation of target genes, an energy-
demanding process, it follows that HIF is activated under hypoxic conditions that are
compatible with the production of sufficient energy to fuel transcription and translation.
AMPK is another well-studied hypoxia-responsive molecule. Since a detailed
description of the regulation and function of AMPK under hypoxia was provided in the
Introduction, I will focus here mainly on how AMPK relates to hypoxia-responsive
molecules such as HIF. First, a study reported by De Theije et al., demonstrated that
AMPK may be activated under acute hypoxia (short-term) and become inhibited under
prolonged hypoxia (chronic) (De Theije et al., 2018). This places AMPK in the same
activation time frame as HIF. In fact, given the protective effects that AMPK and HIF
confer under hypoxia, it has been hypothesized that there is crosstalk between these
signaling molecules. Most relevant to my thesis, AMPK has been shown to post-
translationally regulate ion transporters (see Chapter 3, section II.3. below for additional
discussion), while HIF targets the same ion transporters at the transcriptional level
(Siques et al., 2018; Tan et al., 2012; Dengler et al., 2019; Kles and Tappenden, 2002).
Despite the strong evidence for cross-talk between HIF and AMPK (Salle-Lefort et al.,
2016; Abdel et al., 2017; Jung et al., 2008; Minet et al., 2001; Kietzmann et al., 2016;
Chandel et al., 2000), an equal number of studies have failed to identify an interaction

(Laderoute et al., 2006; Fukuyama et al., 2007; Salminen et al., 2016) or reported an
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inhibitory relationship between the two (Faubert et al., 2013; Lyu et al., 2018; Zadra et
al., 2015; Seo et al., 2016), suggesting the presence of complex regulatory mechanisms
that may be context-specific. Regardless, both AMPK and HIF play a concomitant role in
providing protection against hypoxia. While both proteins are activated during the mild,
acute hypoxia, AMPK acts to regulate proteins that mediate immediate, short-term
adaptation, while HIF regulates transcription of genes useful for hypoxia for long term
adaptation.

Given that the enhancer region of NDRG! contains HRE, ndrg! is likely to be
regulated by this transcription factor under hypoxia. Thus, in the early stages of hypoxia,
both HIF and AMPK are activated by their respective proximal signals. For HIF, it is the
decrease in oxygen level that allows the alpha subunit to escape the hydroxylation and
ubiquitination post-translational modifications and be stabilized. With regards to AMPK,
the increase in AMP/ATP ratio or rise in ROS following the onset of hypoxia activates a
cascade of phosphorylation. Once stabilized, HIF acts as a transcription factor to
upregulate necessary genes involved in angiogenesis and glycolysis that allow cells to
survive hypoxia. Meanwhile, AMPK may phosphorylate additional kinases or directly
phosphorylate cellular targets such as ion transporters thereby triggering their endocytosis
and degradation (Gusarova et al., 2009). As these initial hypoxia-responsive signaling
pathways are activated, one of the genes upregulated by HIF, NDRGI (Wang et al., 2008;
Wang et al., 2013), becomes translated and may be further modified by lactate binding
(Lee et al., 2015). Interestingly, additional targets of HIF include lactate dehydrogenase
(Idha) and other genes involved in the glycolysis pathway, which contribute to lactate

production. Once translated and potentially modified by lactate, NDRG1 could be
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activated to function as an independent, downstream molecule of the AMPK signaling
pathway that mediates the downregulation of NKA, among many other potential
pathways. Additional discussion between the interaction between NDRG1 and AMPK is

examined in Chapter 3, section I1.3, below.

II. NDRG1 downregulates the ATP-demanding NKA pump under hypoxia.

My thesis work has demonstrated that NDRGI1 is required for the downregulation of the
NKA pump following prolonged hypoxia. This finding opens up several interesting
possibilities for future research, some of which are translational. One direction would be
to investigate whether other NDRG family members have conserved roles in regulating
NKA. Given the conserved alpha-beta hydrolase motifs in NDRG members, it is possible
that other NDRG members may downregulate NKA under stressful conditions in a tissue-
specific manner. Another interesting research topic would be to investigate whether
NDRGI1 can regulate other ion transporters or even other energetically-demanding
molecules belonging to different classes of proteins under hypoxia. A detailed discussion
of each of these future directions is provided below.

1I.1. Role of NDRGs in other tissues and cell types

NDRGI is expressed in the pronephros and ionocytes and plays an important role in
preserving ATP and promoting survival in these tissues. In Chapter Two, I demonstrated
that NDRGI interacts directly with NKA following prolonged anoxia and is required for
NKA intracellular storage or degradation. I propose that this hypoxia response is adaptive

and beneficial for tissues in which NDRG1 is expressed and the organism as a whole.
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Given that the other NDRG family members (Ndrglb, 2, 3a, 3b, and 4) are
expressed in tissues and organs (Chapter 1, Section I11.4) that are more ATP-demanding
than the kidney (brain, heart, muscle), it raises the question of whether other members of
this family play similar ATP-conserving and survival-promoting roles comparable to
NDRGTI in their respective tissues. Considering the specific physiological oxygen
concentrations and demands of different tissues and organs, it is possible that NDRGs are
tuned specially to the needs of the cells in which they are expressed. It will therefore be
interesting to investigate whether NDRGs in other tissues interact with NKA following
hypoxia. In addition, future studies should determine whether NDRGs can regulate the

expression of NKA to conserve ATP and promote survival.

11.2. Can NDRG1 mediate channel arrest via downregulation of leak channels?

Although this section was covered in Chapter 2, a more detailed discussion is provided
below. The degradation of NKA alone can cause edema and therefore is not expected to
be adaptive unless it is coupled with a reduction in membrane permeability via
downregulation of other ion channels as a two-pronged approach to achieve metabolic
suppression and ion homeostasis. There is indirect evidence for channel arrest in
zebrafish and we hence hypothesize that Ndrgla could mediate both energy conservation
and reduction in membrane permeability.

To maintain ion homeostasis, anoxia-tolerant organisms are known to reduce
membrane permeability via inhibition or reduction in the amount of ion and water
channels in response to low oxygen. (Doll, Hochachka, & Reiner, 1991; LaMacchia &

Roth, 2015b; Lutz & Nilsson, 1997). This adaptation, known as “the channel arrest
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hypothesis” appears to be conserved in zebrafish. The most promising evidence is that the
embryos exposed to prolonged anoxia, which downregulate the NKA, do not develop
edema. Literature-based evidence also indicates that NDRG1a may mediate channel
arrest in addition to down-regulating Na-K-ATPase. In addition, calcium uptake through
the epithelial Ca2+ channel (ECAC), is inhibited under low oxygen in zebrafish embryos
(Kwong et al., 2016).

A proteomics study in prostate cancer cells identified 58 putative NDRG1-
interacting partners, including ATP1al (the o subunit of Na'-K*-ATPase), CLNS1A (a
chloride current regulator), and SLC25A6 (solute carrier family 25) (Tu, Yan, Hood, &
Lin, 2007a). Secondly, a recent study investigating molecular adaptation to salinity in
cichlid fish noted an inverse correlation between the level of NDRG1, which was reduced
in high salinity, and several ion transporters that were up-regulated (Kiiltz, Li, Gardell, &
Sacchi, 2013). These observations raise the possibility that NDRG1 serves as a master
regulator for controlling both metabolic suppression (e.g. NKA downregulation) and ion
homeostasis (reduction in membrane permeability). It would therefore be interesting to
investigate the possible role of NDRG1 as the master regulator of ion transporters under

hypoxia.

11.3. Relationship between NDRG1 and AMPK in NKA downregulation.

The downregulation of NKA under hypoxia has been reported to be mediated by AMPK
by several studies modeling acute lung disease (Gusarova et al., 2009; Gusarova et al.,
2011; Tan et al., 2012). However, the impact of AMPK signaling on NKA levels is

context-dependent as other studies have also linked AMPK activation with NKA
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stabilization and stimulation (Xiao et al., 2019; Benziane et al., 2012). With respect to the
studies implicating AMPK in the downregulation of the sodium-potassium pump under
hypoxia, it would be interesting to determine whether NDRGT1 is implicated in this
molecular pathway, given that the catalytic subunit of AMPK, Prkaal, is expressed in the
pronephros.

First, it is important to understand more generally how NKA is processed for
degradation under hypoxia. Many studies have already identified key molecules and
PTMs that are required prior to NKA endocytosis and degradation under hypoxia. Two
studies showed that protein kinase C zeta (PKC-zeta) directly phosphorylates the alphal
subunit, ATP1a, at the Ser-18 position (Dada et al., 2003; Chibalin et al., 1999).
Furthermore, it was found that mitochondrial (ROS), which are elevated under hypoxia,
are sufficient to activate PKC-zeta and trigger endocytosis (Dada et al., 2003). Another
report indicated that hypoxia-induced mitochondrial ROS activates the AMPK alphal
isoform, which directly phosphorylates protein kinase C zeta at the Thr410, resulting in
in NKA phosphorylation and endocytosis (Gusarova et al., 2009). Furthermore, another
study confirmed that in addition to phosphorylation, endocytosis of NKA was dependent
on the ubiquitination of four lysine residues adjacent to Ser-18 on ATP1a (Dada et al.,
2007). Interestingly, short-term hypoxia did not reduce the total level of NKA, but it
altered the abundance of ATP1a in the membrane (Dada et al., 2003). In contrast, long
term hypoxia led to a decrease in total NKA levels (Comellas et al., 2006). These
findings suggest that acute hypoxia results in possible endocytosis of NKA, but is not
sufficient for its degradation, and that degradation only occurs under prolonged or severe

hypoxia. Furthermore, it was found that proteasomal and lysosomal inhibitors can
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prevent NKA degradation (Comellas et al., 2006). The figure below summarizes the main

steps implicated in hypoxia-induced NKA degradation in human lung cells.
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Figure 3.1. Steps required for the degradation of the NKA under hypoxia. The
degradation of the NKA under hypoxia follows the PURED pathway: P -
Phosphorylation, U - Ubiquitination, R - Recognition, E - Endocytosis, D - Degradation.
Image from Helenius et al., 2010.
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Of course, the findings described above from the acute lung injury model have to
be tested in zebrafish, specifically in zebrafish pronephros. However, we can make an
informed model about how NDRG1 may function in zebrafish pronephros and ionocytes
based on the findings from these studies.

So where does NDRGT fit in this molecular pathway? A key paper describing the
role of NDRGI in regulating LDLR revealed a potential role of NDRG1 in regulating
membrane proteins. In the study by Pietiainen et al., authors found that silencing NDRG1
in epithelial cells resulted in increased ubiquitination of LDLR, but its degradation was
reduced (Pietiainen et al., 2013). Furthermore, LDLR receptor abundance was reduced at
the plasma membrane, but was increased in EEA 1-positive endosomes. These findings
suggest three important roles for NDRGI in regulating plasma membrane proteins such
as LDLR. First, NDRG1 does not play a role in the ubiquitination of LDLR as in the
absence of NDRG1, the LDLR were still ubiquitinated. Second, NDRGI1 is not required
for the endocytosis of LDLR to the EEA1 associated endosomes as LDLR was still
endocytosed when NDRG1 was silenced. Third, this study reveals that NDRG1 may be
involved in the downstream pathways from the EEA1 associated endosomes that regulate
the degradation of LDLR as in the absence of NDRG1, LDLR that were ubiquitinated
and endocytosed did not get degraded. Thus based on the LDLR paper (Pietiainen et al.,
2013), NDRG1 may not play a role in the ubiquitination of the sodium-potassium pump
nor play any post-translational modifications upstream of ubiquitination, including
phosphorylation. In addition, this may mean that NDRG1 does not play a role in the
initial endocytosis of the sodium-potassium pump, which may be different from my

findings with respect to NKA where the protein is not endocytosed in ndrgla-/- mutants
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following anoxia. Lastly, in the absence of NDRG1, the NKA is not degraded - which we
observe in our studies as well. Thus, with respect to how NDRGI signaling may be
linked with the activity of the AMPK, it appears that AMPK tags the protein for
degradation, and NDRGJ, in its capacity as a vesicle trafficking regulator and hypoxia
sensitive protein, recognizes the tagged protein and orchestrates its endocytosis for either
storage or degradation.

Again, this is a potential model and experiments must be performed to confirm
this model. We cannot assume that the AMPK is even implicated in NKA degradation in
zebrafish. Although the alpha subunit of AMPK is expressed in the pronephros, there is
no evidence for its expression in the ionocytes where NKA is also expressed. However, if
AMPK is implicated in the downregulation of NKA, it would be very interesting because
both AMPK and NDRGI would function as “oxygen sensors.” It is as if the system has
multiple checks and balances to ensure that the NKA is not endocytosed and degraded by

mistake.

11.4. Does Ndrg3a play a complementary role to Ndrgla?

In zebrafish, The expression of Ndrgla and Ndrg3a overlap in the kidney and ionocytes
(Le et al., unpublished). However this apparent co-localization is deceptive as sections
through the PD reveal that these proteins in fact have a distinct subcellular distribution.
Specifically, a key difference in the localization of Ndrg3a is its localization at the apical
pole in contrast to that of Ndrgla, which is broadly distributed throughout the cytosol and
cortex. This raises the interesting possibility that NDRGs have specialized functions in

regulating distinct subsets of ion transporters and pumps. In renal cells, ion transporters
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localize to either the basolateral or apical side - depending on the role that these proteins
play in the cell. Given the high homology between Ndrgla and Ndrg3a coupled with the
role of Ndrgla in downregulating NKA in the basolateral membrane, a potential model is
that Ndrg3a downregulates other ion transporters or proteins in the apical membrane. One
way to investigate this would be to first identify a potential ion transporter or a protein
that interacts with Ndrg3a then investigate an interaction between these proteins. Lastly
using LOF tools, the requirement of Ndrg3a in regulating the levels of its binding partner
under low O2 conditions can be tested. If Ndrgla and Ndrg3a are indeed not functionally
redundant, a prediction is that the double mutant phenotype would be more severe than

either single mutant phenotype alone.

11.5. Role of Ndrgla in recycling NKA to the membrane post-hypoxia

Since Ndrgla is an oxygen sensor implicated in NKA endocytosis and intracellular
trafficking, it is feasible that Ndrgla also mediates the recruitment of NKA to the plasma
membrane during re-oxygenation.

Although the sodium-potassium pump is already properly localized to the plasma
membrane in ndrgla morphants and mutants under normoxia - suggesting that the de
novo synthesized NKA trafficking to the plasma membrane is not Ndrgla dependent,
hence Ndrgla may not play a role in the insertion of de novo synthesized ATPla
following reoxygenation.

However, it is possible that Ndrgla participates in recycling the previously
synthesized NKA that are stored in intracellular vesicles or compartments following

hypoxia. One experiment to tease apart the role of Ndrgla in NKA recruitment back to
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the membrane following hypoxia would be to deplete the Ndrgla protein post-hypoxia.
Although somewhat technically challenging, an auxin-inducible degrons could be used to
conditionally degrade Ndrgla protein (Yesbolatova et al., 2020; Yamaguchi et al., 2019).
Furthermore, to identify the origin of the NKA returning to the membrane following
hypoxia, we could use either a protein translation inhibitor such as cycloheximide or a

recycling endosome inhibitor.

11.6. Identify the Ndrgla normoxic and hypoxic interactome and explore the role of

NDRG]1 as an adapter protein

Several studies have demonstrated that unlike canonical alpha-beta hydrolases, NDRG
family members do not contain the catalytic amino acids to be a functional alpha-beta
hydrolase. Although the most recent crystal structure study (Mustonen et al., 2020)
revealed putative catalytic amino acid presence for the NDRG1, it is still unclear whether
NDRGI1 may function as a canonical alpha-beta hydrolase (Detail in Chapter 1, section
III).

Another study investigating the role of a plant alpha-beta hydrolase, Gibberellin
receptor (GID1), which also lacks the alpha-beta hydrolase catalytic domain, provided
important insight into the molecular role for this class of hydrolase proteins. In this study,
the authors found that GID1 functions as an adapter protein, whose role is to serve as a
bridge between several target proteins including 26s proteasome components (Figure
3.2) (Mindrebo et al., 2016). Specifically, once the gibberellin hormone binds to the
GIDI1, this NDRG homolog is able to interact with DELLA - the GRAS family

transcriptional repressor that represses gibberellin gene pathways. Following the
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formation of the GID1-DELLA complex, the E2 ubiquitin conjugation enzyme and E3
ubiquitin-ligase complex are recruited to tag the DELLA protein for degradation. This
results in the release of gibberellin hormone signaling inhibition by DELLA and the
transcription of genes under gibberellin control occurs. Hence, it is possible that Ndrgla
functions as a similar adapter protein to degrade inhibitors of specific gene transcription,

thereby modulating gene expression.
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Figure 3.2. Gibberellin hormone-Gibberellin receptor (GID1) signaling pathway.
Upon gibberellin hormone binding by the GID1, the GID1-gibberellin complex changes
in its conformation and interacts with the DELLA proteins. DELLA proteins are GRAS
family transcriptional repressors - named for the conserved DELLA sequence in their N-
terminus. The GID1-DELLA complex is then further recruited to SCF (SKP1-like Cull
F-box) E3 ubiquitin-ligase complex. Subsequently, FBOX proteins are recruited, which
are responsible for recruiting E3 ligase substrates destined for 26s proteasomal
degradation via polyubiquitination. Specifically, the DELLA proteins are degraded by
the 26s proteasome. Interestingly, this degradation allows transcription of genes under
gibberellin hormone signaling. Image from Mindrebo et al., 2016.
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Our results reveal that NDRG1 and NKA are binding partners and their
interaction is increased following exposure to hypoxia or blockage of oxidative
phosphorylation. Furthermore, a prostate cancer study investigating NDRG1 binding
partners revealed a suite of molecules that are involved in many different aspects of cell
function, including cell proliferation, cell adhesion and polarity, transcription, translation,
and proteasomal degradation (Tu et al., 2007). In light of this finding, it is tempting to
hypothesize that NDRG1 functions as an adapter protein to bring together NKA and
components of the proteasomal or lysosomal complex, resulting in NKA degradation
under hypoxia. Furthermore, Ndrgla may mediate the degradation of other energy-
demanding proteins such as those involved in transcription or translation to conserve
ATP under hypoxia. A future direction of interest would be to investigate whether, in
addition NKA, Ndrgla regulates the level of other proteins under hypoxia.

In particular, it would be worthwhile to directly compare Ndrgla binding partners under
normoxic and hypoxic conditions, using co-IP mass spectrometry. This would not only
identify potential new binding partners, but also provide insight on how Ndrgs function.
We would be able to assess whether Ndrgla functions in a similar manner under hypoxia
and normoxia or whether Ndrgla gaines a novel function under hypoxia (via enhanced
affinity for distinct binding partners) or both. This experiment builds on the previously

described quantitative vs qualitative model.

II1. Blockage of oxidative phosphorylation produces lactate as a proximal signal that may

activate NDRG1
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Considering that the signaling pathway for NKA degradation in the zebrafish pronephros
and ionocytes occurs in response to prolonged anoxia, in an ndrgla-dependent manner,
we propose that Ndrgla functions as a molecular switch for hypoxia adaptation.
According to the quantitative and qualitative models presented in Chapter One, activation
of this switch could either enhance normoxic function of Ndrgla (quantitative model) or
result in altered properties of Ndrgla (qualitative model). The signaling pathway
underlying the activation of Ndrgla is not understood completely, but it is likely to
involve a combination of transcriptional upregulation of ndrgla and ligand binding. One
such ligand interaction may be lactate, previously demonstrated to bind to and stabilize
NDRG3 in cancer cells, ultimately resulting in the activation of the Raf-ERK signaling
pathway and enhanced hypoxia adaptation in cancer cells (Lee et al., 2015).

In Chapter Two, I demonstrated that in zebrafish embryos, increasing intracellular
lactate via azide treatment is sufficient to induce NKA degradation under normoxic
conditions, similar to the degradation of NKA observed under prolonged anoxia. Hence,
lactate may be a proximal signal that activates Ndrgla according to the qualitative model.
However, the effects of azide treatment is not specific to lactate, it may also produce
ROS, among other signaling molecules. Hence, the effect of sodium azide treatment may
be the culmination of several signaling pathways that are activated following the
blockage of the oxidative phosphorylation. Perhaps, injecting lactate directly into the
embryo may allow us to address whether lactate alone can downregulate NKA under
normoxia.

It would be interesting to test whether lactate alone could precondition cells for

enhanced hypoxia adaptation via priming Ndrgla-NKA interaction under normoxic
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conditions. Several observations lend indirect support to the feasibility of this therapeutic
approach. Ndrgl1-NKA appear to constitutively interact in the posterior PD, which
expresses higher levels of NKA than the anterior PD. NKA is likely to be more active in
the posterior PD than the anterior PD given that this the region where the majority of
Na'" is reabsorbed owing to NKA activity (Takvam et al., 2021) Hence, the posterior PD
may have higher levels of lactate production that could confer pre-conditioning and

protection to these cells.

II1.1. Other proximal signals that can activate NDRG1

As previously mentioned, normoxic treatment with sodium azide results in elevated
lactate levels, which correlate with the degradation of NKA. However, considering that
azide is an electron transport chain blocker, lactate may not be the only byproduct of
sodium azide application under normoxia. For one, ROS can certainly be produced under
normoxia with the blockage of the ETC. As discussed in Chapter 3, section I1.3, ROS can
trigger AMPK activation, which in turn results in NKA phosphorylation. Subsequently,
this can result in potential interaction with its downstream partners that are involved in
vesicle trafficking such as the NDRGI. In addition, other potential proximal signaling
molecules may be produced in response to ETC blockage or hypoxia.

In our mass-spectrometry study that identified lactate as one of the metabolites
that was up-regulated under anoxia, there were several other metabolites whose levels
also changed significantly, including SO3- and H2SO4-. It is possible that these
metabolites also regulate Ndrgla activity downstream of hypoxia. Alternatively, they

may be involved in other, Ndrgla-independent adaptive responses. To more directly
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identify small molecules that bind to and regulate Ndrgla, we could use gel filtration
chromatography-mass spectrometry . This approach would entail extracting metabolites
from zebrafish embryos treated with either anoxia or normoxia (control) and combine
them with recombinant Ndrgla protein. Metabolites that are bound to Ndrgla could be
separated from unbound metabolites using gel filtration chromatography. The remaining
metabolites (those that are bound to Ndrgla) would then be identified by mass

spectrometry.
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APPENDIX

L. Background

Many experiments have been performed in an attempt to tease apart the hypoxia proximal
molecular signal for developmental arrest in the zebrafish embryo. In this section, I have
outlined early hypoxia studies that have not been published but which nevertheless
provide interesting insights into hypoxia adaptation. In addition, I have included several
findings that contributed to our understanding of NDRG1-NKA but were not included in

Chapter 2

1. Generation of ndrgla mutant

The early stages of the NDRG1-NKA study relied heavily on the usage of morpholino to
knockdown NDRGT1 to study its role under hypoxia. However, with the advent of the
CRISPR technology and the ever progressing standards of the zebrafish field, it became
necessary to establish a stable ndrg/a CRISPR mutant to further characterize Ndrgla
function. Initial thought processes in generating the ndrg/a mutants were as follows.
First, the guide RNAs that guide the Cas9 protein to the genomic site for double stranded
cut were designed such that they targeted either early exons or exon-intron junctions.
This would allow premature truncation of the NDRG1 protein. Three separate gRNAs
were used to target specific genomic locations (2 exon-intron junctions and 1 exon) to
increase the likelihood of successful mutant creation. As our results indicate, the exon-
intron junction gRNAs were successful in triggering improper splicing, resulting in the
deletion of middle exons (Figure A.1). We further confirmed this using an antibody

against the middle portion of the NDRG1, which did not detect NDRG1 signal in
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western blots or embryos labeled using whole-mount immunofluorescence (Chapter 2,
Supplementary figure 1). The CRISPR reaction was so efficient that we observed over
75% complete knockout in FO (CRISPR RNP injected embryos) somatic cells. The

diagram below shows how the FO CRISPR RNP injected fish were processed to isolate

out a homozygous mutant ndrgla, which we named ndrgla™*!,
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Figure A.1. Schematic of how CRISPR ndrgla homozygous mutant were generated
FO embryos were injected with ribonucleoprotein complexes consisting of 3 gRNAs. The
FO fish were raised to adults and mated 1:1 (male:female) to identify individuals whose
germ cells were knocked out for ndrgla. Male and a female germline ndrgla knockout
fish were crossed to establish F1 line with (ndrgla mutation 1/mutation 2). F1
individuals were outcrossed to wild type fish to isolate ndrg/a mutation 1 or mutation 2
(F2). The F2 individuals (+/ndrgla mut 1 or mut 2) were fin clipped and sequenced to
identify mutant alleles. All of the F2 with (+/ ndrgla mutation type 1) were collected and
intercrossed to produce F3, whose genetic combinations could be one of: (+/+, +/ndrgla
mutationl, or ndrgla mutation 1/ndrgla mutation 1). The F3 individuals were fin clipped
and sequenced to identify the homozygous ndrgla -/- with mutation type 1. Image made

on Biorender.
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II1. Development of proximity ligation assay (PLA)

During the early stages of Ndrgla characterization, it became important to determine
whether Ndrgla was a potential binding partner of NKA in the zebrafish PDand
ionocytes. At the time, there was a study which revealed that in human prostate cancer
cells, NDRGI could directly bind to the alpha subunit of NKA, however this was not
known to occur in zebrafish.

Early attempts at understanding the interaction between Ndrgla and NKA relied
on in situ hybridization and immunofluorescence experiments, but these results could not
definitively provide evidence for interaction between Ndrgla and the NKA.

Folllowing several unsuccessful attempts to verify Ndrgla-NKA interaction, we
turned to the proximity ligation assay (PLA). This technique allows visualization of the
location of potential interactions between two molecules of interest that can be detected
by antibodies. However, the established protocol was optimized for cell culture work
only and when this protocol was used on the wholemount zebrafish embryo, it resulted in
little to no signaling. Thus, through extensive optimization, a new PLA protocol was
established to visualize in situ potential protein-protein interactions. The protocol below

is part of the PLA methods publication manuscript currently in progress.

TITLE
Using Proximity Ligation Assay (PLA) to detect in situ protein-protein interactions in the

pronephris duct of the zebrafish embryo

ABSTRACT
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Understanding the spatial and temporal distribution of protein-protein interactions can
reveal important insights into protein function. The Danio rerio (zebrafish) is an
indispensable vertebrate model organism for studying protein-protein interactions, given
its transparency, external embryogenesis, and amenability to different molecular tools.
Here, we demonstrate that the proximity ligation assay (PLA) technique used in
conjunction with IF can reveal novel spatial-temporal protein-protein interactions in the
developing PD of the zebrafish embryo. Results show that proteins that appear to
spatially overlap using IF are more clearly detected using PLA. Described here is a
protocol for PLA to detect protein-protein interactions in the developing PD of the

zebrafish embryo.

INTRODUCTION

Proteins function byinteracting with other proteins in the cell. The binding partners of a

protein can reveal the protein’s function and its signaling pathway. Such protein-protein
interactions (PPIs) form an extensive network of signaling pathways that specify a cell’s
particular function in the broader context, such as in tissue or organs.

Zebrafish (D. rerio) is a vertebrate model organism that is amenable to studying
protein-protein interactions. Given its transparent and external embryogenesis coupled
with a wide variety of molecular tools available, the zebrafish model organism is a good
candidate for visualizing PPIs on the whole organism level.

Given the popularity of zebrafish as a model system, several techniques to study PPIs
have already been developed. Co-immunoprecipitation from homogenized zebrafish

samples has been established previously to study PPI. However, this technique has
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downsides. First, using the homogenized zebrafish sample introduces artificial protein-
protein interactions after the lysis of different tissue types that normally do not interact
with each other. Second, immunoprecipitation does not address the location of the PPIs.

In addition, co-immunolabeling and analysis of the overlapping ROIs is often
used to provide evidence for PPIs. However, this technique also can be misleading due
to lack of specificity of the antibody or broad protein distribution that reveal spatial
overlap but not direct interaction

The proximity ligation assay (PLA) is a solution to the problems identified above.
PLA, similar to immunofluorescence, uses primary antibodies to visualize the proteins of
interest. A specialized set of complementary secondary antibodies attached to
oligonucleotide probes are used to target the primary antibodies, which are then ligated

and fluorescently amplified to visualize the location of the potential PPi.

METHODS AND MATERIALS

DAY 0

1. Zebrafish husbandry

1. Zebrafish are fed daily and kept in zebrafish system water made up of Instant Ocean

salt dissolved at 550uS with pH 7.5 and 28.5 degrees Celsius.

2. Spawning and collection of embryos

1. On the afternoon before the experiment, adult zebrafish males and females are placed

in a zebrafish spawning tank in a 2:2 ratio with dividers that separate males from females.
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2. On the morning of the experiment, dividers are pulled to initiate spawning activity.
The spawning event is allowed to occur for 30 minutes before the adults are removed
from tanks and embryos collected.

3. The embryos are then placed in a petri dish with the zebrafish system water in the 28.5
degree Celsius incubator overnight until the desired developmental stage is reached (24-

48 hours-post-fertilization ).

3. Dechorionation and fixation

1. Manually dechorionate 24-48 hpf zebrafish embryos using a pair of forceps under a
brightfield microscope. hpf

2. Transfer the dechorionated embryos into a 1.5 ml Eppendorf tube.

3. Remove excess zebrafish system water from the Eppendorf tube. Be careful not to
damage the embryos during this process.

4. For 24-48 hpf zebrafish embryos, apply 1 ml of 4% paraformaldehyde (PFA). Incubate
at room temperature for 1 hour on a gentle nutator.

5. Remove as much 4% PFA as possible and rinse once with 1ml of 1x PBS for 5 min at

room temperature.

DAY 1
4. Blocking
1. Transfer the embryo(s) to a 96-well plate. Separate different experimental groups into

each well (limit to 6 embryos per well).
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2. Remove as much of the 1ml of 1x PBS from the last step and block embryos with 40
uL of the Duolink blocking reagent (Table of Materials) for 3 hours at room temperature,

rotating at 80 RPM.

5. Primary antibody incubation

1. Mix the Duolink antibody diluent (Table of Materials) well by vortexing for 5 seconds.
2. Dilute the primary antibodies against the proteins of interest in the Duolink antibody
diluent at (1:100) concentration. Each sample well receives 40 uL of primary antibody
solution. Note: It is important to pre-determine the primary antibodies’ concentration
using an immunofluorescence experiment. The optimization of antibody concentration
will determine the PLA results. The primary antibodies should also be from different
hosts matched up with the Duolink secondary antibodies (PLA probes).

3. Remove the Duolink blocking solution from the previous step and add 40 uL of
primary antibody solution to the wells and incubate overnight at room temperature at 80

RPM.

DAY 2

6. Secondary antibody (PLA probe) incubation

1. Vortex PLUS and MINUS PLA probes (Table of Materials) and dilute the probes 1:5
in the Duolink antibody diluent (Table of Materials). Each sample well will receive 40 uL
of secondary antibody solution.

2. Remove primary antibody solution
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3. Wash three times with 1x Wash buffer A (Table of Materials) for 30 minutes at room
temperature at 80 RPM.

4. Remove the last 1x Wash buffer A and add 40 uL of secondary antibody solution (PLA
probes diluted to 1:5 in Duolink antibody diluent) to each well and incubate overnight at
room temperature at 80 RPM.

5. After the overnight incubation, move the samples to 37 degrees Celsius incubator for

an additional 3 hours still.

DAY 3

7. Ligation

1. Dilute the 5x Duolink ligation buffer (Table of Materials) 1:5 in water to make the
ligation solution and mix well. Each sample will take 40 ul of the dilution solution. For

each 40ul dilution solution, add 1 ul ligase.

2. Remove the secondary antibody solution and wash each sample three times at 30
minutes each with 1x Wash buffer A (Table of Materials) at room temperature at 80
RPM.

3. Remove the last 1x Wash buffer A and incubate embryos in the ligation solution for 3
hours at room temperature at 80 RPM followed by a still incubation at 37 degrees Celsius

for 3 hours.

8. Amplification

1. Remove the ligation solution from the last step.
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2. Wash the samples three times for 30 minutes in 1x Wash Buffer A at room temperature
at 80 RPM.

3. Dilute 5x amplification buffer (Table of Materials) 1:5 in water to make the
amplification solution and mix well. Each sample will take 40 uL of the amplification
solution. For each 40 ul amplification solution, add 0.5 ul polymerase.

4. Remove the last 1x Wash buffer A and add the amplification solution and incubate
samples for 3 hours at room temperature at 80 RPM, followed by a still incubation at 37

degrees Celsius for 3 hours.

9. Washes

1. Wash samples three times with 100 uL of 1x Wash Buffer B (Table of Materials) for
30 minutes at room temperature at 80 RPM in the dark.

2. Remove the last 1x Wash Buffer B and add 100 uL of 0.01x Wash Buffer B (Table of
Materials) for 5 minutes in the dark at room temperature at 80 RPM.

3. Remove the last 0.01x Wash Buffer B and add the final 0.01x Wash Buffer B as a

storage buffer.

10. Image acquisition

Note: depending on the Duolink PLA kit purchased, the fluorescence must be detected on

the fluorescent microscope’s appropriate channel.
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IV. Using PLA to detect an Ndrgla binding partner: Proliferating cell nuclear antigen

(PCNA)

Proliferating cell nuclear antigen (PCNA) is often used as a molecular marker to detect
cells in the S phase of the cell cycle. Thus, cells expressing PCNA actively synthesize
DNA in the nucleus (Leonardi et al., 1992). In addition, PCNA has been shown to play a
role in DNA repair (Shivji et al., 1992; Essers et al., 2005).

Interestingly, PCNA was identified in a prostate cancer study performed by Tu
and colleagues to identify binding partners of NDRG1 (Tu et al., 2007). To test the newly
established PLA protocol on a potential Ndrgla interacting partner in zebrafish (other
than ATP1A1A), PCNA was chosen as a candidate. Using the protocol outlined above,
the PLA experiment was performed and confirmed the mass spectrometry study by Tu et
al. showing Ndrgla and PCNA interaction in zebrafish (Figure A.2). Interestingly, the
Ndrgla and PCNA interaction appears to be maintained over anoxia. Given that Ndrgla
downregulates ATP demanding proteins such as NKA under anoxia, it will be interesting

to test whether Ndrgla can downregulate PCNA under anoxia.
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PLA Ndrgla:PCNA

WT Ndrgla -/-

6H | OH

12H

Figure A.2. PLA between Ndrgla and PCNA under increasing duration of anoxia
reveals interaction between Ndrgla and PCNA. PLA between Ndrgla and PCNA was
performed on 24hpf embryos treated with 0, 6, 12h of anoxia. PLA results show
interaction between Ndrgla and PCNA in WT embryos (left), but no interaction was
observed in Ndrgla mutants (right).
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V. Creation of ndrg3a mutant

Ndrgla is broadly expressed in the cytosol and the plasma membrane in the pronephros.
However, Ndrg3a is expressed on the apical surface of the pronephros. In order to test the
hypothesis that Ndrg3a may play a role in downregulating ion transporters and other
energy demanding protein at the apical membrane of the pronephros, CRISPR RNPs
have been injected into the animal pole of WT FO embryos to create CRISPR ndrg3a

mutants.

The following gRNAs have been used for generation of ndrg3a mutants:

gRNA1:
/AITR1/rCrArArGrCrCrUrCrUrGrCrUrGrArCrCrUrArCrArGrUrUrUrUrArGrArGrCrUr
ArUrGrCrU/AITR2/

gRNA2:
/AITR1/rGrUrCrArCrArUrGrGrArGrCrArCrArCrCrGrUrGrGrUrUrUrUrArGrArGrCrUr
ArUrGrCrU/AITR2/

gRNA3:
/AITR1/rCrArArUrCrUrUrGrUrGrGrArCrArUrUrGrUrGrArGrUrUrUrUrArGrArGrCrU

rArUrGrCrU/AITR2/

Using the NDRG3 antibody (Novus Biologicals, cat# NBP1-86054), I have confirmed

the knockout of Ndrg3a in a handful of the FO embryos injected with the ndrg3a CRISPR

RNP solution (Figure A.3).
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WT FO ndrg3a non-KO FO ndrg3a KO

Figure A.3. Immunofluorescence of WT, F0 ndrg3a non-KO and KO mutants.
Embryos were injected with ndrg3a CRISPR RNP solution into the animal pole at 1 cell
stage. At 24hpf, embryos were fixed and prepared for immunofluorescence.
Immunofluorescence reveals knockout of Ndrg3a in a handful of embryos in the somatic
cells of injected FO embryos. From left to right, WT, FO ndrg3a non-KO embryos, and FO
ndrg3a knockout embryos are shown. The FO ndrg3a non-KO embryos show expression
of Ndrg3a similar to the WT. All embryos expressed ATP1A in the pronephros,
indicating that ndrg3a may not be required for initial differentiation of the pronephros up
to 24hpf stage of development.
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VI. Hydrogen sulfide studies

One prominent working model of oxygen sensing involves a molecule known as
hydrogen sulfide (H2S). In the H2S-mediated oxygen sensing model, endogenous H2S is
produced in response to decreasing oxygen level where the level of H2S is inversely
proportional to the level of oxygen by a balancing activity between H2S production and
its oxidation in the mitochondria (Kimura, 2013; Olson, 2011, 2015; Olson et al., 2013).
Also, H2S is known to bind to complex IV in the ETC, similar to the chemical ETC
blockers that Gitlin laboratory and a group in Novartis had used to block the ETC
(Cooper & Brown, 2008) (Figure). In addition, sodium azide, a chemical we used to raise
lactate in normoxic embryos, also targets the complex IV in the ETC. In zebrafish, there
are three main enzymes which produce endogenous H2S, cystathionine-p-synthase
(CBS), cystathionine-y-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST)
(Hammers et al., 2015). In zebrafish, CBS and CSE both have two paralogs, while 3-
MST only has one. In addition, mRNA expression data from the Zebrafish Information
Network (ZFIN) showed that mRNA of CBS and CSE are expressed from the early

stages of zebrafish development; while no mRNA expression data exists for 3-MST.

Exogenous H2S causes developmental delay in normoxic embryos.

At the time, [ wanted to link the potential oxygen sensor, H2S, with the lactate
accumulation as observed under anoxia in order to test whether H2S signaling can
potentially activate Ndrgs. As discussed previously, evidence indicates that blockage of
ETC causes developmental arrest — suggesting that endogenous signaling molecules may

function in this capacity in response to anoxia. First I wanted to test whether H2S alone
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can induce developmental arrest in zebrafish embryos. To investigate whether H2S may
be a proximal signal to arrest, 4hpf stage zebrafish embryos were subjected to varying
concentrations of H2S under normoxia. Preliminary data showed that too much H2S
killed the embryos, while too little H2S did not have an effect; however, an optimal
concentration was identified, which elicited developmental arrest (Figure A.4). Although
the concentration of H2S used in this experiment was much higher than the known
physiological concentration of H2S, it was reasoned that much more exogenous H2S
must be used to observe the effect of H2S under normoxia as 1. H2S is a highly volatile
gas molecule that is easily off-gassed from the media, 2. Embryos are covered in a
protective outer shell known as the chorion which reduces H2S penetration and, 3. H2S
must further pass through the membrane and cytoplasm to the ETC in the mitochondria.
These embryos were able to resume normal development once returned to normoxic
water without H2S. For future studies, it would be interesting to test whether H2S treated
embryos have increased lactate levels and H2S alone can lead to Ndrgla-NKA

interaction under normoxia.
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Figure A.4. Exogenous H2S treatment results in delayed development in zebrafish
embryos. 4hpf embryos were treated with H2S. H2S treated embryos only developed to
6hpf equivalent developmental stage.
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Intriguingly, a previous study demonstrated treatment of H2S in the renal tubular
epithelial cells induced an internalization of the sodium potassium pump and the
mechanism responsible for this internalization is triggered by sulthydrolation PTM of
cysteines 797 and 798 on the epidermal growth factor receptors (EGFR) (Ge et al., 2014).
Interestingly, H2S also inhibited sodium hydrogen exchanger-3 (NHE3) activity in renal
tubular epithelial cells. It will be very interesting to test what role H2S plays in regulating

ion transporter activity under hypoxia.

VII. Contribution to the ndrg expression paper

I was able to contribute to the work investigating the expression pattern of different ndrg
family members led by Nguyet Le and Timothy Hufford. Specifically, I have contributed
to the characterization of Ndrgla protein expression following increasing duration of
anoxia and post-reoxygenation. The latest version of the ndrg expression paper entitled,
“Differential Expression and Hypoxia-mediated Regulation of the N-myc Downstream

Regulated Gene Family" is attached below.
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NDRG: N-myc downstream regulated gene

HIF-1a: Hypoxia-inducible factor 1 alpha

HRE: Hypoxia response element

PHD2: Prolyl hydroxylase domain protein 2

VHL: von Hippel-Lindau protein

EPO: Erythropoietin

VEGF: Vascular endothelial growth factor

CREB: cAMP-response element binding protein

Myc: Myelocytomatosis proto-oncogene, basic helix-loop-helix transcription factor

NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells

STAT: Signal transducer and activator of transcription

Drgl: Downregulated gene 1

Cap43: Calcium-associated protein 43 kDa

Rit42: Reduced in tumor, 42 kDa

RTP: Reducing agents and tunicamycin-responsive protein

PROXY-1: Protein regulated by oxygen 1

AP-1/2: Activator proteins 1 & 2
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LAMPI: Lysosomal-associated membrane protein 1

Rab4: Ras-related protein Rab-4A

TNF-a: Tumor necrosis factor alpha

WISH: Wholemount in situ hybridization

Igfbp-1: Insulin-like growth factor-binding protein 1

Vil. ACKNOWLEDGMENTS

We would like to acknowledge P. Chowdhary and B. Weinstein for their helpful
comments on our manuscript. We would also like to acknowledge T. deCarvalho and S.
Larson for imaging our samples during the COVID-19 pandemic that limited access to
the Keith Porter Imaging Facility. This project was supported by funding from the
Department of Defense (W81 XWH-16-1-0466) and the National Institute of
Health/NICHD (R21HD089476) to R. Brewster. N. Le was supported by a National
Institute of Health /NIGMS MARC U*STAR (T34 HHS 00001) National Research
Service Award to UMBC. T. Hufford was supported by CBI (NIGMS/NIH T32

GMO066706) and IMSD (NIGMS/NIH T32 GM055036) training grants.

viii. CONFLICT OF INTEREST STATEMENT

The authors confirm that there are no conflicts of interest in connection with this article.

221



iX. AUTHOR CONTRIBUTIONS

N. Le executed the WISH and qPCR experiments and analyzed the data; T. Hufford
executed qPCR experiments and validation, plotted and analyzed the qPCR data; J. Park
optimized and validated immunolabeling reagents, performed immunolabeling
experiments, and analyzed the data; and R. Brewster planned and oversaw the project and
analyzed the data; N. Le wrote the first draft of the manuscript, T. Hufford and R.

Brewster edited the manuscript.

X. ABSTRACT

Many organisms rely on oxygen to generate cellular energy (adenosine triphosphate or
ATP). During severe hypoxia, the production of ATP decreases, leading to cell damage
or death. Conversely, excessive oxygen causes oxidative stress that is equally damaging
to cells. To mitigate pathological outcomes, organisms have evolved mechanisms to
adapt to fluctuations in oxygen levels. Zebrafish embryos are remarkably hypoxia-
tolerant, surviving anoxia (zero oxygen) for hours in a hypometabolic, energy-conserving
state. To begin to unravel underlying mechanisms, we analyze here the distribution of the
N-myc Downstream Regulated Gene (ndrg) family, ndrgl-4, and their transcriptional
response to hypoxia. These genes have been primarily studied in cancer cells and hence
little is understood about their normal function and regulation. We show here using in
situ hybridization that ndrgs are expressed in metabolically-demanding organs of the
zebrafish embryo, such as the brain, kidney, and heart. To investigate whether ndrgs are
hypoxia-responsive, we exposed embryos to different durations and severity of hypoxia
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and analyzed transcript levels. We observed that ndrgs are differentially regulated by
hypoxia and that ndrgla has the most robust response, with a nine-fold increase
following prolonged anoxia. We further show that this treatment resulted in maintained
expression of ndrgla in the kidney, ionocytes, and epiphysis, enhanced expression in the
inner ear and de novo expression in tissues where ndrgla is not observed under normoxia
(somites, head vasculature and mechanosensory cells). These findings provide an entry
point into understanding the role of this conserved gene family in hypoxia adaptation of

normal cells.

KEYWORDS

NDRG, hypoxia, hypometabolism, gene expression, zebrafish

X1. INTRODUCTION

Earth's atmosphere is composed of approximately 21 percent oxygen (Oz). Aerobic
organisms use this environmental O to produce ATP during oxidative phosphorylation.
Hence fluctuations in O2 levels, either up or down, can have very detrimental outcomes
for aerobic organisms. Severe hypoxia causes a decrease in ATP production due to

diminished activity of the electron transport chain. Given that ATP fuels energy-
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demanding processes in the cell, its reduction can lead to cellular damage or death (1-4) .
Thus, hypoxia, hypoxemia or ischemia, is a contributing cause to many disease states in
humans, including pulmonary vascular disease, acute kidney injury, neurodegenerative
disease, and stroke (5-10). Conversely, excessive Oz is equally, if not more harmful as it
causes oxidative stress due to reactive oxygen species production that is damaging to

macromolecules, including lipids, proteins, and nucleic acid (11-13).

To mitigate these adverse consequences, aerobic organisms have evolved
mechanisms to adapt to low O> and maintain homeostasis. Such adaptations optimize
access to Oz by increasing red blood cell count and angiogenesis and altering energy
metabolism in part by switching from oxidative phosphorylation to glycolysis (14, 15). In
addition, cells conserve energy when exposed to chronic and severe hypoxia by reducing
their metabolic rate. The latter is accomplished via suppression or arrest of energetically-
demanding processes such as cell division, transcription and translation and down-
regulating the activity of the sodium-potassium ATPase pump (16-23). While metabolic
suppression has primarily been studied in organisms considered anoxia-tolerant,
including painted turtles, crucian carp, naked mole rats and hibernating ground squirrels
(16, 24), it is likely to also be utilized in other organisms as well, albeit to a lesser extent.
Zebrafish (Danio rerio) embryos maintain homeostasis under anoxia (zero O2) by
entering into a hypometabolic state characterized by reversible developmental and
physiological arrest, which enables them to survive for up to 50 hours (25, 26). This
protective response is developmentally regulated, with older embryos being less tolerant

to anoxia (26).
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Despite the necessity to conserve energy via suppression of transcription and
translation, genes that are vital for the hypoxia response are in fact transcriptionally up-
regulated under hypoxia (27-30). Such up-regulation is mediated by several transcription
factors, the best studied of which is the Hypoxia-Inducible Factor-1a (HIF-1a) (31-33).
Under normoxic conditions (normoxia), the HIF-1a subunit is hydroxylated by prolyl
hydroxylase domain protein 2 (PHD2), marking it for degradation by the von Hippel-
Lindau protein (VHL). However, when Oz levels are reduced, PHD2 activity is inhibited
and stabilized HIF-1a binds to the HIF-1f subunit and translocates to the nucleus to
regulate transcription. Upon entry into the nucleus, HIF-0/f heterodimers bind the
hypoxia-response element (HRE). Even though this sequence is abundant in the genome,
fewer than 1% of potential HRE sites are bound by the HIF complex under hypoxia,
suggesting the existence of another layer of regulation (34-37). HIFs directly activate
genes that mediate metabolic reprogramming from oxidative phosphorylation to
glycolysis (38, 39) and genes that increase the available O supply, such as EPO, VEGF
and its receptors (40). Other HIF targets are implicated in autophagy, apoptosis, redox
homeostasis, inflammation and immunity, stemness and self-renewal, metastasis and
invasion (35, 39, 41, 42). In addition to HIFs, several other transcription factors are
known to influence the hypoxia response, including CREB, Myc, NF-kB, and STATs,

which engage in cross-regulatory interactions with HIFs (32).

Members of the N-myc downstream regulated gene (NDRGs) family are also
hypoxia-responsive. The mammalian family consists of 4 members, NDRG -4, while the
zebrafish genome with its third round of genome duplication, encodes 6 paralogues,

ndrgla, 1b, 2, 3a, 3b, and 4 (43). NDRGs are highly conserved across metazoans and the

225



sequence homology is in fact greater for specific members of the family across different
species (> 80%) than between NDRG family members of the same species, which share ~
57-65% amino acid identity (44). NDRGs belong to the a/B-hydrolase family, however
they are thought to be enzymatically inactive, lacking a critical catalytic triad (45).
NDRGTI (formerly known as Drgl, Cap43, Rit42, RTP, and PROXY-1) contains three
tandem repeats (GTRSRSHTSE) near its C-terminal and a phosphopantetheine sequence,
which are two unique features that make it distinct from other NDRG family members.
NDRGTI is thought to function as a tumor suppressor (46). However, the absence of
cancer resultant from germline mutations in humans (47) and targeted knockout in mice
(48), suggests that NDRG1 may rather be involved in cancer progression (metastasis)
rather than initiation (49-54). Human NDRG]1 interacts with numerous other proteins in
human cancer and other cell lines, including actin, Clathrin and associated proteins AP-1
and AP-2, Caveolin-1, Kinesin, LAMP1, Rab4, and 26S proteasome components (49, 51,
55, 56), consistent with a possible role in regulating vesicle trafficking (56, 57). NDRG1
and NDRG?2 transcript levels increase under hypoxia, as these genes have HIF-1a binding
sites (hypoxia-response elements or HREs) in their promoters (58-61). However, NDRG
regulation under hypoxic conditions is complex and does not depend solely on HIF-1a, as
several other transcription factors (62, 63) and NDRG! long non-coding RNA itself (64,
65) have also been implicated. NDRG4 is transcriptionally up-regulated under hypoxia in
cancer cells, however in a TNF-o/NF-kB rather than a HIF-1a -dependent manner (66).
In contrast, NDRG3 is regulated post-translationally in hypoxic cancer cells, via lactate

binding, which stabilizes the protein and promotes cell proliferation and angiogenesis
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(67). These findings indicate that NDRGs are regulated at the transcriptional and post-

translational levels in response to hypoxia and promote adaptation to low O».

To date, NDRGs have mostly been studied in cancer cells and far less is known
about their normal role and regulation. However, significant insights into their function
are likely to result from the recently solved crystal structures of NDRGI, 2, and 3 (68-
70). While all members of this family can be regulated in response to fluctuations in O
levels, it is unclear what range and duration of hypoxia they respond to. Lastly, even
though the spatial distribution of NDRG family members has been analyzed in zebrafish
(71, 72) and frog (Xenopus laevis and tropicalis) embryos (43, 73, 74) and mammals (75-
83), it is unclear whether their spatial distribution changes under low O2. We report here
on the spatial distribution of members of the zebrafish Ndrg family and their regulation in

response to hypoxia.

MATERIALS AND METHODS

Zebrafish

Zebrafish (Danio rerio) were raised and housed at 27°C on a 14/10 hour light/dark cycle.
Zebrafish used in this study were the wild-type AB strain. Embryos were obtained by
breeding male/female pairs. Maintenance of zebrafish and experimental procedures on
larvae and adult zebrafish were performed in accordance with the protocol approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of

Maryland Baltimore County. Zebrafish embryos (raised in normoxia) were staged and

227



sorted according to Kimmel et al. 1995 (84). See Supplementary Figure 2 for staging of

anoxia-treated embryos.

Hypoxia & anoxia treatments

For wholemount in situ hybridization (WISH), 24 hours post-fertilization (24 hpf)
zebrafish embryos were dechorionated and then placed in 100 mm petri dish (CellTreat,
Pepperell, MA, USA, Cat# 229663) containing 0% or 3% O, system water in an O>
control glove box (Plas-Labs, Lansing, MI, USA model # 856-HYPO) set at 0% or 3%
O and 27°C. Following hypoxia treatment, embryos were placed into 1.5mL
microcentrifuge tubes (~ 20 embryos/tube) with excess water removed. Embryos in each
microcentrifuge tube were removed from the chamber and fixed in 4% paraformaldehyde
(PFA) in phosphate buffer saline (PBS) (Thermo Scientific, Waltham, MA, USA Cat#
J19943-K?2) at 4°C overnight. Fixed embryos were rinsed in absolute methanol (Thermo
Fisher Scientific, Waltham, MA, USA, CAS# 67-56-1) for 10 min at room temperature

and stored in absolute methanol at -20° C.

For Real-time PCR (qPCR), stage-matched control embryos were placed in 100
mm petri dishes containing 0% or 3% O» system water, placed in the O control glove
box set at 0% or 3% O> and 27°C. Following 4 h and 8 h of treatment, single embryos
were placed into 1.5 mL microcentrifuge tubes (Stellar Scientific Ltd Co, Albuquerque,
NM, USA, Cat# T17-100) with excess water removed. Single embryos in the
microcentrifuge tubes were taken out of the chamber, flash frozen in liquid nitrogen, and

stored at -80°C for total RNA extraction. Embryos raised under normoxic conditions
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were used as stage-matched controls for 3% O> (27 hpf for 4 h and 30.5 hpf for 8 h) and

anoxia (26 hpf for 4 h and 27 hpf for 8 h) treatments.

Riboprobe synthesis

The PCR template was cDNA synthesized from total RNA extracted from a combination
of 6 hpf, 24 hpf and 48 hpf zebrafish embryos. RNA extraction was performed with the
QuickRNA MicroPrep Kit (Zymo Research, Irvine, CA, USA Cat#R1051) and cDNA
synthesis was carried out using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA,

USA Cat# 1708890) according to the manufacturers’ instructions.

PCR reactions were prepared using 1 ul of diluted (1:5) cDNA as template in a
total volume of 50 pl. Primer concentrations were 10 uM for each oligonucleotide. PCR-
fragments were produced using a C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA
Cat#1851148) and Phusion-Polymerase (Thermo Scientific, Vilnius, LT, F530S) (35
cycles and 57°C annealing temperature). PCR-fragments were gel-purified using Micro
Bio-Spin P-30 Gel columns Tris Buffer (RNase-free)(Bio-Rad, Hercules, CA, USA
Cat#7326250) and subsequently, 300-500 ng were used as template DNA to synthesize
antisense RNA probes using in vitro transcription with the nMESSAGE mMACHINE
T7 Transcription Kit (Thermo Fisher Scientific, Carlsbad, CA, USA Cat#AM1344),
incorporating digoxigenin (DIG)-UTP via a DIG-labelling kit (Roche, Mannheim,

Germany Cat#11277073910).

To avoid amplification of regions of homology between ndrg members, all
oligonucleotide primer pairs were designed against the 3°UTR of each gene, with the
exception of ndrg2 for which the primer pairs targeted the coding region (spanning exons
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11-16) as well as the 3°’UTR, as specified in Li ez al. 2016 (71). For antisense probes, a
T7 promoter sequence (5’- TAATACGACTCACTATAG-3’) was added to the 5* end
of each reverse primer. The following primer sets were used to amplify cDNA for 35

cycles as follows:

ndrgla forward: 5’-ACCAATCAGTTCTGACTGTGCTGC-3’

ndrgla reverse: 5’-

TAATACGACTCACTATAGCACTCCCAACATGGAAAACGCAGA-3’

ndrglb forward: 5’-ACACGCCTCAGCAGTTTAATCTGG-3’

ndrglb reverse: 5°-

TAATACGACTCACTATAGCTCACTGAAGTCTTGCACAACCAG-3’

ndrg2 forward: 5’-ACAACACGTTCAAATGCCCG-3’

ndrg2 reverse: 5’-TAATACGACTCACTATAGGGAAGACATGAGCTGGCTGT-3’

ndrg3a forward: 5’-GGTCTTCCAACTGGTTTGAGATGC-3’

ndrg3a reverse: 5’-

TAATACGACTCACTATAGTGAGAACCAGTGGACAGTGACACT-3’

ndrg3b forward: 5’-GCCAGAGAGTGCTGGTCTAATGAA-3’

ndrg3b reverse: 5°-

TAATACGACTCACTATAGCCGAGACATGCTAATCAGTAGCTC-3’

ndrg4 forward: 5’-GACTTGCGTCAGGGATGATAACCT-3’
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ndrg4 reverse: 5’-

TAATACGACTCACTATAGGAATGAGTGAGAGCAAGGGCCGAT-3’

Wholemount RNA in situ hybridization

Normoxic controls were fixed at desired stages (shield, 15 somites, 24 hpf, and 48 hpf) in
4% PFA in PBS (Thermo Scientific, Waltham, MA, USA Cat# J19943-K2) at 4°C
overnight. Anoxia-exposed 24 hpf embryos were treated as described in the anoxia
treatment section above. To prevent pigmentation from masking the WISH signal,
embryos fixed after 24 hpf were incubated in 0.003% 1-phenyl-2-thiourea (PTU) (Sigma-
Aldrich, Milwaukee, WI, USA Cat# P7629-100G) at 24 hpf until the time of fixation.
WISH was performed on both normoxic and anoxic embryos using DIG labeled antisense
probes according to the specifications published by Thisse and Thisse (2008) (85).
Briefly, embryos were rinsed in PBS (137 mM NacCl, 2.7 mM KCl, 8.8 mM Na2HPO4)
with 0.1% Tween-20 (Sigma-Aldrich, Milwaukee, WI, USA CAS# 9005-64-5).
Proteinase K (10 pg/ml)(Sigma-Aldrich, Milwaukee, WI, USA CAS# 39450-01-6)
treatment was performed for 10 min (24 hpf), 12 min (27 hpf control and 24 hpt +
anoxia-treated), and 30 min (48 hpf) embryos. Embryos were then hybridized with DIG
labeled antisense probes (in situ hybridization mix with 5% Dextran Sulfate (EMD
Millipore Corp., Billerica, MA, USA Cat#S4030)) at 70°C overnight. Following
hybridization, excess probe was removed by washing embryos in a saline-sodium citrate
(SSC) series (Thermo Fisher Scientific, Waltham, MA, USA, Cat# AM9763). For probe
detection, alkaline phosphatase-conjugated antibody (Roche Diagnostics, Mannheim,
Germany Cat# 11093274910) diluted (1:5,000) in pre-incubation (PI) buffer (PBS, 0.1%

Tween 20, 2% sheep serum, 2mg/ml BSA (Thermo Fisher Scientific, Waltham, MA,
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USA, CAS# 9048-46-8) was added and incubated at 4°C overnight. 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP) (Roche, Mannheim, Germany Cat#11383221001) was used in
conjunction with nitro blue tetrazolium (NBT) (Roche, Mannheim, Germany
Cat#11383213001) for the colorimetric detection of alkaline phosphatase activity. When
the signal was optimal, the reaction was stopped by washing in PBS with 0.1% Tween-20

and rinsed in 4% PFA overnight.

Vibratome sectioning, microscopy, and imaging

Following WISH, embryos were embedded in 4% low melt agarose (IBI Scientific,
Peosta, IA, USA, Cat# IB70050) in PBS (100 g/ml) and sectioned using a vibratome
(Vibratome,1500) set at 40um thickness. Cross sections were mounted on glass slides in
50% glycerol (Sigma-Aldrich, Milwaukee, W1, USA, Cat# G7757-1GA) under cover

slips.

Zebrafish embryos were mounted for imaging from a lateral or dorsal view on
slides, in a drop of 4% w/v methylcellulose (Sigma Aldrich, Milwaukee, WI, USA, Cat#
274437-500G) in 1X E3 medium (5SmM NacCl, 0.17mM KCI, 0.33mM CaCl2, and
0.33mM MgSO4)(for zebrafish embryo). Bright-field images were captured using an
AxioCam HRc 503 CCD camera mounted on an Axioskop (Carl Zeiss, Oberkochen,
Germany). Images were corrected for brightness and contrast along the entire image, and
for comparison of normoxia and anoxia treated embryos the images were adjusted

equally.

Real-time quantitative PCR
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RNA extractions and cDNA synthesis were carried out using single embryos collected at
the appropriate developmental stage for the stage-matched controls and immediately
following treatment for anoxia- and 3% O»-treated embryos. RNA extractions were
performed using the QuickRNA MicroPrep Kit (Zymo Research, Irvine, CA,
USA Cat#R1051). cDNA was synthesized from 100 ng total RNA using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA Cat# 1708890) according to the
manufacturers’ instructions. The cDNA samples were diluted 1:10 with nuclease-free
water (Life Technologies Corp., Austin, TX, USA, Cat# AM9937). qPCR experiments
were carried out with a CFX96 Touch Real-time qPCR Detection System (Bio-Rad,
Hercules, CA, USA) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad,

Hercules, CA, USA Cat# 172-5271).

We tested a panel of candidate reference genes for the g-PCR analysis, including ef7a, b-
actin, rpl0, rpl13a, and ube2a, which were previously demonstrated to be stable across
zebrafish developmental stages and/or following harsh chemical treatments (27, 86-88).
Among these, rpl0, rpl13a, and ube2a did not amplify sufficient cDNA in 40 cycles and
were not pursued further. ef7a and b-actin have both been used as reference genes for
zebrafish hypoxia studies specifically (27, 87) and their transcripts were sufficiently
abundant at 24 hpf. We selected ef7a for all experiments described below.
Oligonucleotide primer pairs spanned regions common to all ndrg splice variants, with
the exception of ndrglb and ndrg2, which only have one variant. The PCR primer
efficiency of each primer pair was assessed using cDNA dilution curves and values of 96-
104% were obtained for all except ndrglb, which did not amplify efficiently (consistent

with the lack of gene expression at 24 hpf observed using WISH and reported by others
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(89)). Amplification specificity was determined following each run as the presence of a
single melt peak for each transcript. The following primer sets were designed using

Primer-BLAST and used to amplify cDNA for 40 cycles:

ndrgla forward: 5’- ATCATGCAGCACTTCGCTGT-3’

ndrgla reverse: 5’-CAATAGCCATGCCGATCACA-3’

ndrglb forward: 5’-CATGGGCTACATGCCCTCTG-3’

ndrglb reverse: 5’- TGACCCGATGAACTGTGCTC-3’

ndrg2 forward: 5’-AGCTGGAAAGAAAGTGCGAGA-3’

ndrg?2 reverse: 5’-TTTACGCCGTCCGCTTATGT-3’

ndrg3a forward: 5’-GGACTAGCAATCTTGTGGAC-3’

ndrg3a reverse: 5’-TCTCGATTCCGAGGTCTTGA-3’

ndrg3b forward: 5°-GTCAGGCTTGATGATGGATG-3’

ndrg3b reverse: 5’-CCCTCTCAAAGTCACATGAAGG-3’

ndrg4 forward: 5’-AGCCAGCTATTCTGACCTAC-3’

ndrg4 reverse: 5’-GATATCCTTGAGGCATCTGG-3’

efla forward: 5°- TACCCTCCTCTTGGTCGCTT-3'

efla reverse: 5°- TGGAACGGTGTGATTGAGGG-3’
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Reactions were run in triplicate with 7-8 biological replicates, using 1 pl of diluted cDNA
as template in a reaction volume of 20 pl. For all ndrg4 reactions, 2 ul of stock cDNA
was used as template. Primer stock concentrations were 10 pM and working
concentrations were 0.5 uM for each oligonucleotide (Thermo Fisher Scientific,
Waltham, MA, USA). The following annealing temperatures were used for each target
gene primer set: 57.0°C for ndrgla, 56.6°C for ndrg2, 53.0°C for ndrg3a, 55.0°C for
ndrg3b, and 51.0°C for ndrg4. Evaluation of results was performed with the CFX96
Touch RT-PCR Detection System program (Bio-Rad, Hercules, CA, USA) and using
GraphPad Prism 8 & 9 software (Prism, San Diego, CA, USA). The presence of outliers
was assessed using both Grubbs’ (alpha = 0.05) and ROUT (Q = 1%) methods. Outliers
identified with both Grubbs’ (alpha = 0.05) and ROUT (Q = 1%) methods and were
further inspected and handled as follows (90, 91). Outliers with Ct values that could not
be attributed to experimental error (improper dilution, amplification failure) for a
particular group were included, as the variation could be attributed to biological variation.
Outliers with Ct values over 40 (e.g. a technical replicate for which amplification did not
occur properly) were not further analyzed, and any biological replicates for which two or
more technical replicates of the reference or target gene failed to amplify were entirely

excluded from the analysis.

RESULTS

The spatial distribution of the ndrg family during early development
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The zebrafish genome encodes 6 homologs of the ndrg family: ndrgla
(ENSDARG00000032849), ndrglb (ENSDARG00000010420), ndrg2
(ENSDARG00000011170), ndrg3a (ENSDARGO00000013087), ndrg3b
(ENSDARG00000010052), and ndrg4 (ENSDARG00000103937). To characterize the
members of the ndrg family, we began by determining their spatial distribution in early-
stage zebrafish embryos, using wholemount in sifu hybridization (WISH). Since several
members of this family contain large overlapping coding sequences (53-65% homology),
riboprobes were designed that bind to non-conserved regions in the 3’UTR of all ndrgs,
with the exception of ndrg2. Due to issues with the amplification of the ndrg2 3°UTR, we
used instead a riboprobe complementary to the coding region and 3°’UTR of this gene that

has low homology with other ndrg members (71).

At the shield stage (6 hpf), ndrgla expression is ubiquitous (Fig. 1 A). During segmentation
(15-somites), ndrgla becomes restricted to the pronephric ducts (embryonic kidney) and
ionocytes (also known as mucous cells) (Fig. 1B, C); these cell types serve the common
function of maintaining osmotic homeostasis by filtering ions across the plasma membrane.
ndrgla is also observed in the yolk at this stage of development (Fig. 1B). At 24 hpfndrgla
is weakly expressed in the epiphysis (embryonic gland that produces melatonin), in
addition to the pronephric duct, ionocytes and caudal vein (Fig. 1D, E) and by 48 hpf,
ndrgla is observed in corpuscles of Stannius (endocrine glands in the kidney), liver,
intestinal bulb, retina, and other brain regions (Fig. 1F, G). The expression of ndrglb is
very dynamic. At the shield stage, it is ubiquitously expressed (Fig. 1H), while by 15-
somites and 24 hpf, it is no longer detected (Fig. 1I-L). In contrast, at 48 hpf, ndrglb is

strongly expressed in the retina (Fig. 1M,N). The expression of ndrg2 is ubiquitous at
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shield stage (Fig. 2A) and remains broadly distributed by 15-somites, in the embryo proper
and the yolk (Fig. 2B, C). At 24 hpf, ndrg?2 is strongly expressed in the brain, retina, spinal
cord and intermediate cell mass of the mesoderm (where hematopoiesis occurs) (Fig. 2D,
E). At 48 hpf, ndrg2 expression expands to the pectoral fin buds, somites and the heart,
with basal levels observed throughout the embryo (Fig. 2F, G). ndrg3a is broadly expressed
at the shield stage (Fig. 3A) and is observed in the head region and pronephric ducts at 15-
somites (Fig. 3B, C). At 24 hpf (Fig. 3D, E), ndrg3a is also seen in pharyngeal pouches,
pectoral fin buds and somites. By 48 hpf, ndrg3a signal is detected in the brain, cranial
placodes, and the spinal cord in addition to the pronephric ducts and associated corpuscles
of Stannius (Fig. 3F, G). ndrg3b signal is not detected between shield stage and 24 hpf
(Fig. H-L); however, at 48 hpf it is observed in the brain and, at lower levels, in pectoral
fin buds (Fig. 3K,L). At the shield stage, ndrg4 is expressed ubiquitously (Fig. 2H) but
becomes enriched in somites by the 15-somites stage (Fig. 21, J). At 24 hpf and 48 hpf (Fig.
2K-N), ndrg4 transcript is detected in the brain, the heart, the cranial placodes, the somites,
the spinal cord, the pectoral fin buds, the intermediate cell mass of the mesoderm, and

proctodeum.

Normoxic control groups that account for hypoxia-induced developmental delays

To gain an understanding of the transcriptional regulation of ndrgs in response to low Oz,
we exposed 24 hpf embryos to two different hypoxic conditions (3% and 0% O») for 4 or
8 hours and analyzed transcript levels using qPCR (results presented in section below).
Given that Oz deprivation delays or arrests zebrafish development, an important
consideration for these experiments is the appropriate normoxic control group to use,

which we have designated as: time zero, age-matched and staged-matched normoxic
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controls. Time zero controls are embryos that are the same age as the experimental group
at the onset of treatment (i.e. 24 hpf). Age-matched controls are the same age (hpf) as the
experimental groups (28 hpf for embryos subjected to 4 hours of hypoxia and 32 hpf for
embryos exposed to 8 hours of hypoxia. Stage-matched controls are embryos at the same
developmental stage as the experimental groups exposed to 4 or 8 hours of hypoxia; the
stage of development varies depending on the severity of the treatment, as embryos arrest

faster under anoxia.

With respect to anoxia, when using time zero controls, qPCR results revealed that
transcript levels were significantly up-regulated for ndrgla following 4 and 8 hours of
treatment (3 and 8-fold up-regulation, respectively), while other members of the ndrg
family increased to a lesser extent (2-fold or less) (Fig. S1A). In contrast, the use of age-
matched controls resulted in a different outcome, with ndrgla and 3a being significantly
up-regulated following 4 and 8 hours of anoxia while ndrg2, 3b and 4 were down-
regulated (Fig. S1B). These differences in transcript levels using time zero and age-
matched normoxic controls are most likely explained by dynamic gene expression during
development, consistent with RNA Seq repository data (EMBL Zebrafish Expression
Atlas)(89) showing that ndrg expression levels change significantly between 24 and 48
hpf. Based on these observations, the most appropriate normoxic control would be one
that takes into account the developmental stage of the experimental group, i.e. a stage-

matched control.

Several criteria were used to match the developmental stages of experimental
groups: the overall length of the embryo, the length of the yolk extension, head curvature,

and level of pigmentation of the eye and the body (Fig. S2). Based on these criteria, the
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following normoxic control groups were selected (where = indicates “best matched to”):
26 hpf normoxic control = 24 hpf embryo exposed to 4 h of anoxia (or 24 hpf+4 h
anoxia) (Fig. S2A and B), 27 hpf normoxic control = 24 hpf + 8 h of anoxia (Fig. S2C
and D), 27 hpf normoxic control = 24 hpf+ 4 h 3% O» (Fig. S2E and F), 30.5 hpf

normoxic control =24 hpf+ 8 h 3% O (Fig. S2G and H).

Differential regulation of members of the ndrg family in response to low oxygen

Cells adapt in distinct manners to varying levels of O2. Hypoxia (mild to severe)
generally elicits metabolic reprogramming via HIF-1a-dependent transcriptional up-
regulation of key genes that mediate the adaptive response (14, 15). In contrast, anoxia-
tolerance involves metabolic arrest, during which most ATP-demanding processes are
suppressed, except for those that are essential for survival (16, 24). To gain an
understanding of the range of hypoxia conditions that elicit ndrg up-regulation and
identify the members of this family that may promote hypoxia adaptation, we subjected

embryos to hypoxia (3% O3) or anoxia (0% Oz) for 4 or 8 hours.

In response to 4 hours of 3% Oz, the transcript levels of none of the ndrg family
members were significantly altered (Fig. 4A). After 8 hours of 3% O2, ndrgla was
moderately up-regulated (1.91-fold). The expression of other members was not

significantly altered (Fig. 4B).

Following 4 hours of anoxia, ndrgla and ndrg3a were up-regulated (1.68-fold
and 1.49-fold, respectively). In contrast, ndrg2 was significantly down-regulated (-0.45
fold, respectively), while ndrg3b and ndrg4 expression were not significantly altered
(Fig. 5A). By 8 hours of anoxia, ndrgla was further up-regulated 9.27-fold, and we also
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observed a slight up-regulation of ndrg3a (1.88-fold) (Fig. 5B). ndrg2 was down-
regulated (-0.5-fold), and ndrgb3b and ndrg4 did not significantly change following 8

hours of anoxia (Fig. 5B).

Overall, these data reveal that the ndrg family is differentially regulated in
response to low Oa. ndrgla is the most hypoxia-responsive member of the family during
early development and is transcriptionally up-regulated in response to severe and
prolonged O; deprivation. This finding is consistent with a previous study in cancer cells
revealing that members of the NDRG family mediate long-term adaptation to hypoxia
(67). Despite the lack of reported HIF-1a binding sites in its promoter region, ndrg3a
transcript levels also appear to be up-regulated under anoxia. ndrglb levels were
extremely low at the stages used in this qPCR analysis (Fig. 1K, L) and were not further
analyzed. Other members of the ndrg family may not be hypoxia-responsive at 24 hpf, at

least not at the transcriptional level.

The spatial distribution of ndrgla changes in response to anoxia

To confirm that ndrgla is indeed hypoxia-responsive and determine if any changes in its
spatial distribution occur following the most stringent hypoxia treatment, we performed
WISH using 24 hpf embryos that were exposed to 8 hours of anoxia. Even though WISH
is not a quantitative method to assess gene expression levels, we reasoned that the
amount of transcript can at least be directly compared if control (stage-matched) and
experimental (anoxia-treated) embryos are processed simultaneously during the color

reaction step of WISH.
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Following prolonged anoxia, ndrgla transcript is retained, possibly enhanced, in
the pronephric duct, ionocytes, endodermal organs (liver, intestine) and epiphysis but is
noticeably elevated in the inner ear (otic vesicle) (Fig. 6B, B’, B”, C, D, F, F”).
Interestingly, ndrgla signal is also observed in tissues where this gene is not normally
expressed (or expressed at levels that are below the detection limit) under normoxic
conditions. Among these tissues, the head vasculature was prominently labeled in anoxia-
treated embryos, namely: the primordial midbrain channel (pmbc), the primordial
hindbrain channel (phbc), the mid-cerebral vein (mcb) and the aortic arch (aa) (Fig 6B,
B’, F, F’). Although variable in levels between embryos and experiments (possibly
correlating with the duration of the color reaction), ndrgla transcript is also seen in a
segmentally-repeated pattern in the trunk (Fig. 6A”, B”, C, E”, F”) that appears to
correspond to somites. The mesoderm-expanded expression explains the thickened
anterior-posteriorly oriented stripes of ndrgla label observed from a dorsal view (Fig
6C,D). Furthermore, in samples where the labeling is generally stronger, ndrgla
transcript also becomes apparent in the lateral line primordium, a migrating epithelial
placode that deposits a series of mechanosensory hair cell organ progenitors along the
flank of the embryo (Fig. 6C’). These observations were categorized into mild (Fig. 6D,
D’), moderate (Fig. 6B-B”, F-F”), and severe (Fig. 6C, C’) transcriptional response

patterns.

Cross sections of control and anoxia-treated embryos confirmed the anoxia-
induced expression of ndrgla in otic vesicles (Fig. 6G, H) and at basal levels throughout
the somites, with some puncta of more intense label (Fig. 61, J). In addition, the sections

revealed elevated expression of ndrgla in the caudal aorta and vein (Fig. 61, J).
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To see whether these observed changes in ndrgla expression at the mRNA level
correspond with those of protein expression, we performed immunolabeling of Ndrgla
following exposure to anoxia and re-oxygenation post-anoxia. We extended our duration
of anoxia beyond 8 hours to include 12 hours of treatment, anticipating that it may take
time to sufficiently detect increased protein expression. We observed that following 8
hours of anoxia, Ndrgla protein is expressed in visibly more ionocytes. This is consistent
with the enhanced expression of mRNA in ionocytes following 8 hours anoxia.
Following 12 hours anoxia, protein expression did not change very much from 8 hours.
However, 12 hours of anoxia followed by 3 and 6 hours of reoxygenation provided
intriguing increases in protein expression patterns. We observed overall increased
expression throughout the head and anterior trunk regions of the embryo, consistent with
the in situ results. Specifically, increased expression in the otic vesicle, dorsal aorta, and

hatching gland were noticeably increased following re-oxygenation.

Immunolabeling of control, anoxia-treated, and re-oxygenated embryos confirmed
anoxia-enhanced expression of Ndrgla in ionocytes. Additionally, re-oxygenation-
induced expression of Ndrgla was observed in otic vesicles, dorsal aorta, and hatching

gland.

In summary, this analysis revealed that, following prolonged anoxia, ndrgla
transcript is maintained or enhanced in tissues in which it is present under normoxic
conditions (pronephric duct, ionocytes and epiphysis) and expanded to additional tissues
(vasculature, otic vesicles, and somites). These increases in tissue expression were found
to correspond to protein expression during anoxia exposure and during re-oxygenation.

The overall increase in ndrgla across multiple tissues accounts for the dramatic 9-fold
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up-regulation in transcript observed using qPCR (Fig. 5B). These findings reveal
hypoxia-dependent transcriptional regulation of ndrg/a in an intact, developing organism
and identify tissues in which ndrgla and other members of this family may play a

protective role following severe and prolonged hypoxia.

DISCUSSION

Expression of ndrg family members during early development

WISH analysis of the ndrg family shows that during early development (shield), ndrgs
are broadly expressed, with the exception of ndrg3b that is below detection levels (shield
to 24 hpf). The overlapping expression of ndrgla, 1b, 2, 3a, and 4 suggests that these
genes may be functionally redundant. From mid-somitogenesis onward, ndrgs acquire
more distinct spatial distribution patterns, consistent with previous studies revealing
expression of members of this family in different cell types in the mouse brain (75) and

organs/tissues of Xenopus laevis and tropicalis embryos (43, 73, 74).

The distribution of ndrgs is quite similar in fish and amphibian (Xenopus
tropicalis) embryos. ndrgla is observed in the eye, pronephric duct, the intestinal bulb,
and the liver of zebrafish and Xenopus embryos (43, 73, 74). However, ndrgla
distribution in Xenopus appears broader than that of zebrafish, as it is also reported in the
frog notochord, branchial arches, and pancreas. Similarly to the expression pattern of
zebrafish ndrg?2, the distribution of Xenopus ndrg?2 is enriched in the nervous system;

although there are also clear differences between these organisms since zebrafish ndrg?2 is
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in the heart prominent in somites while Xenopus ndrg?2 is found throughout the epidermis
(43). Zebrafish ndrg3a and Xenopus ndrg3 are both present in cranial placodes and spinal
cord, but the former also localizes in the pharyngeal pouches, pronephric duct, and
somites while the latter is enriched in the heart and otic vesicles (43). ndrg4 is expressed
throughout the nervous system in both zebrafish and Xenopus, but only observed in the
zebrafish intermediate cell mass and proctodeum, and the Xenopus pronephric duct (43).
Overall, these expression patterns suggest that the function of Ndrgs is at least partially

conserved between fish and amphibians.

ndrgs respond differentially to hypoxia

While transcription is an energy-demanding process that is suppressed under severe
hypoxia (17), genes that mediate hypoxia adaptation are generally up-regulated (14, 15).
Our qPCR data reveal that among the ndrg family members, ndrgla is the most hypoxia-
responsive and that prolonged (8 hours) anoxia elicits the strongest increase in transcript
levels. These findings corroborate with data from previous studies revealing that
zebrafish and mammalian NDRG1 have HRE:s in their promoter region and are up-
regulated in a HIF-1a-dependent manner in response to hypoxia (59, 92). ndrg3a is also
up-regulated under anoxic conditions, albeit to a lesser extent than ndrgla and does not
have confirmed HREs, suggesting that other transcription factors contribute to its up-
regulation. We observed very high Ct values for ndrglb in our qPCR experiments (data
not shown), suggesting the presence of very little transcript. The low levels of ndrglb and
ndrg4 at 24 hpf were also reported previously from an RNA-seq analysis of zebrafish
across developmental stages (89). Our in situ results for ndrglb also suggest low

expression levels around 24 hpf (Fig. 1K, L), with expression becoming first noticeable
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by 48 hpf in the retina. This spatio-temporal expression profile of ndrglb has also been

corroborated with previously published data (93).

Our qPCR data also revealed that ndrg2, 3b, and 4 are either unchanged or down-
regulated, which can be explained in several ways. Unchanged values may reflect that the
transcripts are stabilized, as previously reported for other genes (94), or that the rates of
synthesis and degradation are equally matched. Down-regulation could be due to mRNA
decay exceeding the rate of synthesis or active repression of gene expression to conserve
ATP (16, 17, 94-96). However, repression seems unlikely, as it is generally reserved for
genes whose protein products are required for energetically-demanding processes (e.g.
elongation factor 5A that mediates translation) (17). Given that HREs have been reported
in zebrafish ndrgla, 1b and human NDRG?2 regulatory regions (58, 92), it is surprising
that our qPCR analysis revealed that transcript levels of ndrg2 are either unchanged or
decreased under low O». It is also possible that a milder hypoxia treatment may be
required to elicit up-regulation of ndrg2. Surprisingly, we also did not observe significant
changes in ndrg4 transcript levels. Zebrafish ndrg4 plays essential roles in regulating
cardiomyocyte growth and proliferation (72), processes that must be suppressed under
anoxia. NDRG4 may be regulated by other hypoxia-responsive transcription factors (97)
and may also be responsive to milder conditions than those studied here (98, 99). Indeed,
a previous study revealed that hypoxia (5%) but not anoxia exposure of 24 hpf zebrafish
embryos, caused the up-regulation of igfbp-1, epo and vegf (87). Another explanation is
that hypoxia-induced transcriptional regulation is dynamic and up-regulation of these
genes may occur at later developmental stages, as was previously shown for igfbp-1 and

vegf that are up-regulated in hypoxia-exposed 36 hpf, but not 24 hpf embryos (87).
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ndrgla is up-regulated in metabolically-demanding tissues following prolonged

anoxia

Previous studies using human cancer cells (59, 60) or homogenous cell lines
(trophoblasts) (100) have revealed that NDRG1 is up-regulated in response to hypoxia.
However, little is known about how this response is orchestrated across multiple tissues
of a whole organism. Using WISH, we investigated the distribution of ndrgla in 24 hpf
zebrafish embryos exposed to 8 hours of anoxia, a treatment that elicits the most robust
increase in ndrgla transcript. Given that these conditions are very stringent, we reasoned
that any tissue/organ in which ndrgla levels are significantly increased must require the

activity of this protein to adapt to low Oa.

Our study revealed that, following anoxia, ndrgla is up-regulated in the epiphysis
and possibly the pronephric duct, ionocytes, and endodermal organs (although the WISH
procedure was not sensitive enough to detect an increase relative to the already high
normoxic levels of ndrgla in these cells). The epiphysis, also known as the pineal gland,
receives information about the light-dark cycle from the environment and produces the
hormone melatonin in response to this information. Melatonin has multiple cellular
functions, including reducing oxidative stress (101), which is elevated under hypoxia and
can cause cell death (102). In addition to responding to light-dark stimuli, the pineal is
also hypoxia-responsive, as stabilized Hif-1a modulates clock gene expression in
zebrafish pineal cells (103, 104). Given that ndrgla is a Hif-1a target, it is possible that
Ndrgla is implicated in the regulation of clock genes and melatonin production under
low O2 (105). The liver is quite effective at taking up Oz and is normally well supplied by

the bloodstream; nevertheless, it is susceptible to hypoxic injury and associated
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complications (106). In contrast, the intestine normally experiences wide fluctuations in
O, throughout the day with some regions becoming hypoxic. Genes that aid in the
maintenance of the hypoxic intestine are HIF-1a-regulated, providing a potential
explanation for the expression of ndrgla in this tissue (107, 108). The function of ndrgla
in the pronephric duct and ionocytes is unclear, but these cells rely on the metabolically-
demanding sodium-potassium ATPase pump to maintain ionic gradients and hence are

likely to be sensitive to Oz depletion (109).

In addition to enhanced expression of ndrgla in the epiphysis, we also observed
expansion of ndrgla distribution to tissues/organs where it is not present under normoxic
conditions, namely the inner ear (otic vesicles), head vasculature, and somites. Previous
studies have demonstrated that mutations in NDRG are associated with Charcot-Marie-
Tooth disease type 4D (CMT4D) (83), a demyelinating neuropathy that causes hearing
loss in humans. Furthermore, hypoxia can cause hearing loss (110-113); thus it is
possible that Ndrgla protects the inner ear or/and connected auditory nerve fibers from
hypoxia-induced damage. Vascular sprouting is a well-documented hypoxic response to
maximize Oz delivery (114). NDRG1 was previously shown to mediate endothelial cell
migration under intermittent hypoxia (115), raising the question of whether its up-
regulation under anoxia serves a similar purpose in head vasculature. Somites give rise to
skeletal muscle cells, which experience cellular hypoxia and lactic acidosis during
exercise that is further exacerbated by environmental hypoxia (116). It is possible that

Ndrgla protects muscle cells from acidosis or promotes hypometabolism in these cells.

Even though other members of the ndrg family are not transcriptionally up-

regulated under anoxia (or at least not as significantly as ndrgla), there is evidence that
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they can be post-translationally modified in response to hypoxia (67, 117-119). In this
regard, it is interesting that ndrg2, 3a, 3b and 4 are expressed in the pectoral fin buds,
which are known to play a respiratory role in fish (120, 121). Furthermore, these genes
are expressed in several metabolically-demanding tissues, including the brain, spinal

cord, heart, and kidney.

In summary, we have shown that ndrgs are distributed across a range of hypoxia-
sensitive/responsive tissues and that the levels of ndrgla and 3a are selectively increased
following prolonged exposure to anoxia. Future studies will address whether members of
this family promote hypoxia adaptation of the tissues and organs in which they are

expressed.
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xiv. FIGURE LEGENDS
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Figure 1. Gene expression analysis of ndrgl. WISH analysis revealing the distribution
of ndrgla (A-G) and ndrg1b (H-N) transcripts in zebrafish embryos at shield (A, H), 15
somites (B, C, 1, J), 24 hpf (D, E, K, L) and 48 hpf (F, G, M, N) stages, imaged from
lateral (A, B, D, F, H, I, K, M) and dorsal (C, E, G, J, L, N) views. Abbreviations: br
(brain), cv (caudal vein), ep (epiphysis), cos (corpuscles of Stannius), ib (intestinal bulb),
io (ionocyte), lv (liver), pd (pronephric ducts), re (retina), and y (yolk). Scale bar, 250
um.
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Figure 2. Gene expression analysis of ndrg2 and ndrg4. WISH analysis revealing the
distribution of ndrg2 (A-F) and ndrg4 (G-L) transcripts in zebrafish embryos at shield
(A, G), 15 somites (B, H), 24 hpf (C, D, 1, J) and 48 hpf (E, F, K, L) stages, imaged from
lateral (A-C, E, G-I, K) and dorsal (D, F, J, L) views. Abbreviations: br (brain), cp
(cranial placodes), he (heart), icm (intermediate cell mass of mesoderm), ptb (pectoral fin
buds), pr (proctodeum), re (retina), sc (spinal cord), and so (somites). Scale bar, 250 um.
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Figure 3. Gene expression analysis of ndrg3. WISH analysis revealing the distribution
of ndrg3a (A-G) and ndrg3b (H-N) transcripts in zebrafish embryos at shield (A, G), 15
somites (A, H), 24 hpf (D, E, K, L) and 48 hpf (F, G, M, N) stages, imaged from lateral

(A,B,D, F,H, I, K, M) and dorsal (C, E, G, J, L, N) views) and 48 hpf (F, G, M, N)

stages, imaged from lateral (A, B, D, F, H, [, K, M)

and dorsal (C, E, G, J, L, N) views.

Abbreviations: br (brain), cos (corpuscles of Stannius), cp (cranial placodes), pfb
(pectoral fin buds), pp (pharyngeal pouches), pd (pronephric ducts), sc (spinal cord), and

so (somites). Scale bar, 250 pum.
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Figure 4. Changes in ndrg transcript levels in response to hypoxia (3% oxygen). (A,
B) Real-time qPCR analysis of 24 hpf zebrafish embryos exposed to 4 h (A, grey bars) or
8 h (B, white bars) of hypoxia relative to normoxic (stage-matched) controls (A, B, black
bars) normalized to ef/a. (C) Plotted graphical summary of qPCR results. The y-axis in
the graphs represents the relative normalized expression of each gene. All fold changes
were derived using the formula, 2 ~ (84 CT) represent standard error of the mean (SEM).
Significance was obtained using the unpaired, two-tailed t-test with Welch’s Correction.
**p < (0.01. Reactions were run in triplicate with 7-8 biological replicates (n = 7-8).
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Figure 5. Changes in ndrg transcript levels in response to anoxia (0% oxygen). Real-
time qPCR analysis of 24 hpf zebrafish embryos exposed to 4 h (A, grey bars) or 8 h (B,
white bars) of anoxia relative to normoxic (stage-matched) controls (A, B, black bars)
normalized to efla. (C) Plotted graphical summary of qPCR results. The y-axis in the
graphs represents the relative normalized expression of each gene. All fold changes were

derived using the formula, 2 ~ (AA CT)

. represent standard error of the mean (SEM).
Significance was obtained using the unpaired, two-tailed t-test with Welch’s Correction.
*p <0.05, **p <0.01, ***p < 0.0005, ****p < 0.0001. Reactions were run in triplicate

with 7-8 biological replicates (n = 7-8).
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Figure 6. Analysis of ndrgla expression in zebrafish embryos following 8h of anoxia.
WISH analysis revealing the distribution of ndrgla transcript in 24 hpf zebrafish embryo
exposed to 8h of anoxia (B-B”, C-C’, D-D’, F-F”, H, J) relative to normoxic (stage-
matched controls) (A-A”’, E-E”’, G, 1) imaged from a lateral view (A-D’), a dorsal view
(E-F”) and cross sectional (G-J) views through the otic vesicles (G,H) and the trunk (1,J).
(A’-B”, E-F” are magnified views of (A,B,E,F). The severe (C,C’) and mild (D,D’)
transcriptional responses are included to compare with the moderate response (B-B”, F-
F”). Abbreviations: aa (aortic arch), cv (caudal vein), ep (epiphysis), io (ionocyte), llp
(lateral line primordium), mcev (mid-cerebral vein), ov (otic vesicle), pcv (posterior
cardinal vein), phbc (primordial hindbrain channel), pmbc (primordial midbrain channel),
and pd (pronephric ducts), and so (somites). The experiment was repeated in triplicate,
with 8 embryos representative of the group imaged. Scale bar in A,A’, 250 um. Scale bar
in E,G, 50 pm.
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SUPPLEMENTAL FIGURE LEGENDS
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Figure S1. Real-time qPCR using time zero and age-matched controls. Real-time
qPCR analysis of ndrg transcript levels in 24 hpf zebrafish embryos exposed to anoxia
for 4 or 8 hours. Expression levels were normalized to reference gene ef/a. (A) Use of
time 0 (24 hpf)normoxic controls. (B) Use of age-matched (28 hpf for 4 h anoxia and 32
hpf for 8 h anoxia) normoxic controls. The y-axis represents the log2 fold changes in
expression of each gene. The dotted horizontal line represents the baseline to which
values were normalized. All fold changes were derived using the formula, 2 ~ (24 CT)
Reactions were run in triplicate with 8 biological replicates (n=8). Bars represent
standard error (SE).
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Hypoxia

24 hpf + 4 h anoxia

Figure S2. Identification of developmental stage-matched normoxic control for
anoxia (0% oxygen) and hypoxia (3% oxygen). 24 hpf embryos were treated in 0% 02
(B,D) or 3% O2 (F,H) for 4 h and 8 h. Images of normoxic embryos were taken every 0.5
h interval. 26 hpf embryo (A) shows similar morphology to 24 hpf + 4 h anoxia treated
embryos and 27 hpf embryo (C) shows similar morphology to 24 hpf + 8 h anoxia treated
embryos. 27 hpf embryo (E) shows similar morphology to 24 hpf+ 4 h 3% O2 treated
embryos and 30.5 hpf embryo (G) shows similar morphology to 24 hpf + 8 h 3% 02
treated embryos. Annotations (A) of yolk extension (double-arrow), head curvature
(curved arrow), and pigmentation of eye (straight arrow)(Created with BioRender.com).
Scale bar, 250 um.
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Figures below show our current ongoing work for submission (where I have
contributed)

Currently, in-progress figures including the Ndrgla protein work.
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VIII. Summary

Currently, the molecular mechanisms that initiate and maintain hypometabolic state in
zebrafish embryos are mostly unknown. However, it is clear that when hypometabolism
is established, it confers the zebrafish embryos the ability to survive under low O2
conditions — possibly by decreasing the ATP demand to meet the lowered O2 supply.
Most likely, there are several, parallel hypoxia adaptive signaling pathways that are
triggered in response to hypoxia/anoxia, which orchestrate the induction of
hypometabolism. Ultimately, understanding these mechanisms in zebrafish embryos may

reveal potential therapeutic targets for the prevention and treatment of ischemic injuries.
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