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ABSTRACT OF DISSERTATION

EPIGENETIC REGULATION OF HORMONE ACTION IN THE RED FLOUR
BEETLE, TRIBOLIUM CASTANEUM (HERBST)

Hormones are the chemical communication signaling molecules released into the
body fluid to stimulate target cells of multicellular organisms. Two major hormones,
ecdysteroids (20-hydroxyecdysone, 20E, is the most active form) and juvenile hormones
(JH), regulate a wide variety of physiological and developmental processes in insects.
Therefore, these hormones have been extensively studied and are attractive targets for the
development of target-specific insect control methods. Recent studies suggest that
epigenetics adds another layer of regulation to explain multiple functions of the same
circulating hormone in different tissues and at various time points. In my dissertation, I
focused on a major post-translational modification, ‘acetylation,” to elucidate the
epigenetic mechanisms involved in the regulation of juvenile hormone action. Two highly
conserved enzymes mediate the acetylation of histones, histone acetyltransferases (HATs)
and histone deacetylases (HDACs), which mediate the addition or removal of the acetyl
group to histones and other proteins.

The first part of my dissertation identified the genes coding for HDACs in
Tribolium castaneum and studied their function using RNA interference (RNAI).
Knockdown of 12 HDAC genes showed variable phenotypes; the most severe phenotype
was detected in insects injected with double-stranded RNA (dsRNA) targeting class I
(HDACI, HDAC3) and class IV (HDAC11) HDACs. The dsHDACI1 injected larvae
showed arrested growth and development and eventually died during the larval stage. The
larvae injected with dSHDACI11 also showed similar phenotype as dsHDACI1 injected
larvae. The knockdown of the HDAC3 gene during the final instar larval stage resulted in
a pupa that showed abnormally folded wings and mortality. Application of JH analog
hydroprene to the 7. castaneum larvae suppressed the expression of HDACI1, HDAC3, and
HDACI1 genes. Sequencing of RNA isolated from control and dsHDAC: injected larvae
identified several differentially expressed genes, including those involved in JH action. The
acetylation levels of core histones showed an increase in TcA cells exposed to JH III or
dsHDACs. Knockdown of class III ‘sirtuins deacetylase’ did not cause significant
developmental defects or mortality.

The second part of my research focused on histone acetyltransferases (HATS), a
superfamily of enzymes that acetylate histones and other proteins. Knockdown of four
genes coding for N-acetyltransferases showed severe developmental defects and larval
mortality. Interestingly, knockdown of an N-oa-acetyltransferase, NAA40 (TC015921)
induced severe developmental defects and mortality. 20E induced NAA40 expression in



TcA Cells. Knockdown of NAA40 during the final instar larvae suppressed the expression
of genes coding for proteins involved in 20E action. Overall, these data suggest that
epigenetic modifications influence hormone action by modulating acetylation levels of

histones and by affecting the recruitment of proteins involved in the regulation of hormone
response genes.
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CHAPTER 1. LITERATURE REVIEW

Introduction

Insects constitute the most dominant, species-rich, and diverse group of organisms
on earth. Their small size, short generation times, and ability to fly permits successful
domination and dispersal to different new environments. Insects have a unique chitinous
exoskeleton, a key feature of phylum Arthropoda, which serves as a protective barrier and
structure for muscle attachment. However, the presence of exoskeleton poses a significant
problem for growth. To overcome this growth limitation, insects undergo a unique
physiological adaption called molting (replacement of old cuticle by synthesizing new
integument). Another necessary adaptation insect process is the metamorphosis (change in
form as an insect develops from an immature to an adult). Hormones regulate the post-
embryonic development comprising molting and metamorphosis (Klowden, 2013).

Hormones are the chemical signaling molecules produced in the endocrine glands,
transported through the body fluids (circulatory system), to stimulate target cells of
multicellular organisms that allow communication among cells. Ligation experiments by
Kope¢ demonstrated the influence of the brain on the initiation of the processes of
metamorphosis (Kope¢, 1922). Similarly, ligation experiments by Fukuda showed
evidence that molting is also controlled by hormones secreted by the prothoracic glands
(Fukuda, 1944). Two essential hormones, ecdysteroids (20-hydroxyecdysone, 20E is the
most active form) and juvenile hormones (JH), regulate a wide variety of physiological
and biological development processes in insects. These two hormones have been
extensively studied because of their specific involvement in the regulation of diverse

biological processes, including diapause, reproduction, and polyphenisms (Riddiford,



1994, 2012; Wigglesworth, 1934). Insects with various developmental strategies
(holometabolous and hemimetabolous) follow a similar hormone signaling pathway to

commit to adult morphogenesis (Konopova, Smykal, & Jindra, 2011).

Juvenile hormones

JH refers to a group of acyclic sesquiterpenoids secreted by the corpora allata (an
endocrine gland in the head region of insects), which plays an essential role in larval
development (Jindra, Palli, & Riddiford, 2013). JH was first discovered by Wigglesworth
(Wigglesworth, 1934) in the blood-sucking bug, Rhodnius prolixus. The presence of JH
promotes the expression of larval characteristics and prevents pupal and adult
morphogenesis. Multiple JHs including JH 0, JH I, 4-methyl JH I, JH II, JH III, JH III
bisepoxide, JH III skipped bisepoxide, and JH III acid have been identified (Klowden,
2013). JH I is the most commonly found form of JH. Since JH is insect-specific, and it
regulates many physiological processes, alteration in hormone biosynthesis could be a safe
strategy for the development of target-specific insecticides to serve as insect growth
regulators for pest management (Jindra et al., 2013). Given the significance, it is important

to understand the mechanism and mode of action the hormones.

JH is lipophilic and requires some binding molecules for preventing degradation
and ease of transportation. The JH signaling cascade is a complex molecular process and
involves many significant players. The first player is the JH receptor gene Methoprene-
tolerant (Met) (Wilson & Fabian, 1986). Met is a member of the basic helix-loop-helix
(bHLH) family of transcription factors capable of transcriptional regulation (Ashok,

Turner, & Wilson, 1998; Charles et al., 2011a). Met is conserved, constitutively expressed,



and an essential mediator of the regulation of metamorphosis in Tribolium castaneum
(Konopova & Jindra, 2007). Besides, Met prevents the premature development of adult
structures during larval-pupal metamorphosis (Parthasarathy, Tan, & Palli, 2008).
Researches from our lab identified that a binding partner, SRC- a steroid receptor co-
activator homolog, is required for JH-Met mediated signal transduction (Z. L. Zhang, Xu,
Sheng, Sui, & Palli, 2011). The hormone-protein complex binds to the juvenile hormone
response element (JHRE) in the promoters of JH-response genes and mediates their

expression.

Many genes that are regulated by JH have been identified, and the best-known
candidate gene is Kriippel homolog 1 (Kr-hl). Kr-hl is an early JH response gene
downstream of Met, and RNAi mediated knockdown causes a precocious larval-pupal
transition in the red flour beetle (Minakuchi, Namiki, & Shinoda, 2009). Using a cell line
derived from Tribolium embryos, JHRE containing canonical E-box motif (CAGGTG) was
identified in the promoter of the Kr-A/ gene (Kayukawa, Tateishi, & Shinoda, 2013).
Another important gene is transcription factor ‘broad’ with Broad-complex, Tramtrack,
and Bric a Brac (BTB) and zinc finger domains. Broad (BR-C) suppresses the precocious
development of adult structures during pupation (Parthasarathy, Tan, Bai, & Palli, 2008).
Recent studies revealed that kr-hl binds to the promoter region of broad and
transcriptionally represses the activation (Kayukawa et al., 2016). In summary, JH/Met-
dependent Kr-h1 activity mediates the larval development, and the low hormone titers and
subsequent low transcription of kr-h1l expression in the last instar larvae create a pupal
commitment stage. Finally, the absence of JH and high expression of ecdysteroids creates

an adult transition stage and complete metamorphosis (Konopova et al., 2011).



Ecdysteroids

Ecdysteroids are the group of steroid hormones synthesized by the prothoracic
glands that control insect developmental transition. Signals from the brain activate
prothoracicotropic hormone (PTTH), which in turn triggers the production of ecdysteroids.
The ecdysteroids, along with varied JH titers, determine the type of molting. Ecdysteroids
are derived from sterol precursor, cholesterol. There are multiple analogs because of the
positions of hydroxyl groups on the frame. 20-hydroxyecdysone (20E) is the most active
form of the molting hormone (Klowden, 2013). Halloween genes (phantom, disembodied,
shadow, shade, spook) a set of genes whose products mediate ecdysone biosynthesis
(Rewitz, Rybczynski, Warren, & Gilbert, 2006). 20E binds to the nuclear ecdysteroid
receptor (EcR), and the product of ultraspiracle gene (USP) and this heterodimer hormone-
protein complex induces a cascade of gene expressions and repression events by binding
to the ecdysone response element at the promoter regions of early genes (E74, E75) and
late genes (HR3, E93) (Palli, 2016). In T. castaneum, pupal specifier gene BR-C is
expressed during the pre-pupal period (quiescent stage) in the presence of both JH and 20E
(Palli, 2016). Another essential transcription factor gene that responds to the 20E titer is
the ecdysone response gene, £93. dsSRNA mediated knockdown of E93 disrupts adult
differentiation and produces supernumerary pupal phenotype (Urena, Manjon, Franch-
Marro, & Martin, 2014). Advanced genomic studies revealed the role of multiple
epigenetic factors that interact and regulate hormone-protein complex-mediated gene

expression.

Epigenetics regulation of hormone action
The basic functional unit of chromatin is the nucleosome, which is composed of
DNA wrapped around histones (H2A, H2B, H3, and H4). Core histone tails are projected

from nucleosomes and are subject to post-translational modifications (PTM). These



include methylation (Me), acetylation (Ac), phosphorylation (Ph), and ubiquitination (Ub).
The primary epigenetic regulators can be categorized as writers, erasers, and readers of
PTMs. Epigenetic writers add chemical tags, whereas, erasers catalyze the removal of the
covalent modifications. Epigenetic changes contribute to flexible and reversible gene
regulation by chemical tags, without altering the genetic makeup of an organism (Goldberg,
Allis, & Bernstein, 2007; Jaenisch & Bird, 2003). The major epigenetic modifications DNA
modifications, histone modifications, and microRNA regulation alone, or in combination
with other transcriptional regulatory events regulate gene activity and expression patterns
during development and growth (J. C. Chuang & Jones, 2007; Feinberg & Tycko, 2004;
Kouzarides, 2007). In eukaryotes, epigenetic mechanisms are regulated by histone
modifications, including acetylation and deacetylation, which are controlled by lysine
acetyltransferases (KATs or Histone acetyltransferases HATs) and by lysine deacetylases
(KDACs or histone deacetylases HDACs), which have opposing activity as shown in
Figure 1.1 (X. J. Yang & Seto, 2007). Transcription factors regulate gene expression, and
the highly supercoiled DNA structure makes it difficult for them to access DNA. One
significant modification is the modulation of the positive charge density of core histone by
the addition or removal of acetyl groups (Mukherjee, Twyman, & Vilcinskas, 2015). Lysine
acetylation is a reversible posttranscriptional modification of proteins. It plays a crucial
role in targeting large macromolecular complexes involved in diverse cellular processes,
such as chromatin remodeling, cell cycle, splicing, nuclear transport, and actin nucleation

(Choudhary et al., 2009).

The role of acetylation in hormonal regulation of gene expression has been reported.

Histone modifying enzymes can regulate nuclear receptor expression and activity (Leader,



Wang, Fu, & Pestell, 2006). In D. melanogaster, many acetylation sites were identified in
the proteome using high-resolution mass spectrometry (Weinert et al., 2011). The role of
HDACSs and HATs in epigenetic reprogramming during metamorphosis, wounding, and
infection in Galleria mellonella have been reported (Mukherjee, Fischer, & Vilcinskas,
2012). Many nuclear receptors are subjected to acetylation, which regulates their stability,
ligand sensitivity, and transactivation potential (Leader et al., 2006; Zhao et al., 2014).
Reversible post-translational modification of proteins plays a critical role in cell signaling
by regulating protein activity, stability, localization, and protein-protein interactions.
Phosphorylation of serine, threonine, and tyrosine is one of the most prevalent and
extensively studied PTMs. Reversible acetylation of lysine is another abundant
modification with fundamentally critical regulatory functions (Weinert et al., 2011). The
HAT activity of CREB-binding protein (CBP) involved in acetylation of H3K27 is required
for sox14 expression, which is an ecdysone response gene (Kirilly et al., 2011b). Besides
the acetylation of histones, the acetylated nuclear proteins such as transcriptional factors
FOXO and p53 are also involved in the regulation of gene expression (Pramanik, Fofaria,
Gupta, & Srivastava, 2014; van der Heide & Smidt, 2005). Both acetylation and
deacetylation play important roles in gene regulation and have been implicated in plant
hormone signaling (Yamamuro, Zhu, & Yang, 2015). An increasing number of recent
studies suggest a link between epigenetic regulation and hormone action. Recent studies
indicate that acetylation of specific lysine residues of histone contributes specifically to the
dynamic regulation of transcription in 20E induced genes (Bodai et al., 2012a). However,

the possible role of acetylation in JH action is not explored yet.



Insects are excellent models to study physiology, molecular biology, and even
evolution (Klingler, 2004). T. castaneum (Herbst) belongs to the family Tenebrionidae, is
a universal pest of stored grain products, and a powerful model organism for developmental
and toxicology studies. It serves as an excellent model to explore epigenetic studies
because of the availability of complete genome sequence, short generation times, and
ethical acceptability and amenable to genetic manipulation. The whole genome was

sequenced and described in 2008 (7ribolium Genome Sequencing et al., 2008).

The goals of this study

Hormones affect a variety of physiological processes, including embryogenesis,
post-embryonic development, behavior, caste determination, reproduction, and diapause.
Hormones work along with the nervous system to provide the necessary communication
between all the cells. The study of alterations in gene expression potential that arise during
development and cell proliferation is called epigenetics. Protein acetylation is a chemical
modification that is linked to transcription and is regulated by enzymes, acetylase, and
deacetylase. However, the role of acetylation and the regulation pattern of hormonal action
in insects is scarce. We still do not know much about the target of the epigenetic machinery
in transcription factors, co-repressors, and co-regulators of insect hormone action. An
increasing number of studies suggest a link between epigenetic regulation and hormone
action. Advanced genome sequencing technologies have facilitated active investigation to
identify target genes and explore the molecular processes that are regulated by these
hormones. It is imperative to identify the major players of hormonal regulation and their
mechanism. Insect growth regulators (IGR) typically work by mimicking or inhibiting the
hormones. IGR that mimic JH can produce premature molting of early immature stages,
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disrupting larval development. IGRs that inhibit ecdysone can cause pupal mortality by
interrupting the transformation of larval tissues into adult tissues during the pupal stage.
Now we know that JH exerts diverse functions in different tissues and under various
physiological conditions. We thought that epigenetic and post-translational modification

of proteins involved in JH action plays a critical role in gene regulation.

Therefore, to fill the critical knowledge gaps in understanding the molecular
mechanisms underlying transcriptional regulation of many JH-dependent events,
especially with a focus on protein interaction with chemical modification, this research
investigated the role of major histone acetyltransferases (HATs) and histone deacetylases
(HDACS) in T. castaneum. First, I identified the HDACs homologs of 7. castaneum and
performed preliminary screening. Chapter 2 concentrates on identifying and classifying
histone deacetylases genes and studies the role of HDACI in the regulation of the JH
response gene Kr-hl. Chapter 3 investigated the role of HDAC3 in development and
metamorphosis. Chapter 4 explains the functions of HDAC11. Chapter 5 includes the
screening of main classes of HAT genes and a detailed study on N(alpha)-acetyltransferase
40 (NAA40). The information gained from this research can be applied to other essential

insect vectors for their management and control as well.
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Figure 1.1 A schematic representation of histone acetylation and deacetylation

Histone acetylation by histone acetyltransferases (HATSs) is associated with transcriptional
activation, whereas histone deacetylation by histone deacetylases (HDACs) is associated

with transcriptional repression.



CHAPTER 2. HISTONE DEACETYLASE 1 SUPPRESSES KRUPPEL HOMOLOG 1 GENE
EXPRESSION AND INFLUENCES JUVENILE HORMONE ACTION IN TRIBOLIUM CASTANEUM

A significant part of this chapter has been published as “Histone deacetylase 1 suppresses
kriippel homolog 1 gene expression and influences juvenile hormone action in 7ribolium
castaneum” in Proceedings of the National Academy of Sciences of the United States of
America, September 3, 2019, 116 (36) 17759-17764
https://doi.org/10.1073/pnas.1909554116 with the following authors: Smitha George,

Sharath Chandra Gaddelapati, and Subba Reddy Palli.

Summary

Post-translational modifications, including acetylation and deacetylation of
histones and other proteins, modulate hormone action. In 7ribolium castaneum TcA cells,
Trichostatin A, a histone deacetylase (HDAC) inhibitor, mimics juvenile hormone (JH) in
inducing JH response genes (e.g., Kr-hl) suggesting that HDACs may be involved in JH
action. To test this hypothesis, we identified genes coding for HDACs in 7. castaneum and
studied their function. Knockdown of 12 HDAC genes showed variable phenotypes; the
most severe phenotype was detected in insects injected with double-stranded RNA
targeting HDACI (dsHDAC1). The dsHDACI-injected insects showed arrested growth
and development and eventually died. Application of JH analogs hydroprene to 7.
castaneum larvae and JH III to TcA cells suppressed HDACI expression. Sequencing of
RNA isolated from control and dsHDACI injected larvae identified 1,720 differentially
expressed genes, of which 1,664 were up-regulated in dsHDACI-treated insects. The
acetylation levels of core histones were increased in TcA cells exposed to dSSHDACT1 or JH

ITII. Western blot analysis using the antibodies that recognize acetylated lysines showed



that the acetylation levels of core histones increased in HDACI knockdown TcA cells and
larvae. Treatment of TcA cells or 7. castaneum larvae with JH III or hydroprene
respectively also caused an increase in acetylation levels of histones. These data suggest
that epigenetic modifications influence JH action by modulating acetylation levels of
histones and by affecting the recruitment of proteins involved in the regulation of JH
response genes.

Keywords: Epigenetics, Kr-h1, histone, hydroprene, HDACI
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Introduction

The major epigenetic changes, such as DNA and histone modifications and
microRNA regulation by themselves or in combination with other proteins, regulate gene
expression (J. C. Chuang & Jones, 2007; Feinberg & Tycko, 2004; Kouzarides, 2007).
Post-translational modifications (PTM), including acetylation, phosphorylation,
methylation, ubiquitination, and sumoylation of histones, play important roles in the
epigenetic regulation of chromatin. One of the common PTMs of histones is acetylation by
multiprotein complexes containing histone acetyltransferases (HATs) and histone
deacetylases (HDACs) that add or remove acetyl groups, respectively (Marmorstein &
Zhou, 2014). The modulation of the positive charge density of core histone by lysine
acetylation is a reversible PTM that plays key roles in the formation and function of large
macromolecular complexes involved in diverse cellular processes such as chromatin
remodeling, cell cycle, splicing, nuclear transport, and actin nucleation (Choudhary et al.,

2009).

HDACs belong to a highly conserved family of proteins that regulate gene
expression through histone modifications as well as forming complexes with transcription
activators and repressors (Seto & Yoshida, 2014). Besides acetylation and deacetylation of
histones, HATs and HDACsSs interact with and/or modulate acetylation levels of many
receptors, transcription factors, co-activators, co-repressors, and influence their function in
the regulation of gene expression (Verdone, Agricola, Caserta, & Di Mauro, 2006). Histone
modifying enzymes are also known to regulate nuclear receptor expression and activity;
many nuclear receptors are subjected to acetylation that regulates their stability, ligand

sensitivity, and transactivation (Jaenisch & Bird, 2003; Leader et al., 2006). In the fruit fly,
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Drosophila melanogaster, many acetylation sites were identified in the proteome using
high-resolution mass spectrometry (Weinert et al., 2011). Research in D. melanogaster and
other eukaryotes showed that HDACI1 in complex with co-repressor, SIN3, is often
associated with sites of transcription repression (Pile & Wassarman, 2000). The
knockdown of the HDACI gene increased acetylation levels of histone H3 and H4 (Pile,
Schlag, & Wassarman, 2002). It caused the up-regulation of genes involved in multiple
processes, including nucleotide and lipid metabolism, DNA replication, cell cycle

regulation, and signal transduction (Foglietti et al., 2006).

The two major insect hormones, ecdysteroids (20-hydroxyecdysone, 20E is the
most active form) and juvenile hormone (JH), regulate many developmental and
physiological processes (Riddiford, 2012). These hormones have been extensively studied
because of their potential use as targets to develop methods for insect pest management
(Jindra et al., 2013; Riddiford, 1994). Recent studies identified Methoprene-tolerant (Met)
and steroid receptor co-activator (SRC, also known as Taiman in D. melanogaster and
FISC in Aedes aegypti), which act as receptor protein and its binding partner, respectively,
in JH signal transduction (Charles et al., 2011b; Wilson & Fabian, 1986; Z. L. Zhang et al.,
2011). Many genes that are regulated by JH have been identified; one gene consistently
identified as an important transcription factor in JH action is Kriippel homolog 1 (Kr-h1)
(Benevolenskaya, Frolov, & Birchler, 2000; Minakuchi, Zhou, & Riddiford, 2008). Recent
studies in D. melanogaster, Bombyx mori, A. aegypti, Blatella germanica, Tribolium
castaneum, and other insects showed that Kr-h1 repression of key genes Broad-Complex
(BR-C), a pupal specifier, and E93, involved in the adult development and steroidogenic

enzymes, during immature stages (Belles & Santos, 2014; Gujar & Palli, 2016; Kayukawa
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et al., 2016; Ojani, Fu, Ahmed, Liu, & Zhu, 2018a; Urena, Chafino, Manjon, Franch-
Marro, & Martin, 2016; Urena et al., 2014; Tianlei Zhang et al., 2018). The role of post-
translational modifications, including acetylation and phosphorylation in JH and 20E
action, has been reported (Bodai et al., 2012b; P. Liu, Peng, & Zhu, 2015). In B. germanica
and 7. castaneum, the CBP (CREB-binding protein. a multifunction transcription factor
and acetyltransferase) was shown to be involved in the post-embryonic development and
metamorphosis by regulating the expression of Kr-h1, BR-C, and E93, the three key players
in the endocrine regulation of metamorphosis (Fernandez-Nicolas & Belles, 2016; Roy,
George, & Palli, 2017; Xu, Roy, & Palli, 2018). The CBP is required for the acetylation of
H3K18 and H3K27 in both larvae of 7. castaneum and a cell line TcA developed from this
insect (Roy et al., 2017; Xu et al., 2018). We previously showed that the Trichostatin A
(TSA), an inhibitor of histone deacetylases (HDAC) mimics JH in the induction of JH-
response genes such as Kr-Al in a dose- and time-dependent manner (Xu et al., 2018)
suggesting that one or more HDACs may be involved in JH action. Hence, the main goal
of current studies is to identify HDACs involved in the expression of JH-response genes
and investigate their mechanism of action in the regulation of growth and development

using 7. castaneum as a model insect.

Materials and methods

Insect rearing and staging

GA-1 strain of red flour beetle, 7. castaneum (Haliscak & Beeman, 1983) was
maintained on organic wheat flour (Heartland mill, Marienthal, KS) mixed with 10% yeast

(Bakers dried active, MP biomedicals, Solon, OH). The insects were maintained in the
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complete dark at 30°C and 65+5% relative humidity. Under these conditions, the lifecycle
is completed in 40-45 days, with five to six larval molts. Different stages were identified
based on size, color, and the number of days after hatching. The newly molted final instar
larvae were identified based on the untanned white cuticle and head capsule size. The
quiescent larval stage was recognized by the ‘C’ shape. Untanned white-colored pupae

were considered as the newly molted pupae.

Cell culture

The T. castaneum cells, BCIRL-TcA-CLG1 (TcA) were maintained in Ex-cell 420
medium (Sigma-Aldrich, St.Louis, MO) supplemented with 10% Fetal Bovine Serum
(FBS, VWR-Seradigm, Radnor, PA) at 28°C (C. L. Goodman et al., 2012). The cells were
seeded in 6-well plates. The next day, 10 um JH III (Sigma-Aldrich) dissolved in dimethyl
sulfoxide (DMSO, Sigma-Aldrich) was added to the culture medium for six hours. The
control cells were cultured in the medium supplemented with the same concentration of
DMSO. After treatment, the cells were harvested, and total RNA was isolated using the Tri
reagent-RT (Molecular Research Center Inc., Cincinnati, OH). The RNA was used to
quantify the expression of the HDACI gene using RT-qPCR. For determination of
knockdown efficiency, the cells were exposed to dsRNA for 72 h, followed by RNA
extraction and RT-qPCR to determine mRNA levels of target genes. The cells were

harvested after 24 h of treatment for protein extraction.
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Hormone treatments

Technical grade compound S-Hydroprene (Ethyl 3, 7, 1l1-trimethyl-2, 4-
dodecadienoate) from Sigma-Aldrich was dissolved in cyclohexane and used for topical

application of larvae. Cyclohexane was used as a control.

Double-stranded RNA synthesis (dsSRNA) and microinjection

T. castaneum HDAC orthologues were identified by searching for Drosophila
homologs of HDACs in FlyBase (Thurmond et al., 2019). The fragments (300-500 bp) of
T. castaneum HDAC genes were amplified using target gene-specific primers containing
T7 promoters’ sequences at the 5° end. The purified PCR fragments and the MEGAscript
T7 kit (Thermo Fisher Scientific, Waltham, MA) were used for dsSRNA synthesis. The
DNA templates were digested with DNase (Ambion Inc., Austin, TX), followed by
purification using phenol-chloroform extraction and ethanol precipitation. The quality of
dsRNA was checked by agarose gel electrophoresis, and the concentration was measured
using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA).
Newly molted last instar larvae (day 0) were immobilized by keeping on the ice and then
placed them on double-sided sticky tape over a glass slide. Approximately 200-250 nl of
5-7 png/ul dsRNA was injected into the dorsal side of the abdomen using a Drummond
Nanoject I1II fitted with 3.5” glass capillary tube, pulled by a needle puller (Model P-1000,
Sutter Instruments, Novato, CA). After injection, the insects were reared using under

standard conditions.
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RNA isolation, cDNA synthesis and quantitative reverse transcription PCR (RT-
qPCR)

Total RNA was extracted from treated and control insects using TRI reagent-RT.
cDNA was synthesized from 2 pg of RNA samples using M-MLV reverse transcriptase
(Thermo Fisher Scientific) in a 20 pl reaction as per manufacturer’s protocol. The diluted
(5X) cDNA, gene-specific primers and iTaq Universal SYBR Green Supermix (Bio-Rad,

Hercules, CA) were used in RT-qPCR.

RNA-sequencing library preparation (RNA-seq), Illumina sequencing, data analysis,
and annotation

Total RNA extracted using the TRI reagent-RT was used for RNA-seq library
preparation following the library preparation protocol described previously (Hunt, 2015;
Kalsi & Palli, 2017; Ma, Pati, Liu, Li, & Hunt, 2014). Briefly, samples were quantified
using a Nanodrop and subjected to poly (A) enrichment using oligo-dT magnetic beads
(New England Biolabs, Ipswich, MA) followed by RNA fragmentation and cDNA
synthesis. High-performance SMARTScribe™ Reverse Transcriptase enzyme (Takara-
Clontech, Mountain View, CA), barcoded reverse transcriptase primers, and strand-
switching primers SMART?7.5 (Exiqon) were used for cDNA synthesis. The cDNA (300-
600bp) was selected using HighPrep™ PCR, clean up beads (MAGBIO, Gaithersburg,
MD). The size-selected tags were amplified using Phire Hot Start II DNA polymerase
(Thermos Scientific) with primer adapters for Illumina sequencing. The PCR products
were purified, and quality was accessed using a Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA; Model 2100). The equimolar concentration of barcoded libraries was

pooled based on a concentration estimate from the bioanalyzer and nanodrop. The pooled

17



libraries were sequenced using the Illumina Hiseq 4000 sequencer at Duke University
Sequencing and Genomic Technologies (NC, USA). Raw reads were demultiplexed,
trimmed, and transcripts were mapped back to the 7. castaneum reference genome
(assembly Tcas5.2) following the CLC genomic workbench pipeline (Version 9.5.9).
Normalized gene expression levels were subjected to differential gene expression analysis
using Baggerley’s test or ‘Empirical analysis of DGE’ (EDGE) using default parameters.
Differentially expressed genes were identified and filtered to transcripts >2-fold change
and the P-value cutoff < 0.05. Differentially expressed up-regulated genes were submitted
to the Blast2GO Pro Plugin with the CLC workbench and GO terms were identified and
represented using Web Gene Ontology Annotation Plot (WEGO) (Ye et al., 2006). Short-
read (Illumina HiSeq 4000) sequence data are available in the NCBI SRA with the

accession no PRINA495026.

Protein extraction and western blotting

The larvae were crushed in liquid nitrogen and lysed on ice using RIPA lysis buffer
(Radioimmunoprecipitation assay buffer- 0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5%
deoxycholic acid, 10% NP-40, 10mM EDTA- Millipore Sigma, MA, USA) supplemented
with protease inhibitor cocktail (Halt, ThermoFisher, Rockford, IL, USA). Samples were
incubated on ice for 5-10 minutes, and 1/10" volume of 5M NaCl was added to release
chromatin-bound proteins (Weinert et al., 2011). The lysate was clarified by
microcentrifugation and then precipitated overnight at -20°C by adding in order 1:8:1 ratio
of lysate: ice-cold acetone: Trichloroacetic acid (TCA). Pellets were washed in ice-cold
acetone, dried, and dissolved in 10% SDS. Protein concentrations were determined using

the Bio-Rad protein assay concentrate and standard (Bio-Rad, Hercules, CA, USA).
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Samples were denatured at 95°C for 5 min in 5X SDS loading buffer and resolved on 12
% SDS-polyacrylamide gels. The proteins were transferred to the nitrocellulose membrane
and blocked in blocking buffer for one h at room temperature. The membranes were
washed and incubated with specific primary antibodies targeting acetylated lysines (Cell
Signaling Technology, Danvers, MA) overnight at 4°C with gentle shaking. Anti-rabbit
IgG, HRP-linked antibody (Cell signaling #7074), and chemiluminescence detection
(SuperSignal™ West Femto Maximum Sensitivity Substrate, ThermoFisher, Rockford, IL)

were used for protein detection.

Imaging and documentation

We used Unitron (Z850) motorized automated deep focus stereomicroscope
(Olympus SZ) imaging system with Canon EOS Rebel T5i (Micro source Imaging) for

capturing the phenotypes.

Statistical analysis

Statistical analyses were performed using JMP 12.0 (SAS Institute Inc., Cary, NC)
to test for statistical differences among treatments. One-way ANOVA was performed for
comparison of expression data. Post hoc tests were made using the Tukey-Kramer HSD

method (a=0.05).

Results

Identification, classification, and characterization of HDACs in 7. castaneum

The HDACs genes from D. melanogaster (Thurmond et al., 2019) were used to

search the 7. castaneum genome, and 12 HDAC homologs were identified. Based on their
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sequence similarity with the HDACs reported from D. melanogaster and other organisms.
The T. castaneum HDACs were classified into four classes [Class I (three genes, similar to
yeast RPD3), Class II (two genes, similar to yeast Hdal), Class III (six genes, sirtuins,
require nicotinamide adenine dinucleotide as a cofactor for their activity) and Class IV (one
gene, similar to mammalian HDACI1, Table 2.1)] (Bjerling et al., 2002; de Ruijter, van
Gennip, Caron, Kemp, & van Kuilenburg, 2003; Delcuve, Khan, & Davie, 2013; Fischle
et al., 2002; Nasir Javaid & Sangdun Choi, 2017). The 7. castaneum HDAC classes were
re-confirmed by NCBI Blast and HMM superfamily domain searches (Gough, Karplus,
Hughey, & Chothia, 2001; Pandurangan, Stahlhacke, Oates, Smithers, & Gough, 2019).
dsRNA targeting 12 HDACs were synthesized using the gene-specific primers (Table 2.2).
Approximately 200 nl of dsRNA (5 pg/ul) targeting each HDAC gene was injected into
newly molted last instar larvae, pupae, and adults. Control animals were injected with
dsRNA targeting the gene encoding for maltose-binding protein from Escherichia coli
(malE). Mortality and developmental defects were recorded daily until death or adult
emergence in the case of larval and pupal injections. The knockdown of HDACI and
HDAC 11 caused 100% larval mortality (Fig. 2.1 A., Table 2.1). In addition, larval
mortality and significant pupal mortality were observed in animals injected with
dsHDAC3. Knockdown of class III Sirtuins did not cause significant mortality. Out of 12,
HDACSs tested, HDAC1 knockdown caused the maximum effect. Therefore, further studies

were focused on HDACI.

HDAC enzymes are required for the survival of larvae, pupae, and adults

The control insects injected with dsmalE pupated after five to six days and

developed into normal adults (Fig. 2.1 Ba-d). In contrast, dSHDACI injected larvae
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showed developmental arrest during the final instar larval stage and died during the
quiescent stage (Fig. 2.1 Be). Besides, a larval-pupal intermediate phenotype with the
dorsal split was observed when dsHDAC1 was injected into 72 h-old last instar larvae (Fig.
2.1 Bf). In these animals, removal of larval integument revealed a white-colored larval-
pupal intermediate with dark eyes, sclerotized legs, and antennae. (Fig. 2.1 Bg).
Knockdown, in the expression of HDACI during the pupal stage, arrested the adult
development, and the pupae eventually died (Fig. 2.1 Bh). Moreover, HDAC1 knockdown
caused 90 to 100% mortality in pupae and adults at approximately five days after dsSRNA
injection (Fig. 2.1 C). These data suggest that HDACI is required for survival and the

development of larvae, pupae, and adults.

Developmental expression and JH suppression of HDAC1

Since HDACI is required for the survival and development of larvae and pupae,
we determined the expression of this gene during larval and pupal stages. The mRNA levels
were quantified by RT-qPCR using gene-specific primers (Table 2.2). The maximum levels
of HDACI mRNA were detected at 24 h after entering the pupal stage (Fig. 2.2 A).
Treatment of last instar larvae with JH analog hydroprene for six h caused a significant
decrease in HDACI mRNA levels (Fig. 2.2 B). The expression of Kr-hl (a JH response
gene) used as a positive control for JH response was induced by hydroprene treatment.
Similarly, exposure of 7. castaneum TcA cells to JH III for six h caused a significant
decrease in HDACI mRNA levels (Fig. 2.2 B). These data suggest that JH suppresses the
expression of HDACI. To determine whether JH suppression of HDACI expression is
mediated by JH receptor Met, dsMet or dsmalE was injected into the newly molted last

instar larvae. At 48 h after injections of dsSRNA, the larvae were treated with hydroprene
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or cyclohexane for six h. As shown in Figure 2.2 C, hydroprene treatment caused a
significant decrease in HDACI mRNA levels in larvae injected with dsmalE, but not in
larvae injected with dsMet. The HDACI mRNA levels in Met knockdown larvae were
similar to those in control larvae treated with cyclohexane. As expected, HDACI mRNA
levels decreased, and Kr-h/ mRNA levels increase after hydroprene treatment of control
larvae injected with dsmalE. However, the suppression of HDAC! and induction of Kr-h1
were reduced in the larvae injected with dsMet (Fig. 2.2 C). These data suggest that Met is

required for hydroprene suppression of HDAC1 and induction of Kr-hl expression.

HDACI suppresses the expression of genes involved in JH action

Since JH suppresses the expression of HDAC1, we wanted to determine whether
the expression of genes involved in JH action or those induced by JH are affected by the
HDACI knockdown. We tested the injection of 1, 0.5, 0.25, and 0.125 pg of dSHDACI per
larvae and found that at 12 h after dsSRNA injection, there was no significant difference in
HDACI mRNA levels between larvae injected with 0.25 or 0.125 pg of dsHDACI per
larvae and the control larvae injected with the same doses of dsmalE (Fig. 2.3 A). The
extent of phenotypes detected at 15 d after injection of dSRNA decreased in treatments
with 0.25 or 0.125 ng of dsHDACT per larvae; therefore, we decided to use 1 pug per larvae
in subsequent studies. A > 50% reduction in HDACI mRNA levels was detected at 12 h
after injection of 1 pg of dsHDACI into each final instar larvae. (Fig 2.3 B). The mRNA
levels of JH response genes Kr-hl and 4EBP (Eukaryotic translation initiation factor 4E-
binding protein 2) showed an increase in HDACI knockdown insects compared with their
levels in control insects injected with dsmalE (Fig. 2.3 B). Similarly, the mRNA levels of

genes coding for SRC and CBP that are shown to be involved in JH action were increased
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in HDACI knockdown insects. The expression of Met increased by 1.1- to 1.7-fold in
dsHDACI -injected insects compared with dsmalE-injected insects in three independent

experiments, but the differences were not statistically significant (Fig. 2.3 B).

We also determined mRNA levels of HSP90 (gene coding for heat shock protein)
to check whether the HDAC1 knockdown effect is universal. HSP90 mRNA levels were
not affected by HDACI knockdown (Fig. 2.3 B). These data suggest that HDAC1 may
function in the regulation of JH response gene expression during the larval stage. To
identify other genes whose expression is affected by HDAC!I knockdown, we sequenced
RNA isolated from HDACI knockdown and control insects. RNA samples isolated from
larvae at 12 h after injection of dSHDAC1 were sequenced. Run summary and read count
statistics are shown in Table. 2.3. Analysis of RNA-seq data identified 1,720 genes that are
differentially expressed between dsHDACI- and dsmalE- treated larvae with a >2-fold
change P-value < 0.05. The overall pattern of normalized mean expression values of DEG
is represented as heatmap (Fig 2.4 A). Among 1720 differentially expressed genes, 1664
were up-regulated, and the rest of them were down-regulated (Additional file 1-RNA-seq
data dsHDACT). In Figure 2.4 B, the differential expression of genes is shown as a volcano
plot with red dots indicating the genes exhibiting statistically significant differences in
expression between treatment and control. The expression of some of the genes known to
function in 20E and JH action was affected by the HDAC1 knockdown; these genes include
Kr-hl, SRC, and CBP (Table 2.4). Gene ontology (GO) enrichment analysis of
differentially expressed genes (dSHDACI1 vs. control) against the Tribolium reference

transcriptome GOs revealed significant enrichment of the genes involved in the protein-
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containing complex, protein binding, response to stimuli, signal transduction, and

transcription regulator activity (Fig. 2.4 C).

To confirm the gene expression differences revealed by the RNA-seq data, we
performed RT-qPCR for 20 selected genes. The 20 up-regulated genes in dsHDAC] treated
larvae were selected based on the presence of DNA-binding domains with possible
functions as transcription factors (Table. 2.5). The differential expression levels of selected
genes obtained by the RNA-seq and RT-qPCR methods are compared in Figure 2.4 D.
Nineteen out of 20 genes tested showed an increase in mRNA levels in dsHDAC | -treated
larvae compared with control larvae treated with dsmalE (Fig. 2.5). Although the fold
differences in mRNA levels between treatment and control determined by RNA-seq and
RT-qPCR methods are not the same due to differences in sensitivity between the two
approaches, 19 out of 20 genes tested showed increased expression in HDAC1 knockdown

samples analyzed by both ways.

To identify genes that are induced by JH and affected by HDACI knockdown, we
compared the RNA-seq data from our previous experiments on JH induction of gene
expression in 7. castaneum larvae and TcA cells (Roy et al., 2017) with our current RNA-
seq data. Ten genes, including Kr-h1, Rho GTPase-activating protein 100F (LOC660562),
lachesin (LOC659929), DNA damage regulated autophagy modulator protein 2 like, 4
hydroxyphenyl pyruvate dioxygenase, hemicentin-1, and calpain-7, were induced by JH

and showed increased expression levels in dSHDACT - treated larvae (Table 2.6).

24



HDAC1 knockdown affects the acetylation status of histones

To identify targets of HDACI deacetylation, proteins were extracted from dsRNA-
treated insects/ TcA cells and subjected to western blot hybridization using an antibody
that recognizes acetylated lysine. In both TcA cells and larvae, an increase in acetylation
of all three histones (H2, H3, and H4) was detected after HDACI dsRNA treatment when
compared to those treated with control dsmalE (Fig. 2.6 A, B). These antibodies recognize
a few other proteins, but the identity of these proteins is not known. To identify specific
lysine residues acetylated by HDACI in H3 protein, the western blots were probed with
acetyl-histone H3 antibody sampler kit #9927 (the antibodies in this kit recognize H3,
H3K9, H3K14, H3K18, H3K27, and H3K56, Cell Signaling Technology, Danvers, MA).
Among the various H3 specific lysine antibodies tested, the maximum differences were
observed in the acetylation status of H3K9, H3K 18, and H3K27 in larval tissues treated
with dSHDAC1 when compared to those in control tissues treated with dsmalE (Fig. 2.6
A). Similar results were observed in TcA cells (Fig 2.6 B). These data suggest that H3K9,

H3K18, and H3K27 are likely targets of HDACI.

To determine whether or not JH treatment increases acetylation of proteins, 7.
castaneum larvae were treated with JH analog, hydroprene or solvent-cyclohexane, and
total proteins were extracted at 24 h after treatment. The proteins were analyzed by western
blots using antibodies targeting acetylated-lysine (Ac-K? -100, Cell Signaling
Technology). As shown in Figure 2.7 A, B hydroprene treatment caused an increase in
acetylation of histones when compared to treatment with vehicle, cyclohexane. Similarly,

JH III treated TcA cells showed an increase in acetylation of histones. In addition, the
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acetylation levels of H3K9 and H3K27 increased in larvae treated with hydroprene (Fig.

2.7 B).

Discussion

Exposure of 7. castaneum TcA cells to HDAC inhibitor, TSA-induced expression
of JH-response genes, Kr-h1, 4EBP, and G13402 in a dose- and time-dependent manner is
mimicking JH action in these cells (Xu et al., 2018). Both TSA and JH III increased
acetylation levels of core histones (Fig. 2.8). These data suggested that HDACs may
influence JH-regulated gene expression in this insect. Therefore, one of the primary
objectives of the studies reported here is to identify HDAC homologs in 7. castaneum and
study their role in the growth and development of this insect. We identified 12 HDAC
genes in this insect and analyzed their function by the RNAi-mediated knockdown.
Knockdown of class III Sirtuins and class II HDACs did not cause significant mortality

(Table 2.1, Fig. 2.9 A, B, C).

Among the 12 genes tested, HDAC1I knockdown caused the most severe phenotype;
dsHDACIT injected last instar larvae, pupae and adults stopped growth and development

and eventually died (Fig. 2.10).

These data agree with the reports from D. melanogaster, where HDAC1 was
implicated in the regulation of genes involved in the development and is essential for its
survival (Mottus, Sobel, & Grigliatti, 2000). In the same insect, Trichostatin A (TSA)
inhibition of the deacetylase enzymes caused the death of flies (Pile, Lee, & Wassarman,
2001). HDACI inactivation induced apoptosis in D. melanogaster epithelial cells (T.

Zhang, Sheng, & Du, 2016). The D. melanogaster HDACI interacts with the
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transcriptional co-repressor Groucho and influences the expression of genes involved in
embryo segmentation (G. Chen, Fernandez, Mische, & Courey, 1999; Mannervik &
Levine, 1999) and the Wnt signaling pathway in wing discs (Collins & Treisman, 2000).
The acetylation status of proteins, such as histones, affects the expression of genes involved
in many cellular processes (Rundlett et al., 1996). While acetylases mediate acetylation of
specific amino acids in target proteins, the deacetylases perform the opposite function and
remove acetyl groups from target proteins. Histone deacetylases ensure cell cycle
progression by repressing the expression of selective cell cycle inhibitors as well as

apoptosis inducers.

Based on the information on the function of HDACs reported previously, we
hypothesize that HDACT is required for the role of fundamental processes, including DNA
replication, cell cycle regulation, metabolism, and signal transduction necessary for post-
embryonic development in 7. castaneum. To test this hypothesis, we sequenced RNA
isolated from larvae injected with dSHDACI1 or control dsmalE. Comparison of gene
expression between HDACI1 knockdown and control larvae identified 1720 genes that are
differentially regulated by 2-fold or more with a P-value less than 0.05. The majority of
differentially expressed genes (1664 out of 1720) are up-regulated in HDAC1 knockdown
larvae when compared to their expression in control larvae. These data are consistent with
the previous reports from D. melanogaster and other eukaryotes where HDACI in complex
with co-repressor, SIN3, is often associated with sites of transcription repression (Pile &
Wassarman, 2000). The HDAC1 suppressed genes identified by RNA seq include hormone
receptors, transcription factors, and other DNA-binding proteins likely involved in signal

transduction and cell cycle regulation as well as enzymes involved in metabolism (Tables
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2.4-2.7). Balst2GO and WEGO analysis identified GO terms including protein binding,
transcription regulation, response to the stimulus, signal transduction, and regulator of
transcription as enriched in HDACI knockdown samples when compared to their
occurrence in 7. castaneum transcriptome. Similar GO terms are used to describe HDAC1
function in the FlyBase (Thurmond et al., 2019), FlyBase release (FB2020 01), suggesting
that the purpose of HDACI is conserved between D. melanogaster and T. castaneum.
Specific temporal expression patterns and distinct roles of HDACs were identified in
Drosophila (Cho, Griswold, Campbell, & Min, 2005). These data also suggest that HDAC1
is involved regulation of multiple genes that contribute to basic processes including cell
cycle regulation, metabolism, and signal transduction, making this an essential gene in the

post-embryonic development of 7. castaneum.

Developmental expression studies of the HDAC!I gene during larval and pupal
stages showed that the HDAC1 mRNA levels are lower during the penultimate and early
last instar larval stages and then increased to reach the maximum levels during the pupal
stags. The expression of the HDACI1 gene is lower when the JH titers are higher, and the
HDAC1 mRNA levels are higher when the JH titers are lower at the end of the last instar
larval stage and during the pupal stage. This led to the hypothesis that JH may be
suppressing the expression of the HDACI gene. Experiments in both 7. castaneum larvae
and TcA cells line derived from this insect showed that JH analog, hydroprene suppresses
the expression of HDACI in larvae, and JH III suppresses the expression of HDACI in
TcA cells. Because of the presence of JH esterase, which metabolizes JH III to inactive JH
acid, we used JH analog, hydroprene for in vivo experiments. Taken together, the

experiments in larvae and cell lines showed that JH suppresses the expression of HDACI.
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In both TcA cells and 7. castaneum larvae, HDAC1 knockdown increased
acetylation of all three histones (H2, H3, and H4). Specifically, H3K9, H3K 18, and H3K27
appear to be targets of HDACI. Previous studies showed that Rpd3 is involved in the
deacetylation of H3K9 and H3K18 (Tie et al., 2009; B. Zhang et al., 2013). HDAC1 was
shown to target all core histones with varying efficiency (Johnson, White, Lavender,
O'Neill, & Turner, 2002), whereas, HDACI1 targets H3K9 and H3K 14 (Hu et al., 2000).
Changes in acetylation of H3K9 detected in HDAC1 knockdown larvae, and TcA cells are

similar to the HDACT targets reported in other animals.

Interestingly, treatment of 7. castaneum larvae with hydroprene or TcA cells with
JH III increased acetylation levels of all three histones. Specifically, the acetylation levels
of H3K9 and H3K27 increased in larvae treated with hydroprene, and the acetylation levels
of H3K9, H3K 18, and H3K27 increased in TcA cells treated with JH III. These data suggest
that JH suppresses the expression of the HDACI, resulting in elevated acetylation of core
histones. Since acetylated histones are generally associated with activation of gene
expression, it is likely that JH suppresses HDAC1 expression and promotes acetylation of
histones to ensure the expression of larval genes before metamorphosis. After a
commitment to undergo metamorphosis, the JH titers decrease, allowing an increase in the
expression of HDACI, resulting in the deacetylation of histones and repression of larval
genes. This may be yet another way JH prevents metamorphosis in insects. Further studies

are required to test these hypotheses.

The evolutionarily conserved transcription factor protein Yin Yang 1 (YY),
belonging to the GL1-Kruppel class of zinc finger proteins, is required for the normal

development of mammalian embryos (Yao, Yang, & Seto, 2001). YY1 is a sequence-
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specific DNA-binding transcription factor regulated through acetylation by p300 and
PCAF and deacetylation by HDACs. YY1 is acetylated in two regions: the central glycine-
lysine-rich domain and the C-terminal DNA-binding zinc finger domain (Yao et al., 2001).
It is suggested that the selective binding of either HAT or HDAC determines whether YY1
will mediate the activation or repression of transcription of a given gene (Cress & Seto,
2000; W. M. Yang, Yao, Sun, Davie, & Seto, 1997; Zupkovitz et al., 2006). Cardiogenic
gene activation and elevated p53 expression levels were observed in HDACI1 depleted
cardiac mesenchymal stromal cells (CMC). The transcription factors such as Mad/Max,
E2F, YY1 and members of the steroid/thyroid receptor superfamily were shown to interact
with histone acetylases or deacetylases leading to their activation or repression (Brehm et
al., 1998; Heinzel et al., 1997; Saunders, Dicker, Popa, Jones, & Dahler, 1999). Thus,
HDACI could influence gene expression through modulation of the acetylation status of

proteins, including histones, as well as interacting with receptors and transcription factors.

Kruppel-like factor KLF5 (zinc-finger-containing transcription factors) is regulated
positively by the acetylase p300 and negatively by deacetylase, HDACI through direct
interaction (Mas et al., 2011). The activity of KLF5 is regulated by multiple signaling
pathways, including Hippo, Notch, retinoic acid receptor, and other hormone receptors (Y.
Gao, Ding, Chen, Chen, & Zhou, 2015). HDACI can inhibit interaction with acetylase
(p300) on the transcription factor and negatively affects transcription at multiple stages
through the DNA-binding domain (Matsumura et al., 2005). Furthermore, DNA-binding
YY1 interacts with non-DNA binding Yeast and mammalian RPD3 and provides

repression function and repression of transcription by YY1 may play an important role in
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Figure 5.12 NAA40 knockdown affects acetylation levels of histone H4 in 7.
castaneum.

The total protein was extracted five days after injection of NAA40 or dsmalE injected

larvae. A) Digested samples were resolved on SDS-PAGE gels, transferred to western
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blots, and probed with Acetylated-Lysine (Ac-K2-100) MultiMab™ Rabbit mAb mix
#9814 to detect proteins post-translationally modified by acetylation (Cell Signaling, MA).
NAA40 knockdown does not affect total acetyl lysine of core histones in 7. castaneum B).
Samples were probed with antibodies that recognize Serl, Lys 5, Lys 8, and Lys 12
acetylated Histone H4 in broad species (Anti-Ac-Histone H4 (E-5): sc-37520). B-actin
served as a loading control. Band density was determined by Image-J software and

normalized with loading control protein-3-Actin.
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Figure 5.13 Phylogenetic tree of NAA40 orthologs.

The evolutionary HDAC tree was inferred using the Neighbor-joining method.
Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016). The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson

correction method and the units of the number of amino acid substitutions per site.
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Figure 5.14 Acetyl Co-A domain of NAA40 orthologs created by Clustal2.1.

Fungi: Saccharomyces cerevisiae (Sc) (Yeast). Plantae: Arabidopsis thaliana (At).
Nematoda: Caenorhabditis elegans (Ce). Arthropoda: Acyrthosiphon pisum (Insecta:
Homoptera), Drosophila melanogaster (Dm) (Insecta: Diptera), Aedes aegypti (Insecta:
Diptera), Anopheles gambiae (Insecta: Diptera), Ixodes scapularis (Arachnida: Ixodida),
Apis mellifera (Insecta: Hymenoptera), Bombyx mori (Insecta: Lepidoptera), Daphnia
pulex (Crustacea: Water flea), Pediculus humanus capitis (Insecta: Phthiraptera),
Tribolium castaneum (Insecta: Coleoptera), Vertebrata: Homo sapiens (Hs), Danio rerio

(Dr), Rattus norvegicus (Rn), Mus musculus (Mm).
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CLUSTAL 0(1.2.4) multiple sequence alignment
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Percent Identity Matrix - created by Clustal2.l

1: DmNAA4O 100.00 35.68 33.66
2: TcNAA4O 35.68 100.00 50.86
3: HsNAA4O 33.66 50.86 100.00

Figure 5.15 Multiple sequence alignment: Clustal omega.

Comparison between the 7. castaneum full-length NAA40 amino acid sequence with D.
melanogaster and human NAA40 amino acid sequences by Clustal2.1 (Raghava & Barton,
2006). Percent Identity Matrix revealed that 7. castaneum NAA4OQ is closely related to

human NAA40 than D. melanogaster NAA4O0.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS.

Juvenile hormones (JH) and ecdysteroids (20E, 20-hydroxyecdysone is the most
active form) regulate almost every aspect of insect life, and their mimics are being used to
control insect pests and disease vectors. However, not much is known on the role of
epigenetic and post-translational modifications of proteins involved in the action of these
hormones. The main goal of my dissertation was to identify and determine the role of the
epigenetic factors in the modulation of hormone response in the red flour beetle, Tribolium
castaneum. However, in a broader sense, this study will also advance our knowledge and
provide information of potential importance for the development of insecticide. The study
of both genetics and epigenetics will help to understand diseases like cancer further and
help to develop preventative measures as well as novel medical treatments. The
contributions of my dissertation research to the insect physiology, biochemistry, and

molecular biology are summarized below.

I aimed to gain an understanding of the role of individual histone deacetylase genes
in the model organism, 7. castaneum using RNA interference (RNAi). Twelve HDACs
were identified, and their function was analyzed in 7. castaneum. RNAi-mediated
knockdown of 12 HDACs revealed that HDAC 1, 3, and 11 are required for larval, pupal,
and adult development. RNAi-mediated knockdown of HDAC genes showed that HDACI
plays critical roles in the regulation of growth and development of this insect by
suppressing the expression of many larval genes, including those involved in JH action.
The expression of HDACI is suppressed by JH, increasing in acetylation levels of core
histones, which in turn promotes the expression of larval genes and suppression of

metamorphosis. Knockdown of the HDAC3 gene affected growth and development,



resulting in abnormally folded wings in pupae and adults. I also showed that HDACI1
knockdown affects hormone action and melanin biosynthesis and thereby arrest in
development and metamorphosis of the red flour beetle, 7. castaneum. Developmental
expression profiles of HDACs helped to identify the relation between hormone titers and

the HDAC mRNA levels.

JH suppresses the expression of HDACs and thereby acts as an HDAC inhibitor to
promote the expression of genes through transcription factor Kr-h1. HDACs remove acetyl
groups from the lysine residues of histone proteins and thereby induce local condensation
of chromatin and transcriptional repression. Further studies are required to confirm the
identity of lysine residues responsible for this interaction and effect of these on downstream
genes such as Kr-hl since it acts as a repressor of Br-C and E-93 gene expression
(Kayukawa, Jouraku, Ito, & Shinoda, 2017; Kayukawa et al., 2016). These data suggest
that epigenetic modifications influence JH action by modulating acetylation levels of
histones and by affecting the recruitment of proteins involved in the regulation of JH
response genes. JH plays a crucial role in suppressing the HDACs, the major repressors of
gene expression. I propose that JH suppresses HDAC gene expression, and HDACs
regulate the expression of genes coding for transcription factors involved in the expression
of JH response genes. Further studies are underway to study the protein-protein interactions

and chromatin level action of HDACs at the promoters of JH-response genes.

Table 6.1 summarizes the major insect hormone research focused on acetylation to
date. Only a few acetyltransferases have been studied in insects, mainly in D.
melanogaster. Studies from our lab using model organism 7. castaneum demonstrated the

role of acetylation and deacetylation in the regulation of hormone-induced gene expression
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(George et al., 2019; Roy et al., 2017; Roy & Palli, 2018; Xu et al., 2018). I also identified
and classified the major acetyltransferases homologs in the red flour beetle and analyzed
their roles in growth, development, and metamorphosis. The three major groups are Lysine
acetyltransferases, N- acetyltransferases, and N-alpha acetyltransferases. These studies
identified seven genes including TC009742 (N-acetyltransferase ESCO2), TC002507
(Transcription initiation factor TFIID subunit 1), TC00030 (NAA10), TCO15921(NAA40),
TC007435 (RNA cytidine acetyltransferase), TC008190 (NAA16), and TC034643
(Probable N-acetyltransferase san) whose knockdown induced block in larval
development. Knockdown of TC015921 showed interesting larval and pupal phenotype.
Also, knockdown of four genes, including TC003198 (ATAT1), TC009267 (KAT14),
TC008142 (KATS), and TC015420 (NAA25) blocked adult development. In my research,
I focused on one of these genes, NAA40, with unique characteristics and substrate
specificity. I demonstrated the first evidence that TC015921, NAA40 ortholog, plays an

important role in regulating 20E induced gene expression in 7. castaneum.

Future studies

The epigenetic mechanism is a complex process that alters the gene expression
patterns without changing the genetic makeup of the organism. The key players are histone
modifications, histone variants, DNA modifications, RNA modifications, and non-coding
RNAs (Aristizabal et al., 2019) (Fig. 6.1). The main histone modifications are acetylation,
methylation, and phosphorylation, and my dissertation focused on the role of acetylation
in the expression of hormone response genes. Future studies should focus on the
identification of acetylation sites of proteins using Mass Spectrometry and identification

of partner proteins that interact with HDACs and HATs. A better understanding of genes
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identified in this study could lead to the discovery of new targets, new strategies, and
improved management of pests. Other potential areas for future studies are the role of
acetylation, methylation, and phosphorylation on the function of protein-protein
interactions in the regulation of gene expression patterns concerning hormone action (Fig.
6.1). These studies will eventually enable us to describe the hormone signaling mechanisms

at the organismal level to address developmental transition.
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Table 6.1 Insect hormone epigenetic research thus far focused on acetylation

Model organism Gene Target hormone  Reference

symbol
D. melanogaster ~ dATAC Ecdysone (Pankotai et al., 2010)
D. melanogaster ~ CBP Ecdysone (Kirilly et al., 2011b)
D. melanogaster ~ CBP Ecdysone (Bodai et al., 2012b)
B. germanica CBP CBP (Fernandez-Nicolas &

Belles, 2016)

T. castaneum CBP JH (Roy et al., 2017)
T. castaneum CBP Ecdysone, JH (Xu et al., 2018)
T. castaneum Acetylation/ JH (Roy & Palli, 2018)
Cells )

deacetylation
T. castaneum HDACI JH (George et al., 2019)
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Figure 6.1 A model for various epigenetic mechanisms

Histone variants and histone modifications (Acetylation, methylation, phosphorylation) are
the main modifications at the chromatin level. DNA modifications targets on cytosine

/Adenine residues of the genetic material. Non-coding RNAs are associated with other
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complexes and can regulate transcription. RNA nucleotides can be modified by the addition

of chemical tags. KMT-Lysine methyltransferase, KDM-Lysine demethylase.
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