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Preface

The study and findings presented in this thesis entitled “The role of human FKBP5 in P-
TEFb mediated transcriptional regulation” was started in July 2014. This study adds

another level of information for the regulation of P-TEFb inside the cell.

This thesis has been divided into six major chapters. Chapter | contains the basic
introduction of eukaryotic transcription system and its regulation. Chapter licontains
the review of literature about P-TEFb mediated transcriptional regulation and nature
of eukaryotic FKBP5 protein as well as its involvement in regulation of different
cellular phenomenon. Chapter Ill describes detailed material and methods used to
carry out this thesis work. Chapter IV contains the results and data of this study.
Chapter V contains the Summery of the whole work.And final Chapter VI contains

discussion of the present study.

Due acknowledgment has been made for reporting the scientific observations and
findings made by other scientists. | take all the responsibility for any kind of

unintentional error or misinformation in this thesis.

(Dheerendra Pratap Mall)
Molecular GeneticsDivision

CSIR-1ICB, Kolkata-700032
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1. General introduction of eukaryotic transcription and transcription
regulation

1.1 Transcription overview:

If we look at the central dogma of molecular biology, starting from prokaryotes to
eukaryotes, the very first step of it is transcription. Through transcriptional process,
information(s) coded in the form of DNA inside the cell, copied in the form of RNA,
which ultimately can be translated into a protein/peptide molecule (Figure 1.1). Eukaryotic
transcription process and its regulation is quite different from prokaryotes. Different sets
of genes are expressedat different times in multicellular organisms, including humans.
Gene expression pattern changes depending on the cell type of an organism. Eukaryotic
transcription, unlike prokaryotic gene-transcription, is a much more organized event which
happens inside the membrane enclosed nucleoplasm. Regulation at the level of
transcription is particularly significant during whole event of a gene expression, since it
comes before most other regulatory stages, including as chromatin accessibility, RNA
processing, RNA stability, translation, post-translation modification, and so on. In contrast
to bacteria which use a single polymerase for transcription, eukaryotic cells use three
different RNA-polymerases to transcribe their DNA, depending on the type of gene. RNA
polymerase | catalyses rRNA synthesis (Jiang and Peterlin 2008; L. Li, Lou, and Wang
2011; Binder et al. 2004), whereas RNA polymerase Il catalyses tRNA biogenesis as well
as several other non-coding short RNAs (Dieci et al. 2007; Weinmann and Roeder 1974).
RNA polymerase Il (pol 1) is responsible for the transcription of protein-coding genes as
well as short RNAs such as siRNA and miRNA (Kornberg 2007). The information held in
DNA is carried to the protein synthesis machinery by messenger RNA (mMRNA), which is

transcribed from protein coding genes.
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Figure 1.1 Schematic representation of Central dogma of molecular biology

(Adapted from Central dogma, translation, transcription | Dai Liang Group (cityu.edu.hk).

Figure shows basic steps of molecular biology where, Replication indicates the production of
DNA from DNA, Transcription indicates the production of RNA from DNA, Reverse
transcription indicates the production of DNA from RNA and lastly Translation indicates the

production of Protein from RNA.

Overall transcriptional outcome is regulated by the factors which regulate chromatin
organization and accessibility for other transcription factors. These processes are regulated

by several epigenetic modifiers which decide chromatin compactness and accessibility.

If we look at a finer level of transcription regulation (especially Pol Il mediated
transcription), it is directly controlled by several transcription factors. Transcription
mediated by Pol Il is a complex process with three broad stages: initiation, elongation, and
termination. With the aid of numerous general transcription factors, Pol Il is recruited to
the promoter and catalyzes mMRNA synthesis in a template-dependent manner. The basal
level of transcription is regulated by the combinatorial activity of two transcription
components, technically known as the trans-acting element and cis-acting element,
(Buratowski 1994; Metzger et al. 2016).
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Here we have discussed the major ways of eukaryotic transcription regulation.
1.1.1 Chromatin organization anld transcription:

DNA inside the eukaryotic cells remains in the form of chromatin which is a DNA-
Histone protein complex. Chromatin fluidity and compaction is one of the very initial
steps of transcription regulation, which is maintained by many other factors called
chromatin modifiers and remodelers. In order to form a chromatin structure, DNA is
tightly wrapped around histone octamer forming a nucleosome which, with the help of
other nucleoproteins, gets more compacted to form chromatin. On the basis of
compactness, chromatin is catcacategorized into two forms i.e., euchromatin and
heterochromatin. Euchromatin region of chromatin is generally a less condensed state of
chromatin which is known to be an active chromatin region where availability of other
nucleoproteins is very high. While heterochromatin region chromatin is a highly
condensed state of chromatin which is known to be silenced chromatin region and
availability of other nucleoproteins is relatively very low in this region (Swigut and
Wysocka 2007). Euchromatin region is known to be transcriptionally active region and, as
this region is less compact, it flexibly allows an access to chromatin modifiers and
remodelers. As and when required, several chromatin modifiers and remodelers work in
coordinated manner and helps in nucleosome dispersal and making nucleosome free DNA
region where different transcription factors and RNA polymerase can easily bind and
transcription process can be started (Bai et al. 2010; C. K. Lee et al. 2004). Again, when
transcription silencing is needed, another set of chromatin remodelers, histone chaperones
(e.g., nucleosome assembly protein 1 i.e., NAP1) work for nucleosome assembly and
chromatin compaction. Here we have provided a simple diagrammatic representation of

Chromatin organization and its effect on transcription.
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Figure 1.2 Pictorial representations of Chromatin organization, its modification,
modifiers and its effect on transcription. (Adapted from
https://doi.org/10.3389/fncel.2014.00446).

Upper panel (1) represents the open chromatin structure where different chromatin modifiers are
shown which are involved in establishing and maintaining the open chromatin (Nucleosome free
region) state, where polll and other initiation factors gets easy access to promoter and
transcription happens. Lower panel (11) represents the Closed chromatin structure where different
chromatin modifiers are shown which are involved in establishing and maintaining the closed
chromatin state, where polll and other initiation factors doesn’t get access to promoter and

transcription doesn’t happen.
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1.1.2 Epigenetic regulation of transcription:

Expression of different sets of genes in a particular pattern is required for normal
functioning of a cell, and it is accomplished by the epigenetic regulation of gene expression.
Epigenome varies with cell type, and for normal cellular differentiation, stable pattern of
gene expression is essential, and this is achieved by cell type specific epigenome. Unlike the
genome, which is essentially identical in all cells of a vertebrate and stable throughout the
life-time of an individual, the epigenome differs from cell to cell and is plastic, changing
with time and with exposure to the environment (Jirtle and Skinner 2007). Epigenetic
regulation basically regulates the chromatin conformation, and it explains the questions
related to plasticity of chromatin. Epigenetic changes encompass different type of molecular
components like acetylation, phosphorylation, ubiquitination, crotonylation etc. Here,

epigenetic players are divided and explained in following categories.
» Writer:

As we discussed earlier, eukaryotic DNA remains in condensed form and is tightly bound
with histone proteins that is called chromatin. Chromatin decondensation is prerequisite for
any gene to be expressed. Some epigenetic modifications, which help in chromatin
decondensation, play major decisive role in gene expression. Epigenetic players (Proteins)
which covalently modify histone or DNA are termed as writers in the field of epigenetics,
and these players directly or indirectly help in chromatin decondensation. There are many

types of epigenetic writers, some of which are discussed below.

Among important  epigenetic  writers’  histone = methyltransferases,  histone
acetyltransferases, kinases and ubiquitin ligases are well studied. Histone
methyltransferases  include lysine  methyltransferase  (KMT) and  arginine
methyltransferases (RMT) which methylates lysine and arginine residues of histone
respectively. All the histone methyltransferases use cofactor S-adenosyl methionine
(SAM) as a source of methyl group. Degree of methylation varies for both the residues as
lysine undergoes mono, di, and trimethylation and arginine shows only mono and di-
methylation (McBride and Silver 2001; Whetstine et al. 2006). Degree of methylation

significantly affects the gene activation and deactivation as epigenetic readers, that
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recognise methylation marks, can distinguish between different levels of methylation.
Again, methylation of arginine residue can be symmetric as well as asymmetric.
Symmetric dimethylation of arginine residue is associated with the gene repression
whereas asymmetric dimethylation is associated with the gene activation(Bauer et al.
2002). There are methyltransferases, which can methylate DNA itself, called DNA
methyltransferases (DNMTs)(Fujita et al. 1999). DNA gets methylated on major grove by
DNMTs which are majorly associated with gene silencing becausemethylated DNA may
recruit multiple protein factors which prevent transcription by inhibiting pol Il recruitment

on the chromatin.

Histone acetylation is also another major epigenetic mark that plays a decisive role in gene
activation. Histone acetyltransferases (HATS) transfer acetyl group on lysine residue on
histone tails. Here, cofactor acetyl-coA works as acetyl group donor. Addition ofacetyl
group on lysine residues on histone tails neutralize the positive charge of lysine, which
results in weakening the histone-DNA interaction, and open chromatin state is achieved
because of loosely wrapped DNA around the histones. Research employing chicken
erythrocytes by Dr. Crane Robinson's group was the first to establish a direct relationship
between histone acetylation and transcriptionally active chromatin(Hebbes, Thorne, and
Crane-Robinson 1988).

Histone phosphorylation is another epigenetic modification that plays a major role in
chromatin de-condensation and modulates both gene expression as well as DNA damage
repair. One of the well-known kinases, JAK, phosphorylates histone H3 at lysine 41
(H3Y41). This phosphorylation leads to disruption of the binding of protein HP1-a on
heterochromatin which causes chromatin de-condensation and it leads to the activation of
target oncogene Lmo2 (Dawson et al. 2009). Another well-studied phosphorylation of
histone H2AX at S139 (aka YH2AX) in surrounding regions of double-stand breaks and is
a marker of the DNA repair region. MDC1 binds to the YH2AX and in turn, recruits DNA
repair factors (Stewart et al. 2003).

22



» Eraser:

A group of enzymes is called erasers or eraser enzymes that delete the epigenetic markers.
These enzymes reverse the effect of writers. Histone deacetylases, demethylases, and

phosphatases are among the most frequent eraser enzymes that have been widely studied.
> Reader:

Reader domain-containing proteins are divided into four categories: chromatin
architectural proteins, chromatin remodelling enzymes, chromatin modifiers, and adaptor
proteins that recruit other geneexpression machinery. The first category, chromatin
architectural proteins, attaches to nucleosomes and can either directly cause chromatin
compaction or act as a shield to inhibit transcription-related proteins from binding to them.
Unlike chromatin architectural proteins, chromatin remodelling enzymes provide a more
open chromatin architecture, which makes it easier for DNA transcription to take place.
The energy of ATP hydrolysis drives this structural alteration in chromatin architecture.
Many other proteins with reader domains, aside from chromatin remodeling enzymes and
architectural proteins, do not directly alter chromatin architecture, but rather recruit
secondary chromatin modifiers to further modify chromatin or undo an existing chromatin
modification.Adaptor proteins are the last kind of reader domain-containing proteins, and
their major role is to recruit components involved in DNA metabolism activities including
transcription, DNA damage repair, DNA recombination, DNA replication, and RNA
processing. MDC1's BRCT domain interacts with a phosphorylated serine residue on
histone H2AX, acting as an adapter to recruit the histone ubiquitin ligase RNF8 to double-
strand break-flanking chromatin(Stucki et al. 2005). Following histone ubiquitination,
repair machinery is recruited, including the tumour protein p53 binding protein 1
(TP53BP1).
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Figure 1.3: Pictorial representation of epigenetic modifiers (Adapted from

https://www.med.unc.edu/~bstrahl/research.html).

(1) Represents Writer which is shown to add some kind of entity to modify the chromatin
structure. (I1) Represents Eraser which works in opposite way of writers and it modifies the
chromatin structure in opposite way of writer. (111) Represents the Readers which recognize the

entities added by the writer.

1.1.3 Transcription regulation by trans-acting elements:

There are multiple DNA sequences, termed as trans-acting elements, which regulate
transcription in an indirect manner where they synthesize different factors which regulate
the transcription. Factors synthesized from trans acting elements, generally work on cis-
acting elements to regulate transcription. Depending on their role, trans-acting factors

might be of several types, some of which are discussed below.
1.1.3.1 General transcription factors (GTFs):

There are many factors which are necessary for the onset of transcription. These factors
are termed as general transcription factors (GTFs). GTFs are also known as basal
transcription factors. General transcription factors mostly have DNA binding domain and
they bind to the specific sites of DNA (Mostly on cis-regulatory elements) to help
transcription initiation. There are 6 well known General transcription factors (GTFs)
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namely TFIID, TFIA, TFIIB, TFIIF, TFIIE, and TFIIH. On the promoter region of a gene, these
components create a megadalton complex with Pol 1I, which is known as the pre-initiation
complex (PIC) assembly. Basic information regarding these GTFs and their functioning has been

provided in brief in this section.

TFIID: TFIID is a complex comprised of several factors, helping in the placement of pol Il on
the promoter in order to transmit the regulatory signal. TATA-binding protein (TBP) is the main
constituent of TFIID complex. There are several other TBP-associated factors (TAFs) which
together constitute TFIID complex. (Sanders, Garbett, and Weil 2002). TBP identifies the
TATA box on the promoter, whereas TAFS increase promoter selectivity, notably in TATA-less
promoters (Martinez et al. 1994; Pugh and Tjian 1991). Its components, including TAF1, TAF7,
and others, operate as transcriptional co-activators in addition to their involvement in PIC
assembly (Devaiah et al. 2010; Kloet et al. 2012; Maile et al. 2004). TFIID functions as a
scaffold for the assembly of rest of the factors required for the pre-initiation complex (PIC)

formation.

TFIHA: TFIHA is heterodimer of two subunits. TFIIA interacts directly with TBP and stabilizes
the TFIID association with TATA box on promoter (DeJong and Roeder 1993; Yokomori et al.
1994).

TFIIB: TFIIB is a single 33 KDa peptide, which binds with the B recognition element (BRE) of
core promoter. Its binding with the promoter stabilizes the TFIID complex association with DNA

and it helps in Pol 1l recruitment on the promoter (Fairley et al. 2002; Hawkes and Roberts 1999)

TFIIE: TFIHE is a tetrameric complex that recruits TFIIH and helps in the formation of pre-
initiation complex with other GTFs (H. T. Chen, Warfield, and Hahn 2007; Langelier et al.
2001). It promotes TFIIH's DNA-dependent ATPase and Pol Il C-terminal domain kinase

activity. TFIIH and TFIIE are both necessary for RNA polymerase to clear the promoter.

TFIIF: TFIF is one of the GTFs which binds with free Pol Il and helps in the recruitment of
Pol 11 on the promoter by binding to TBP and TFIIB. Thus, it ensures the specific recruitment

Pol 11 on promoter (Khaperskyy et al. 2008; Purrello et al. 1995).

TFIIH: It is a multi-subunit complex, which comprises of 10 subunits. Two of its subunits XPB
and XPD have ATPase and helicase activity respectively which helps in transcription-bubble
formation (Fuss & Tainer, 2011). Two other subunits of TFIIH, Cyclin H and associated CDK?7,
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1.14

have kinase activity towards Pol Il CTD (C-Terminal Domain of RNAPol Il binding proteinl)
and this activity plays a crucial rol in Pol Il promoter escape (Shiekhattar et al. 1995).

Transcription regulation by cis-acting elements:

Cis-acting elements are regulatory DNA sequences, located in vicinity of gene sequences.
Mostly trans-acting factors bind to their cis-regulatory sequences to control gene expression. Cis-
acting elements are DNA sequences that function as regulators in the proximity of gene

sequences. To influence gene expression, trans-acting factors bind to the cis-regulatory regions.

We've provided a brief overview of the many types of Cis-acting components here.

1.1.4.1 Core regulatoryelement:

11411

Core regulatory mainly comprises of promoter region which contains several different

regulatory sequences.

Promoter: Promoter is the DNA sequence which provides the idea about the
transcription start site. It recruits the factors which are responsible for starting the
transcription. A core promoter is often made up of some conserved sequences. A
detailed description of a typical promoter has been provided here (Figure 1.4).

TATA BOX (TATA sequence): TATA box is a consensus sequence comprised

of “T” and “A” base pairs. This sequence was first identified by David Hogness in
1978.1t serves as recognition site for TBP subunit of TFIID and that’s how it helps in
pre-initiation complex (PIC) formation. TATA box is located ~25 base pairs upstream
of TSS (Transcription Start Site). TATA box was assumed to be present in every
promoter at first. However, with advances in understanding, it is currently thought that
there are thousands of TATA-independent promoters (Pugh and Tjian 1991; Tokusumi
et al. 2007). There are several examples of TATA-independent promoters recruiting
Pol Il via the SAGA complex (Baptista et al. 2017; Bonnet et al. 2014).
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B recognition element (BRE): The BRE element is a TFIIB recognition
sequence found in the core promoter. Depending on the relative position to the TATA
box, it can be positioned as BREu (BRE upstream) or BREd (BRE downstream). The
BREu element has a consensus sequence of SSRCGCC, while the BREd element has a
sequence of RTDKKKK.

Initiator sequence (Inr): Initiator sequence facilitates binding of general
transcription factor TFIID. This sequence or motif has a consensus sequence of
YYANWYY. Inr element generally strengthens the binding of general transcription
factors to promoter (O’Shea-Greenfield and Smale 1992a).

Downstream promoter element (DPE): In Drosophila melanogaster, T.W

Burke and James T. Kadonaga were the first to characterize the downstream promoter
element (Burke and Kadonaga 1997). It's about 28 to 33 nucleotides after the
transcription start site (TSS). The proper spacing between the DPE and the Inr element
is required for DPE-dependent basal transcription (O’Shea-Greenfield and Smale
1992b).

TFIIB Recognition site

37 SSRCGCC/-sz \RTDKKK I"
0 erew Tara BRed [ inr H DPE F
al TATAAA b YYANWYY '+4 +28R6WW 3,

TBP Bindingsite  Transcription start site Downstream promoter element

Figure 1.4 Pictorial representation of a core-promoter and its elements with
their sequences.
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1.1.4.2 Distal regulatory element:

1.1.4.2.1 Enhancer:

A short stretch of DNA sequence that regulates the gene expression, can be found both
upstream and downstream of the transcription start site (TSS), is known as a enhancer
(Bulger and Groudine 2011). The mechanism of its action remained unknown for a long
time, despite the fact that the enhancer feature was found in the early 1980s. The cis-
acting role of enhancer has been addressed with the advent of microscopy and other
biochemical experiments. It can influence a single or numerous promoters and are likely
to trigger transcription. For powerful transcriptional activation, many enhancers can
exist as a unit through chromatin looping with the support of transcription factor and
Mediator complex, and are referred to as super enhancers(Whyte et al. 2013).
Enhancers which are linked with the H3K27ac histone mark are active in nature,
whereas enhancers which are linked with the H3K27me3 is poised in nature (Creyghton
et al. 2010). There are two hypotheses which can explain enhancer-mediated

spatiotemporal control of eukaryotic transcription.

1.1.4.2.2 Enhancer-promoter looping mediated transcription regulation:

The promoter-enhancer looping hypothesis is widely accepted and often used to
describe the function of enhancers. The promoter-enhancer looping can be observed by
proximity ligation test which is used to evaluate the co-localization of various DNA
fragments in close proximity at a certain time. Dynamic looping between promoter and
enhancer was discovered in a 3D genomic structure based on “chromosome
conformation capture” technique (Rao et al. 2014). To influence the transcriptional
output from a homologous promoter, the enhancer can interact with different
transcription factors. High-resolution imaging and high-throughput sequencing data
have conclusively confirmed the transfer of transcription factors and other regulatory
signals from cognate enhancers to corresponding promoters through chromatin looping,
(Gurumurthy et al. 2019; Z. Liu and Tjian 2018).
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1.14.2.2.1 eRNA mediated transcription regulation:

Using high-throughput DNA and RNA sequencing data, researchers discovered a
new type of non-coding RNA molecule known as enhancer RNA or eRNA that
controls transcription from the respective promoter. eRNAs are non-coding RNAs
that are 50-2000 bp long and are transcribed from enhancer DNA using Pol 11 (T.
Kim et al., 2010). It may be classified into two groups based on their sizeand
directionality of synthesis, and polyadenylation status, namely 1D and 2D eRNA
(Natoli and Andrau 2012). Out of the two above mentioned eRNAs, 1D eRNA is
produced unidirectionally as polyadenylated RNA, whereas the latter is tiny and
non-polyadenylated. 2D eRNAs get their name from the fact that they are generated
via bidirectional transcription from enhancer DNA (Mikhaylichenko et al. 2018).
Recently, it has been observed that eRNA can have both cis- as well as trans-acting
function (Melo, Léveillé, and Agami 2013). eRNA increases the recruitment of regulatory
proteins at the site of its own production in a cis-acting pathway. For example, Enhancer of
Cyclin D1 produces eRNA, which serves as an adaptor for acetyltransferases to be recruited
to the eRNA synthesis site. Cyclin D1 transcription is suppressed when this eRNA is
genetically depleted (Wang and Fischer 2008).Evf2, which promotes transcription of the

DLX gene distal to the eRNA synthesis site, is a classic example of trans-acting eRNA.
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Figure 1.5 Promoter-enhancer looping and regulation of transcription (Adapted
from https://doi.org/10.3390/genes10010043).

e Cartoon diagram representing coordinated action of mediator complex, cohesin, co-
activators bringing enhanser and cognate promotor close through loop formation to
convey the transcriptional signal. Additionally, promoter function is also odulated by
eRNAs synthesized from enhancer

1.1.4.2.3 Silencer:

Silencer, unlike enhancer, represses transcription from a homologous promoter.
Silencer elements, like enhancers, use a looping mechanism to transport transcriptional
repressors to the target promoter. Silencer elements interact directly with Pol Il and
either promote formation of more condensed chromatin or block it. Some silencer
components are always active, whereas others are activated just in selected cells. For
example, the silencer for the CD4 expressing gene is inactive in the majority of T cells
that display the CD4 marker, but it is active in a fraction of CD4 negative T cells (Jiang
and Peterlin 2008; Sawada et al. 1994).
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1.2

Insulator:

As its name suggests, insulator creates a physical barrier between an enhancer and
promoter to inhibit the enhancers activity onto the cognate promoter. The insulator
interacts with a number of components that aid in DNA looping and connects two
insulators while separating the enhancer and promoter. Barrier insulators have also been
linked to nucleosome removal during heterochromatin spreading, in addition to
enhancer blockage (Gaszner and Felsenfeld 2006). It can also change the nucleosome
by recruiting histone modifiers, which prevent heterochromatin signals from spreading.
In humans, the HS5 insulator disrupts the looping of the LCR (locus control region) and
the downstream promoter of the B-globin gene. Instead, it generates a new CTCF-
dependent loop that prevents (-globin genes from being expressed (Splinter et al.,
2006.). Intrachromosomal and interchromosomal interactions mediated by insulators
may play a role in cell-specific gene expression. As a result, insulator dysfunction is

detrimental to healthy cellular growth, potentially leading to cancer.

Major stages of Pol I1-mediated transcription:

Mammalian transcription process involves many steps and all the steps are regulated by
many different sets of transcription factors. Here, in this part, major stages of

transcription have been discussed in detailed and sequential manner.

1.2.1 Transcription initiation:

1211

The first and obviously the most important step of the transcription process is its
initiation. Transcription initiation is a major rate-limiting step of the whole transcription
process. During this process, Pol Il gets recruited on to the promoter with the help of
many other factors and get itself ready to enter in elongation phase. The whole event of

transcription initiation has been discussed below in step wise manner.

Preinitiation complex formation:

TAcomplex formationTA box recognition by TBP of the TFIID complex initiates the
development of the preinitiation complex. TFIIA and TFIIB then assist in the
stabilisation of the TFIID-DNA complex and the recruitment of the Pol Il and TFIIF
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complexes. TFIIF acts as a connector between TATA-bound TBP and Pol Il. Finally,
TFIIE recruits the TFIIH complex to complete the construction of the preinitiation
complex (PIC) (Louder et al. 2016; Tang et al. 1996). Sequential assembly of PIC has
been provided here (Figure 1.5).

RNA Pol Il

TFIID w TFIIA = TFIIB ®p TFIIF and Polll wp TFIIE = TFIIH

Sequential assembly of PIC members

Figure 1.6 Pre initiation complex (PI1C) formation.

Picture representing sequential assembly of pre-initiation complex (PIC) members which starts
with TFIID and ends with TFIIH recruitment on the promoter.

1.2.1.2  Promoter melting and open complex formation:
TFIH draws double-stranded DNA into the cleft of polymerase and aids in strand
separation to produce transcription bubbles via its ATPase and kinase activities (T. K.
Kim, Ebright, and Reinberg 2000; Pal, Ponticelli, and Luse 2005). Following the
transition from closed to open complex, Pol Il adds complementary ribonucleotides to

produce a hetero-duplex of nascent RNA and template DNA strands.

1.2.1.3  Promoter escape:

The polymerase may halt the transcription and release shortened RNA called abortive
transcription until the nascent RNA reaches a threshold length (Goldman, Ebright, and
Nickels 2009; Revyakin et al. 2006). When nascent RNA hits the RNA exit channel after
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multiple rounds of unsuccessful transcription, polymerase breaks all contacts with other
initiation complex regulatory proteins and escapes the promoter. The phosphorylation of
the carboxy-terminal domain (CTD) of Rpbl, the major subunit of Pol Il, by TFIIH at
Serine 5 locations of its heptad repeat is one of the essential processes of promoter
escape (Akhtar et al. 2009; Ramanathan et al. 2001).

1.2.2 Transcription elongation:

After successful promoter escape, Pol Il enters into the elongation phase of transcription
with several other transcription factors. Elongating Pol 1l halts more often during the
elongation process due to several reasons like mRNA capping, DNA damage, etc. After
receiving an appropriate signal, the halted Pol Il either falls off the template DNA or
restarts transcription. Here, some stages of elongation are discussed below.
1.2.2.1 Promoter proximal pausing:

Two pause-inducing factors, DRB-sensitivity-inducing factor (DSIF) and negative
elongation factor (NELF), get recruited with the early elongation complex and the RNA
transcript when the nascent RNA reaches ~20 nucleotides (nt) in length, limiting further
synthesis. DSIF and NELF have been found all throughout the genomic locations. Pol 11 is
found at promoters in virtually all genes, implying that it transitions through a paused
phase. The length of pause, on the other hand, varies greatly from gene to gene. (From a
few seconds to many minutes) and is determined by the pace at which pause-release factors
are recruited. The CDK7 component of TFIIH phosphorylates the Pol Il C-terminal domain
(CTD) in the early elongation complex. Both Serine 5 (S5) and Serine 7 (S7) residues on
the CTD are targeted by CDK?7, and both modifications are enriched promoter proximally.
Because the capping enzyme complex (CE) interacts with DSIF as well as the S5-
phosphorylated CTD, both Pol Il pausing and CTD phosphorylation are expected to
increase the efficacy of capping the 5’ end of the RNA.

1.2.2.2 Pause release:
Through phosphorylation of the pause-inducing factors by the kinase P-TEFb, the
transcriptional barrier produced by DSIF and NELF is removed. Phosphorylation is
considered to separate NELF from Pol Il, transforming DSIF into a positive elongation

factor that promotes productive RNA synthesis. TFs, chromatin changes, and coregulatory
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complexes are among the processes that cause P-TEFb to be recruited and the stalled
elongation complex to be released. Importantly, TFs that promote P-TEFb recruitment are
frequently different from those that regulate PIC assembly, allowing TFs that control the

initiation and elongation phases to collaborate to decide transcription output.

1.2.2.3 Productive elongation:
From 3' to 5', Pol Il travels along with antisense DNA, producing complementary RNA
strands in the 5' to 3' direction. Pol 11, being a multi-subunit protein, has its own helicase
function, which allows it to unwind DNA ahead of polymerase while also allowing it to
rewind the unwound DNA behind it (Gnatt et al. 2001; Westover, Bushnell, and Kornberg
2004). A number of elements bind Pol Il as it transforms to a completely elongation-
competent form, assisting it in its downstream travel. Some of these factors may operate
directly on Pol Il to speed up or improve the processivity of transcription elongation, while
others aid in the disassembly and reassembly of nucleosomes in the route of Pol Il
transcription. Phosphorylation of the CTD at S2 is a characteristic of the fully elongation-
competent Pol 1l complex. As Pol Il travels downstream into the gene, P-TEFb performs
this change, which is likely boosted by the kinase Cdk12/CyclinK. The S2-phosphorylated
CTD offers a wide binding surface for the elongation complex's entourage of components,
which includes chromatin-modifying enzymes and RNA-processing machinery that carry
out splicing and 3’ end creation. Here, we have provided the pictorial representation of

different stages of pol II-mediated transcription.
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Figure 1.7 Cartoon diagram representing three major stages of eukaryotic
transcription.

Upper panel shows transcription initiation where recruitment of polll and GTFs on promoter and
start of the transcription is happening. Middle panel shows, Promoter proximal pausing caused by
pause inducing factors. Lower panel shows pause release with the help of P-TEFb triggering
productive elongation.

1.2.3 Transcription termination:
Transcription termination is a necessary step for a gene to be expressed properly, as delayed
stopping can lead to a defective protein. When Pol Il reaches the end of a gene, two CTD-
associated protein complexes called CPSF (cleavage and polyadenylation specificity factor)
and CSTF (cleavage stimulation factor) terminate the gene (Richard and Manley 2009).
These proteins recruit numerous additional protein complexes to carry out cleavage and
polyadenylation of freshly transcribped RNA after identifying the poly (A) tail signal
(Barilla, Lee, and Proudfoot 2001). In a template-independent way, Poly-A polymerase
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adds roughly 200 adenines to the cleaved 3' end of RNA. There are two commonly
recognized models which explain how transcription termination of a gene takes place.

1.2.3.1 Allosteric model:

According to the allosteric model, when an elongating polymerase reaches the termination
sequence, many termination factors are recruited, creating a conformational shift in the
elongation complex, which causes dissociation of the elongation complex and, ultimately,

transcription termination (Kuehner, Pearson, and Moore 2011).

1.2.3.2 Torpedo model:

13

This model of transcription termination is a “Run and Chase” mechanism. As we know
majority of genes does not have discreate transcription termination site, so the allosteric
model cannot explain the transcription termination of these genes. It can be explained by
the torpedo model, where highly processive exonuclease chase down Pol Il and when
exonuclease catches Pol 11, it chews up free end of RNA coming out of pol Il (Porrua and Libri
2015).

Transcription factor (TF):

Total transcription output, apart from basal level, varies from a cell type to other according
to the cellular requirement. This is achieved by a set of factors which can directly bind to the
DNA and can control the transcriptional output. Presence of DNA binding domain (DBD) is

one of the definitive features of a transcription factor (Mitchell and Tjian 1989). Functionally, these

factors can be divided in two categories i.e., Activator and Repressor.

1.3.1 Transcription Activator:

Transcription activators have DNA Binding Domain (DBD) which helps an activator to
boost a gene's transcriptional output through direct DNA binding. It may control
transcription via altering the accessibility of Pol 11 to the DNA template or directly altering
DNA bases or histones (Ptashne and Gann 1997). An activator can also serve as a scaffold

for the recruitment of other transcription-related proteins.

36



1.3.2 Transcription Repressor:
Transcriptional repressors, unlike a transcriptional activators, are proteins that bind to
particular locations on DNA and stop neighboring genes from being transcribed. A
repressor molecule reduces the transcriptional outcome of a gene by blocking Pol Il on

template DNA or modifying chromatin, making them transcriptionally repressive.

1.3.3 Coactivator and Corepressor:
Several protein factors or substances, in addition to transcription factors, may fine-tune the
transcriptional result by altering the action of an activator or repressor. These factors are
termed as coactivator or corepressors depending on their action of target factors on
transcription. These factors, unlike activators and repressors, do not contain a DNA binding
domain, but they can be recruited to transcription machinery via protein-protein

interactions.
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CHAPTER II

Review of literature



2. Review of Literature

2.1 FKBP5, a multidimensional protein

2.11

Introduction:

Different cellular pathways are regulated by the coordinated action of different regulatory
proteins, which decide the ultimate cell fate. Transcription is one of the most basic and
vulnerable cellular processes which needs to be regulated with utmost precision. There are
a whole lot of literature talking about transcriptional regulation and the regulators
involved, still there is huge scope to find out new regulators of transcription. Here in this
review section, I will discuss the available literature based on which one can hypothesize
the possible role of FKBPS5 in transcriptional regulation.

FKBP5 (FK506 binding protein 5) is a member of the immunophilin family and drugs like
FK506, rapamycin and cyclosporine are known to target members of this family. FKBP5
was first cloned from a HelLa cell cDNA library and identified as a 51 KDa protein in
murine T cells (that is why sometimes referred to as FKBP5)(Baughman et al. 1995). It is
encoded by the gene FKBP5 which is located on chromosome no. 6 (p21.31). This
encoded protein is a cis-trans prolyl isomerase. Both FKBP domains and tetratricopeptide
repeat (TPR) domains are found in members of this family (Kang et al. 2008).
Peptidylprolyl isomerase (PPlase) activity is found in the FKBP domain, which catalyzes
the cis-trans conversion of peptidyl-prolyl bonds, which is critical for protein folding
(Fruman, Burakoff, and Bierer 1994). Protein-protein interactions are mostly mediated by
the TPR domains at the C terminus (Scheufler et al. 2000a).FKBP5 is involved in
modulating the action of steroid receptors, such as progesterone, androgen, and
glucocorticoid receptors (GR), by creating a complex with the heat shock proteins
Hsp90/Hsp70. Recent research has suggested that FKBP5 might be a biomarker for
tumorigenesis and chemoresistance, which is of equal or more importance than these
effects on steroid hormone signaling. FKBP5 has some similarities to other FKBPs, but it
also has some distinguishing traits, such as its function in the regulation of numerous
signalling pathways, as well as tumorigenesis and chemoresistance. Beyond its roles as a

co-chaperone and a PPlase, it plays a role in those processes. In addition to its
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involvement in tumorigenesis, various studies have suggested that FKBP5 may have a role
in mental illnesses such as depression and in response to depression therapy via hormone
receptor regulation (Schosser and Kasper 2009). FKBP5 and Hsp90 are also important for
the clearance of tau, a microtubule-associated protein that accumulates in a group of

neurodegenerative disorders such as Alzheimer’s disease (Jinwal et al. 2010).

Here, in the following lines structural and functional details (according to the available
literature) of FKBP5 have been provided, which is important to understand the importance

of FKBP5 and its diverse working/regulatory mechanisms.
2.1.1.1 Domains of FKBP5 and their Functional importance:

FKBP5 structurally consists of three domains i.e., an N-terminal FK1 domain, a PPlase-
like FK2 domain in the middle, and a C-terminal TPR domain. Details of these domains

and their functions are discussed below.

» FK1 domain:

This is the first FKBP domain of FKBPS5 at its N-terminal end. The first FKBP domain has
five antiparallel B-strands curled around a core a-helix, which is the usual FK fold. FKBP5
has a PPlase activity of 0.48 X 10° M™s™*(Yeh, Bierer, and McKnight 1995), which is
comparable to FKBP12's 0.64 X 10° M™s™(Harrison and Stein 1990). A double point
mutation in FK1 reduces human FKBP5's enzymatic activity by >90% (Barent et al.
1998), suggesting that this domain is the demonstrably active PPlase domain in FKBP5.
So, this domain is the most important region of FKBP5 for its enzymatic activity. When
compared to FKBP12, the FK1 domain binds the immunosuppressive drugs Rapamycin
and FK506 with somewhat lower affinities (Rapamycin: Ki = 3.7 0.9 nM, FK506: Ki =
104 14 nM) (Kozany et al. 2009). FK1 domain also interacts with some other regulatory
factors like AKT.

» FK2 domain:

After FK1 domain there is one more FKBP like domain present in the FKBP5 protein,
which is called FK2 domain. Despite having just 26% sequence identity and 44%
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structural similarity, FK2 is structurally similar to FKBP12. PR and AKT interact with
FK2 domain of FKBP5. The FK2 domain has a structure similar to that of FKBP,
however, it has no isomerase activity in vitro and does not bind FK506 or Rapamycin
(Storer et al. 2011; Dunyak and Gestwicki 2016).

» TPR1, TPR2 and TPR3 domains:

FKBP5 is molecular Cochaperone protein which works with HSP90. Usually, most of the
molecular chaperone machinery contains multiple protein components that have one or
more structural domains composed of tetratricopeptide repeat (TPR) motifs. As the name
suggests, the TPR is composed of a, 34-amino acid consensus motif that is found in
tandem repeats of varying number (Lamb et al. n.d.). In case of FKBP5 there are 3
tetratricopeptide repeat (TPR) motifs namely TPR1, TPR 2 and TPR 3. These three TPR
repetitions are structurally similar to the Hsp90-binding domains of PP5 (Das, Cohen, and
Barford 1998), Hop (Scheufler et al. 2000b), and Cyp40 (Taylor et al. 2001). al and a3 are
longer than the normal 12—15 residues, with 21 and 25 residues, respectively, whereas a2
and a4—a6 are within the average size for TPR helices. FKBP5 has a seventh helix that
continues beyond the last TPR motif, similar to the structures of PP5 and Cyp40, where
the domains were not reduced by digestion. Mostly TPR domains are dedicated to protein-

protein interaction.

The domain structure of FKBP5 is shown below.

FK1 FK2 TPR
\ A L
I '} '} ]
1 42 130 4, 157 243 268 317 351 384 457
\_V_,. . L J L Y J
FK506 Binding ATP/GTP Binding HSP90 Binding

Figure 2.1 Schematic diagram of the FKBP5 domains (adapted from Li et al., 2011)

Schematic diagram showing important domains of FKBP5. N-terminal FK1 is a peptide
prolyl isomerase domain and the FK2 domain is a peptide prolyl isomerase like domain. C-

terminal TPR1, 2, and 3 are domains responsible for protein-protein interaction.
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2.1.2 Crystal structure of FKBPS5:

The Crystal structures of human FKBP5 were first published in 2003 by Sinars CR
group(Sinars et al. 2003). The human FKBP5 crystal structure (2.7A°), adapted from the
above-mentioned paper, has been provided here (Figure. 2.2). Final refined models
comprise residues 33-412 of 457, with a few tiny gaps (38-45, 62-66, 70-75, and 382—
385). The n-terminal two domains, residues 33-138 and 147-251, are typical FKBP
domains, with an antiparallel five-stranded B-sheet wrapped around a core a-helix (van
Duyne et al. 1991). The third domain, which contains residues 261 to 400, is similar to the
HSP90-binding TPR domains of PP5 (protein phosphatase 5) (Das, Cohen, and Barford
1998), Hop (Hsp70/90 organizing protein)(Scheufler et al. 2000), and Cyp40 (cyclophilin
40)(Taylor et al. 2001). TPR domains are all-helical structures made up of 2-16 units of a
34-aa consensus motif (Das, Cohen, and Barford 1998). A single unit is made up of two 12
to 15 aa residue long a-helices that cross at a 20° angle to each other. Three of these units,
plus an extra helix, are found in the FKBP5 TPR domain. The alignment of the FKBP
domains' binding pockets and the TPR domain's binding groove reveals a plausible domain
orientation for FKBP5 in multiprotein complexes. The first FKBP domain, FK1, has a
binding pocket that is positioned 180° from the putative binding pocket of the second
FKBP domain, FK2. The link between FK1 and FK2 is only eight residues long, but it
contains a lot of interactions that seem to limit its flexibility. The connection begins with a
modest three-amino acid (residues 140—42) antiparallel strand contact with FK2's f1. The
following four amino acids (residues 143-146) create a tight loop that is maintained by
hydrogen bonding between the loop's backbone nitrogens and the side-chain carboxylates
of Asp-141 and Asp-145.

The TPR domain's concave face faces the same direction as the FK2 domain's binding
pocket, although it's 26 A distant. The connecting region, residues 252-260, extends 16.7 A
from Ca to Ca with a single helical turn (residues 256-258), and a1 of the TPR domain is
21 A from the last residue of FK2's B3. The first two a-helices then come back toward the
FK2 domain, forming two direct hydrogen bonds between FK2 and TPR al, and a salt
bridge involving Asp-195, Lys-274, and Tyr-278, and two water-mediated hydrogen bonds.
Here, we have provided crystal structures of human FKBP5.
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Figure 2.2 Crystal structure of FKBP5.
The Crystal structures of human FKBP5 to 2.7 A. Picture has been adapted from Sinars CR et
al. 2003.

2.1.3 Role of FKBPS5 in different cellular signaling pathways:

FKBP5 is involved in a variety of biological processes and it regulates a variety of
signaling pathways. It affects protein folding by acting as a peptidyl-prolyl isomerase
(PPlase) (GALAT 1993; Fruman, Burakoff, and Bierer 1994b). FKBP5 can also act as
cochaperones with chaperones and hence play a role in cell trafficking (Schiene-Fischer,
letters, and 2001 n.d.). FKBPS5 affects many signaling pathways in different ways. It has
an effect on steroid receptor signaling (Denny et al. 2000; Barent et al. 1998), the NFxB
pathway (Bouwmeester et al. 2004), and the Akt pathway (Denny et al. 2000; Barent et al.
1998; Pei et al. 2009). FKBPS5 is also involved in the regulation of drug responses (Jiang
and Peterlin 2008; L. Li, Lou, and Wang 2011; Binder et al. 2004).
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2.1.4 FKBP5 in cancer pathogenesis andresponse to chemotherapy:
As mentioned above, FKBP5 is a protein that regulates a number of essential signaling
pathways in the cell, including the Akt (Pei et al. 2009), NFxB(Bouwmeester et al. 2004),
and androgen receptor pathways (L. Ni et al. 2010). All of these signaling pathways have
been linked to tumorigenesis and drug response. It has been proposed that FKBP5 has a
tissue-specific role in tumorigenesis and antineoplastic treatment. FKBP5 can either
promote or inhibit tumor growth and chemoresistance depending on the cellular
environment. Here, the role of FKBP5 has been discussed in one of the important cases of

tumorigenesis and the involved pathways (Akt pathway regulation).

> Role of FKBP5 in pancreatic cancer pathogenesis (through Akt pathway
regulation):

The Akt signalling pathway is one of the most significant signalling pathways, regulating a
variety of cellular functions such as cell proliferation, growth, and other critical processes
for cell survival (Manning and Cantley 2007). Akt is a serine/threonine kinase that
requires the phosphorylation of its Ser473 and Thr308 residues in order to completely
activate this process and is facilitated by different factors like, Phosphoinositide 3-kinase
(PIP3), PDK1, and the mTOR complex 2 (Alessi et al. 1996; Engelman, Luo, and Cantley
2006; Sarbassov et al. 2005). Phosphatases, such as PP2 holoenzymes and PHLPP,
dephosphorylate Akt and stop it from working (Padmanabhan et al. 2009). The activity of
the Akt pathway is determined by the balance of phosphorylation levels, which affects all
downstream cellular activities. If the Akt pathway is over-activated, it can contribute to
tumor formation, progression, and eventually treatment resistance. FKBP5 low expression
levels have been linked to resistance to numerous chemotherapy treatments in genome-
wide association studies of cytidine analogues (Pei et al. 2009; L. Li, Lou, and Wang
2011). Functional investigations revealed that FKBP5 works as a scaffolding protein,
strengthening contact between Akt's phosphatase - PHLPP and Akt, and therefore
lowering Akt-Ser473 phosphorylation, (Pei et al. 2009). FKBP5 expression is
downregulated in pancreatic and breast cancer cells, but Akt-Ser473 phosphorylation is
upregulated, perhaps leading to chemoresistance. It was also proposed that FKBP5 may

operate as a tumor suppressor gene by inhibiting Akt activity (Pei et al. 2009).
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Figure 2.3 schematic representation of FKBP5 regulatory activity of Akt pathway
(adapted from Li et al. 2011).

FKBPS interact with PHLPP and AKT acting as a scaffold and promoting interaction between AKT
and PHLPP, thereby enhancing the AKT-dephosphorylation and inactivating it, which results in
blockde of AKT signalling for cell survival, growth and leads to apoptosis.

2.2 P-TEFb, one of the most crucial factors of transcriptional
regulation:

2.2.1 Introduction:
RNA polymerase Il (Pol Il) regulates numerous processes of eukaryotic transcription,
including initiation, promoter clearance, elongation, co-transcriptional processing of
nascent transcripts, termination, mMRNA cleavage, and polyadenylation (Cramer 2019;
Kornberg 2007; Lis 2019; Roeder 2019). Each of the transcriptional regulatory process
involve a variety of negative and/or positive regulators.Elongation is a vital regulatory step

of transcription, as evidenced by the rapid development of genome-wide transcriptome
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study (Jonkers and Lis 2015; Rahl and Young 2014a; Saldi et al. 2016; Nechaev and
Adelman 2011; Zhou, Li, and Price 2012; Gilchrist, Fargo, and Adelman 2009).P-TEFb
complex, among all the regulators of transcriptional elongation, plays a major role during

activation of majority of developmental and early response gene expression.

In 1992, the existence of positive and negative transcription elongation factors came into
consideration. Marshall and Price discovered in 1992 that partly purified nuclear fractions
induce Pol Il elongation in a way that is reliant on the kinase inhibitor 5,6-dichloro-1-beta-
D-ribofuranosylbenzimidazole (DRB) (N. F. Marshall and Price 1992).They termed this
protein P-TEFb (positive transcription elongation factor b) and isolated it as a heterodimer
with 124 and 43 kDa(N. F. Marshall and Price 1995). Understanding the molecular roles of
P-TEFb has progressed significantly during last three decades of study.

P-TEFb is a heterodimer made up by CDK?9 and one of the C-type cyclins T1, T2a, T2b, or
K (Kohoutek 2009a). The CDK9 component has kinase activity, which is the P-TEFb
complex's main function (Anshabo et al. 2021). CDK9 exists into two isoforms with
molecular weights of 42 and 55 kDa, respectively. Both the shorter and longer versions of
CDK9 may form a heterodimer with CyclinT1 (Shore et al. 2003). CyclinT1 has a TAR
recognition motif (TRM) that distinguishes it from other Cyclin isoforms
(CycT2a/CycT2b) (Wei et al. 1998). TRM is involved in the development of the
Tat/TAR/P-TEFb complex within the host cells during HIV transcription (Wimmer et al.
1999). Following discussion will be focused on P-TEFb composed of CDK9 and CylinT1

as it is the most abundant among all species of P-TEFb inside the cell.
P-TEFb regulates promoter proximal pause release:

It has already been discussed earlier that, after initiation Pol Il gets stalled after
synthesizing just a small stretch of mMRNA. This stalling of Polll involves two important
complexes namely DSIF and NELF complex. Here after, as and when there is a proper
signal for a productive transcription of that particular gene, P-TEFb comes into the picture
and helps Pol Ilin getting released from this pausing site. The P-TEFb complex
phosphorylates the conserved serine residues serine-2 and serine-5 in the C-terminal
domain (CTD) of the Pol II, DSIF, and NELF complexes as and when transcriptional
activation is required(Zhou and Yik 2006a). This phosphorylation helps Pol Il in the
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overriding of the negative effects of the DSIF and NELF complexes, allowing Pol Ilto
enter productive elongation and, eventually, gene expression. Inside the cell, the P-TEFDb
complex exists as both active and inactive complexes. In combination with Hexim1/2,
LARP7, MePC2, and 7SK RNA, the majority of the cellular P-TEFb complex is
sequestered in an inactive complex (Zhou and Yik 2006b). P-TEFb is released from the
inactive complex for transcriptional activation by many positive regulators. The P-TEFb
complex interacts with various transcriptional activator complexes when it is liberated
from its inactive state, including the Brd4 complex, ZMYND8 complex, TFIID and Super
Elongation Complex (SEC)(Biswas et al. 2011; Basu et al. 2020; Ghosh et al. 2018; Yadav
et al. 2019).

Protein structure of P-TEFb subunits:

Asmentioned above, P-TEFb is a heterodimer which is composed of one of the two
isoforms (42 KDa and 55Kda) of CDK9 and one of the C-type Cyclin. CDK9-42 and
CDKO9-55 are two isoforms of the CDK9 gene that are expressed from two different
transcription start sites in the CDK9 gene (Shore et al. 2005; Giacinti et al. 2008; Morales
and Giordano 2016; H. Liu and Herrmann 2005). The catalytic site of CDKJ is situated
between N- and C-lobes in the kinase domain of CDK9 (Wang and Fischer 2008;
Sonawane et al. 2016; Franco et al. 2018a; Paparidis, Durvale, and Canduri 2017). The N-
lobe operates as an inhibitory domain, with a helix specific to each CDK (PITALRE for
CDKO), while the C-lobe serves as an activation domain, with a regulatory T-loop structure
(Figure 2.4). The phosphorylation of threonine residue (T186) in the T-loop activates
CDK9 (Renee M. Marshall and Grana 2006; Q. Li et al. 2005; R. Chen, Yang, and Zhou
2004; Ramakrishnan, Dow, and Rice 2009; Ramakrishnan and Rice 2012).

CycT1, T2a, and T2b (collectively, CycT) have two very conserved cyclin box structures
in their N-terminus, that interact with CDKO9. Following the C-terminal cyclin box there is
a small stretch of basic amino acids that comprises the nuclear localization signal. The Tat-
TAR recognition motif (TRM) is a region in CycT1 that interacts with HIV Tat and TAR
via a crucial C261 residue (Wei et al. 1998; Garber et al. 1998)(Figure 2.4). The 278 amino
acids in CycT1's N-terminal region are adequate for Tat transactivation (Garber et al. 1998;
Bieniasz et al. 1998; Fujinaga et al. 1999). Amino acid substitutions in this area result in
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CycT1l mutants that are dominant negative and inhibit endogenous P-TEFb activity
(Kuzmina et al. 2014; Verstraete et al. 2014; Jadlowsky, Nojima, Okamoto, et al. 2008;
Jadlowsky, Nojima, Schulte, et al. 2008).The C-terminal region of CycT proteins differs
(Peng et al. 1998). CycT1 has a region (aa 480-550) rich in histidine residues that directly
interact with Pol IICTD(Taube et al. 2002). This area was later discovered to help the P-
TEFb complex develop a phase-separated condensate formation(Lu et al. 2018). CycT1's
C-terminal end (aa 706—726) forms a PEST motif, which controls the protein’'s stability in
cells (Wei et al. 1998) (Figure 2.4).

The most abundant species of P-TEFb is composed of smaller isoform of CDK9 and
CyclinT1. Schematic presentation of CDK9 isoforms (42 KDa and 55KDa) and different
CycTs (CyclinT1, CyclinT2a, and CyclinT2b) protein structure has been given bellow.
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Figure 2.4 Schematic representations of CDK9 Isoforms and CycT varients.

e  Upper panel represents two isoforms of CDK9 i.e., CDK9-42 and CDK9-55.
e Lower panel represents three varients of CycT i.e, CycT1, CycT2a and CycT2b.
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» Functional regulation of P-TEFb:

P-TEFb resides in two different forms inside the cell. One is active form and other is
inactive form. Active form of P-TEFb remains either alone or associated with the different
factors which recruits P-TEFb to its target gene. An inactive P-TEFb complex remains
associated with 7SK snRNA (7SK small nuclear RNA), HEXIM1/2 (hexamethylene
bisacetamide-inducible mRNAs 1 and 2) proteins, LARP7 (La-related protein 7) and
MePCE (methyl phosphate capping enzyme), also known as the 7SK small nuclear
ribonucleoprotein (7SK snRNP)(Yang et al. 2001; Nguyen et al. 2001; Diribarne and
Bensaude 2009). Depending on the cellular requirement P-TEFb shuttles between active
and inactive forms. There are several ways to release P-TEFb from inactive complex such
as exposure to UV light, heat, inhibition of transcription etc. There are some small
compounds such as histone deacetylase inhibitors (HDACIs), PKC agonists, DNA damage-
inducing agents, a strong cell-differentiation inducer like hexamethylene bisacetamide
(HMBA)also release P-TEFb from 7SK snRNPvia various known and unknown
mechanisms and activate transcription elongation mediated by P-TEFb(Peterlin and Price
2006; Zhou and Yik 2006c; Kohoutek 2009b; Bartholomeeusen et al. 2013; 2012;
Contreras et al. 2007; Y. K. Kim et al. 2011). The HEXIM1 gene, on the other hand, is one
of the first genes to respond to P-TEFb release, and freshly generated HEXIM1 proteins
promptly re-incorporate P-TEFb into 7SK snRNP, causing cell growth halt (P. Liu et al.
2014; Tan et al. 2016; Bandukwala et al. 2012).Many anti-cancer drugs have been
discovered to be strong P-TEFb-releasers/activators due to this negative feedback

mechanism.
» Recruitment of P-TEFb on its target genes:

Transcription of most of the genes is regulated at the early elongation step. Polll stalls just
after synthesizing a small stretch of mRNA. This stalling is termed as promoter proximal
pausing and it is achieved with the help of two major factors namely NELF complex and
DSIF complex (Hargreaves, Horng, and Medzhitov 2009; Rahl et al. 2010; Z. Ni et al.
2008; Mayer et al. 2010). Whenever a gene in paused state needs to be expressed P-TEFb
gets recruited to the pause site with the help of different recruiters of it and it

phosphorylates NELF complex, DSIF complex and Pol Il CTD at Ser2p and Ser5p

49



positions. These phosphorylations helps in pause release and ultimately causes gene

expression.

P-TEFb is recruited to its target genes by a variety of gene-specific and non-gene-specific

binding partners, some of which are listed below.

(a) Chromatin-binding proteins like Bromodomain-containing protein 4 (Brd4) (Yang et al.
2005; Moon et al. 2005).

(b) Pol Il-associated factors such as Polll-Associated Factor 1c (PAF1c) (Y. Chen et al.
2009; Yu et al. 2015),

(c) Mediator complex components such as Med26 (Takahashi et al. 2011).

(d) Super Elongation Complex components such as AFF4(Lu et al. 2014; Luo, Lin, and
Shilatifard 2012a; Smith, Lin, and Shilatifard 2011).

(e) DNA-bound transactivators such as NFkB(Barboric et al. 2001), cMyc(Eberhardy and
Farnham 2002; Kanazawa et al. 2003; Gargano et al. 2007), STAT3 (Brasier 2008; Giraud
et al. 2004; Hou, Ray, and Brasier 2007), MyoD (Giacinti et al. 2006; Simone et al. 2002),
and (MEF2) (Nojima et al. 2008), as well as hormone receptors such as ER and AR (D. K.
Lee, Duan, and Chang 2001; Wittmann et al. 2005).

(F) Transactivators that do not bind to DNA, such as the Autoimmune Regulator (AIRE)
and the Class Il Transactivator (CIITA)(Kanazawa, Okamoto, and Peterlin 2000; Oven et
al. 2007; Zumer et al. 2011).

(9) HIV Tat and other RNA-bound transactivators(Asamitsu, Fujinaga, and Okamoto
2018a; Jeang 1998; Jones 1997; Karn 2011; Ott, Geyer, and Zhou 2011a; A. P. Rice 2019).

P-TEFb alteration and associated human diseases:

P-TEFb, being one of the most important regulators of transcription, its own regulation
becomes very crucial. Any alteration in P-TEFb function leads to serious abnormalities
through various different mechanisms. However, due to the complexity of the above-
mentioned P-TEFb regulatory mechanisms and the cellular transcriptional network,

developing efficient treatment techniques that may possibly target P-TEFb necessitates a
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greater knowledge of P-TEFb-dependent transcriptional regulation. The following are
some examples of human disorders in which P-TEFb plays a crucial role.

AIDS: P-TEFb is an important cellular cofactor for HIV transcription sinceCyclinT1
interacts with the viral Tat protein and the viral promoter via TAR RNA, (Ott, Geyer, and
Zhou 2011b; A. P. Rice 2017; Asamitsu, Fujinaga, and Okamoto 2018b; Karn 1999).The
HIV long-terminal repeat (LTR) DNA sequence,which acts as a promoter and enhancer for
HIVtranscription, also contains NF«kB binding sites, and NF«B also requires P-TEFDb for its
activity via directinteraction (Jones 1997; Mbonye and Karn 2017; Cary, Fujinaga, and
Peterlin 2016). Therefore, P-TEFb is required for both Tat-dependent and Tat-
independentHIV transcription. Latent infection of HIV is another major hurdle in treating
HIV/AIDS patients. HIV latency is established shortly after a fresh infection by a rapid
reduction of viral transcription via multiple mechanisms such as epigenetic gene silencing,
a lack of cellular co-factors, transcription interference, and so on (Dahabieh, Battivelli, and
Verdin 2015; Darcis, van Driessche, and van Lint 2017; Margolis 2010; Rasmussen and
Lewin 2016; Siliciano and Greene 2011; Xing and Siliciano 2013; Kimata, Rice, and Wang
2016). Because latently infected cells do not express HIV proteins, they avoid detection
and clearance by the host's immune system. Resting CD4+ T cells and memory subsets
containing silent proviruses are thought to be long-lived viral reservoirs (Chomonta et al.
2011; Eisele and Siliciano 2012; Murray et al. 2016; Renée M. Marshall et al. 2005).
Interestingly, CycT1 protein expression is preserved at a vanishingly low level in resting
CD4+ T cells by post-transcriptional processes (Liou et al. 2006; Liou, Herrmann, and Rice
2002; A. Rice and Herrmann 2005). T cell signalling activation via TCR engagement and
downstream PKC activation raises CycT1 protein levels, which is required for HIV
reactivation from latently infected cells (A. Rice and Herrmann 2005; Garriga et al. 1998;
Liou et al. 2006; Renée M. Marshall et al. 2005). As a result, P-TEFb is also required for
HIV latency maintenance.

Cardiac Hypertrophy: Other thanHIV/AIDS, cardiac hypertrophy is one of the first
example of diseases where P-TEFb activity has been shown to play a critical role. Studies
shows that treatment of cardiomyocytes with hypertrophic stimulations or mechanical
stress releases P-TEFb from 7SK snRNP and ultimately activates P-TEFb. In contrast,

antisense oligonucleotide disruption of 7SK snRNP resulted in P-TEFb activation and
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hypertrophic responses (Sano et al. 2002). Finally, animals that overexpress CycT1
develop cardiac hypertrophy (Sano et al. 2002). Siddiqui and colleagues demonstrated that
HEXIM1 knockout mice are lethal in late fetal stages due to heart failure, and that bigenic
mice overexpressing CycT1 in a HEXIM (+/-) heterozygote background exhibit increased
susceptibility to cardiac hypertrophy with elevated Cdk9 activity (Espinoza-Derout et al.
2009; 2007). The connection between CDK9 and HEXIML1 in cardomyocytes is reduced in
a hypertrophic mouse model with calcineurin overexpression, indicating continual up-
regulation of P-TEFb activity (Garriga et al. 1998).

Cancer: It is not unexpected that P-TEFb is associated in numerous forms of cancer
because it induces transcription elongation of manycellular genes(Romano 2013; Navone
2010; Franco et al. 2018). Mixed-lineage leukaemia (MLL) is an example of P-TEFb's
direct participation in cancer, with frequent translocation and genomic rearrangement
between the MLL gene and components of SEC, which is a strong recruiter of P-
TEFb(Boffo et al. 2018; Smith, Lin, and Shilatifard 2011). The bulk of MLL
rearrangements (50 percent of infant cases and 75 percent of adult cases of acute
lymphoblastic leukaemia with MLL rearrangement) occur in in-frame fusion proteins
between MLL and SEC's AFF1 subunit (Lin et al. 2010). Other SEC subunits, such as ENL
and AF9, also undergo MLL rearrangement (Luo, Lin, and Shilatifard 2012b). These MLL
rearrangements dysregulates transcription elongation by P-TEFb.The production and
function of c-Myc, which is increased in many forms of cancer, is another example of P-
TEFb's involvement in cancer (Rahl and Young 2014b). P-TEFb recruited by Brd4
regulates c-Myc gene expression, and BETi mediated removal of Brd4 from the c-Myc
locus produces a potent anti-tumor impact (Mertz et al. 2011; Delmore et al.
2011).Therefore, P-TEFb plays a central role also in c-Myc-dependent tumorigenesis.In
addition, P-TEFb activity is abnormally increased in a variety of malignancies, possibly
due to a change in the P-TEFb equilibrium between free P-TEFb and P-TEFb sequestered
in 7SK snRNP complex.LARP7 mutations, in particular, seen in breast cancer patients,
disrupt 7SK snRNP and result in constitutive activation of P-TEFb-dependent transcription
(Zhou and Yik 2006a; Cheng et al. 2012; Dey, Chao, and Lane 2007; Ji et al. 2014).

There is a long list of P-TEFb involvement in different tumorigenesis. Importantly,

whereas widespread activation of transcription elongation by P-TEFb has been linked to
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cancer, it is unclear which specific sets of P-TEFb-dependent genes are responsible for
tumorigenesis. Depending on how P-TEFb function is disrupted, distinct groups of P-
TEFb-target genes may be upregulated in different forms of cancer (Garriga and Grafa
2014; Garriga et al. 2010; Gomes et al. 2006).

2.3 Rationale behind the present study:

Human FKBPS5 is a peptidyl-prolyl cis-trans isomerase and co-chaperone protein. It mostly
functions in conjunction with the Hsp90 chaperone protein but there are several functions of
FKBP5 which are HSP90 independent. A recent study shows that FKBP5 inhibits CDK5
mediated DNMT1 phosphorylation by competing with FKBP52 (the activator of CDK5) to
bind with CDKS5 (Gassen et al. 2015). Few AP-MS studies show the interaction between
FKBP5 and CDK9 (Uniprot ID- EBI-1383449; EBI-306914), (Taipale et al. 2014). Altered
level of FKBP5 inside the cell has been shown to be associated with several abnormalities.
FKBP5 has been shown to be overexpressed and downregulated in several human
malignancies. FKBP5 is overexpressed in brain tumors, prostate cancer, lymphoma, head
and neck cancer, and melanoma, according to the oncomine. FKBP5 has also been found to
be downregulated in pancreatic cancer, melanoma, colon cancer, and testicular cancer (Pei et
al. 2009).FKBP5 has been shown to regulate some important signaling pathways like NF-xB
pathway, AKT pathway, GR pathway, AR pathway, PR pathway etc.(L. Li, Lou, and Wang
2011), which can explain the role of FKBP5 in different abnormalities to a certain level but
proper mechanistic understandings of role of FKBP5 in these abnormalities needs detailed
study. Till date most of the mechanistic studies has been done to explain the tumorigenic
potential of overexpressed FKBP5, but as mentioned above, there are several malignancies
where FKBP5 has been shown to be downregulated but the mechanistic understanding of
these cases is least explored. These questions drive us to study mechanism of tumorigenesis
in low FKBP5 level.

Present study gives a clear explanation of the tumor suppressor role of FKBP5. Next chapter

discusses the detailed results of this study.
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CHAPTER I

Materials and methods



3. Materials andmethods:

3.1 Cellculture:

3.1.1 Animal cellculture :

HEK293T, a human embryonic kidney cell line, was used in the majority of the research in

this study. This study also employed cancer cell lines such as PC3 (Human Prostate

Cancer) and HCT116 (Human Colorectal Cancer Cell Line). Cells-lines were maintained
in DMEM-pH-7.4 supplemented with 10% FBS (Fetal Bovine Serum) and 1% Penicillin-

Streptomycin solution for all animal cell cultures. The cells were kept in a 37°C CO2-

incubator with a humidity of >90% and a CO; concentration of 5%. Table no. 1

summarizes all of the cell lines employed in this research.

Table 1: Cell lines used in this study

Name of the cell line Purposes of the cell line

The human embryonic kidney cell line used for transient
HEK 293T expression for majority of the experiments and for making

stable knock-down cell lines

Used for the purpose of making stable cell line of targetgene
Flp-1n 293 with constitutive expression of protein of interest.

Used for making stable cell lines of target genes with
Flp-in T-Rex doxycycline inducible system for expression of the protein of

interest.

The prostate cancer cell line (PC3) used for cell-proliferation
PC3 related experiments and as a different cell system for testing

the cell type specificity of effects seen in HEK293T.

Used as a different cell system for testing the cell type
HCT116 specificity of effects seen in HEK293T.

3.1.2 Insect cellculture :

Insect cell, Sf9 (Spodoptera frugiperda), system was used as a heterologous system for
direct protein-protein interaction studies, for protein purification and protein complex
reconstitution and purification. Sf9 cells were maintained in Grace’s insect media

supplemented with 10% FBS and gentamycin (7pg/ml) in adhered condition at 26° C in
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BOD incubator. Large scale culture was also done as cell-suspension culture in double side

arm spinner flasks. In case of suspension culture above mentioned insect culture, Grace’s

insect media was also supplemented with 0.1% Pluronic acid (v/v).

Name of the cell line

Purposes of the cell line

Sf9 (Spodoptera frugiperda)

This insect cell line was used as a heterologous system
for protein-protein interaction, for protein/ protein

complex purification.

3.1.3 Bacterial culture

This study employs a variety of bacterial strains for various experimental goals. E. coli

strains DH50 and DH10-Bac were utilised for vector transformation and subsequent

amplification in this investigation. DH10-Bac was utilised to make recombinant bacmids,

which were then used to make recombinant baculovirus particles in Sf9 cells. In many

cloning experiments, DH5a was utilised to amplify plasmids. The BL21(DE3) and Rosetta

(DEJ) strains were employed for recombinant protein expression and purification.

+ Antibiotics used in this study

Several antibiotics were utilized in the preparation of the selection media in this whole

study. Table 2 lists the antibiotics as well as their working concentrations, utilized in this

study.

Table 2: List of Antibiotics used in this study

Name of the antibiotic

Working concentration

Ampicillin 100 pg/ml
Penicillin + Streptomycin solution 1%
Hygromycin 200 pg/ml
Puromycin 10 pg/ml
Gentamycin 7ug/ml
Tetracyclin 20 pg/ml
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Kanamycin 20 pg/ml
Chloramphenicol 50 pg/ml
X-Gal 40 pg/ml
IPTG 100puM

3.2 Transformation:

All the bacterial transformation in E coli. (DH5a, BL-21(DE3) etc.) was performed

through conventional heat shock method of transformation (i.e., Mix Competent cell +
DNA —Incubate on ice for 30’ — Heat shock @ 42°C for 90” — Incubate on ice for 10’-
revival in LB media for 1 hr @ 37 °C Shaker (at 180rpm) — Plating on antibiotic (For

selection) containing LB-agar plate). Further, pFastBac™transformation in DH10-Bac

was performed using the electroporation method (i.e., Cell+DNA - Incubate on Ice for
30’ — Electric pulse in Bio-Rad Gene Pulser electroporator @2.1kV,100 Q, and 25 pF,

for 2.6 milliseconds). All the bacterial strains used in this study has been discussed in

Table no3.

Table 3: Bacterial strain used in this study

Name of Strain

Strain used for

DHS5a This E.coli strain was used for regular transformation
during cloning, and also for plasmid amplification.

DH10-Bac This E.coli strain was used for making recombinant
bacmid which was subsequently used for the production of
baculoviruses.

BL21(DE3) This E.coli strain was mostly used for recombinant protein

purification

Rosetta (DE3)
pLysS

This E.coli strain was also used for recombinant protein

purification
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3.3 Transfection

We utilised Fugene Transfection Reagent (FTR) for all transfections in mammalian cell
lines, as directed by the manufacturer. I've included a flow chart with a full procedure for

transfection in mammalian cell lines that we followed.

Transfection

|
' !

DNA mix in OptiMEM(5' @ RT) FTR mix in OptiMEM(S' @ RT)

Mix and incubate for 30’ @ RT

v

Add mix on cell seeded on culture dish.

3.4 Cloning

Human FKBPS5 construct (cloned in pCMVSPORT6 vector) was purchased from “Open
Biosystem”. FKBP5 was PCR-amplified using this construct as a templet and subcloning
were done in different expression vectors. For making stable cell line, FKBP5 and CDK9
were cloned in FLAG-HA tagged pcDNA-FRT-TO vector. Genes/fragments were PCR-
amplified using specific cloning primer subsequently restriction digestion was done using
suitable restriction enzymes, and finally T4-DNA ligase was used to ligate digested-vector
and insert fragments. Using this ligated product, we transformed DH5a, and selection of
positive clone was done by growing these transformed cells on selection media. Positive
clones were amplified and stored in -20°C for further use. FKBP5, its fragments and
majority of factors required in this study were cloned in 1X- epitope-tagged pcDNA-FRT-
TO vector. For heterologous expression of proteins in Sf9 cells, Genes/Fragments were
cloned in pFastBac™ and subsequently transformed into DH10-Bac for the generation of

recombinant bacmid. Helper plasmid helps in integration of pFastBac™ with the bacmid.
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Recombinant bacmid containing colonies were screened through blue-white selection

method. Recombinant bacmids were isolated using manual plasmid isolation procedure.

All the primer details and restriction enzyme used in cloning related work has been

discussed in Table no 4.

Table 4: Cloning details of factors cloned in different vectors:

Cloning details Primer Primer Sequence (5'-3")
details
FKBPS5 cloned into grlrlmhgl GGAGAAGCTAGCATGACTACTGATGAAG
FLAG-HA-pcDNA5- GTGCCAAGAACAATGAAG
FRT-TO and FLAG-
pFASTBAC vectors glrim;(rhm GGAGAACTCGAGTTATCATACGTGGCCC
TCAGGTTTCTCTTCTTCC
5'BamHI GGAGAAGGATCCATGACTACTGATGAAGGT
Human FKBP5 gene primer GCCAAGAACAATGAAG
cloned in 6-His-
pPpFASTBAC vector 3 Xhol
primer GGAGAACTCGAGTTATCATACGTGGCCC
TCAGGTTTCTCTTCTTCC
Human FKBP5 gene g‘ril?naéTHl GGAGAAGGATCCATGACTACTGATGAAG
cloned in GST- GTGCCAAGAACAATGAAG
pFASTBAC vector
glrimg(rhm GGAGAACTCGAGTTATCATACGTGGCCCT
CAGGTTTCTCTTCTTCC
GGAGAAGGATCCATGACTACTGATGAAG
FKBP5  cloned in g'riﬁg:‘“'GTGCCAAGAACAATGAAG
BamHI-Xhol sites of
GST-pGEX vector. 3 Xhol
primer GGAGAACTCGAGTTATCATACGTGGCCCT
CAGGTTTCTCTTCTTCC
FKBP5 cloned in Xhol- 5‘_ XholGGAGAACTCGAGATGACTACTGATGAAG
primer
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BamHI sites of 6-His GTGCCAAGAACAATGAAG

PET-11d vector. 3 BamHIGGAGAAGGATCCTTATCATACGTGGCCCT
primer e A GG TTTCTCTTCTTCC

FKBP5 cloned  in 5" BamHIGGAGAAGGATCCATGACTACTGATGAAG

BamHI-Xhol sites of PIMeT G TGCCAAGAACAATGAAG

NT- pFASTBAC vector 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
PAMErleacaTTTCTCTTCTTCC

FKBP5 cloned  in 5" BamHIGGAGAAGGATCCATGACTACTGATGAAG

BamHI-Xhol sites of PrMer S TGCCAAGAACAATGAAG

Flag- pcDNAS-FRT-TO 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
primer e A GG TTTCTCTTCTTCC

FKBP5  cloned  in 5' BamHIGGAGAAGGATCCATGACTACTGATGAAG

BamHI-Xhol sites of PrImer S TGCCAAGAACAATGAAG

HA- pcDNA5-FRT-TO 3Xhol (GGAGAACTCGAGTTATCATACGTGGCCCT
PAMET \caceTTTCTCTTCTTCC

FKBP5 cloned  in 5" BamHIGGAGAAGGATCCATGACTACTGATGAAG

BamHI-Xhol sites of 6- PrMer G TGCCAAGAACAATGAAG

His- pcDNA5-FRT-TO 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
PAMErleacGTTTCTCTTCTTCC

FKBP5A1  fragment 5' BamHIGGAGAAGGATCCATGACTACTGATGAAG

(from 1-384 aa) cloned PAMer S TGCCAAGAACAATGAAG

into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCACTCATTGGCAC

of Flag- pcDNA5-FRT- Primer L G TCCAGTCCAAGGG

TO.

FKBP5A2  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG

(from 1-351 aa)cloned PAMer S TGCCAAGAACAATGAAG

into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCACTCATTGGCAC

of Flag- pcDNA5-FRT- Primer 3 TCCAGTCCAAGGE

TO.

FKBP5A3  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG

(from 1-317 aa) cloned Primer T GCCAAGAACAATGAAG

into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCAAAGGAGAAAT
primer

of Flag- pcDNA5-FRT-
TO.

GATTCAGAAGCTTTCGATTCC
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FKBP5A4  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-268 aa) cloned PrIMer G TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCAAGCCTGCTCCA
of Flag- pcDNA5-FRT- Primer |y T T TTCTTTGGTATCC
TO.
FKBP5A5  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-157 aa) cloned PrMer s TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCACTCTCCTTTCC
of Flag- pcDNA5-FRT- primer | T TGGTTCTCCGG
TO.
FKBP5A6  fragment 5 BmHIGGAGAAGGATCCTTTGAGATTGAGCTCCT
(from  130-rest aa) PAMEr T GATTTCAAAGG
cloned into BamHI- 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
Xhol sites of Flag- primer |- AGGTTTCTCTTCTTCC
PCDNAS5-FRT-TO.
FKBP5A7 fragment (from 2431 5 BmHIGGAGAAGGATCCTATGAAGTTACACTTAA
it 9 ke 0 Bl e
FRT-TO. 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
PAMErleaceTTTCTCTTCTTCC
Full-length  FKBP5 5" EcORLIGGAGAAGAATTCATGACTACTGATGAAG
cloned into pM vector PHmer G TGCCAAGAACAATGAAG
3 XbalGGAGAATCTAGATTATCATACGTGGCCCT
PAMEr \cAGGTTTCTCTTCTTCC
FKBP5A1 fragment (from 1-384 5° BMHIGGAGAAGGATCCATGACTACTGATGAAG
a_a) cloned into BamHI-Xhol| primer GTGCCAAGAACAATGAAG
sites of Flag-pFASTBAC vector.
3 XholGGAGAACTCGAGTTATCAATTCTGGGGGT
Primer L ACTTCCAGCACTTTC
FKBP5A2 fragment (from 1-351 5'_ BmHIGGAGAAGGATCCATGACTACTGATGAAG
a_a) cloned into BamHI-Xhol| primer GTGCCAAGAACAATGAAG
sites of Flag-pFASTBAC vector.
3 XholGGAGAACTCGAGTTATCACTCATTGGCAC
Primer 3 TCCAGTCCAAGGE
FKBP5A4 fragment (from 1-268 5 BmMHIGGAGAAGGATCCATGACTACTGATGAAG
a_a) cloned into BamHI-Xhol| primer GTGCCAAGAACAATGAAG
sites of Flag-pFASTBAC vector.
3 XholGGAGAACTCGAGTTATCAAGCCTGCTCCA
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primer JATTTTTCTTTGGTATCC
FKBPSAS fragment (from 1-157 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
a_a) cloned into BamHI-Xhol| PrimMer |~—.~~~r A GAACAATGAAG
sites of Flag-pFASTBAC vector.
3 XholGGAGAACTCGAGTTATCACTCTCCTTTCC
Primer T TG TTCTCCGG
FKBP&MSﬁagnmn(ﬁnijO—5_BWWHGGAGAAGGATCCTTTGAGATTGAGCTCCT
4,9 v o Bl P pcaricassce
ector. 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
PAMEr \cAGGTTTCTCTTCTTCC
FKBPSAT fragment (from 243] 5 BmHIGGAGAAGGATCCTATGAAGTTACACTTAA
2 sl Sl m e
ector. 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT
primer e A GG TTTCTCTTCTTCC
FKBP5A1  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-384 aa) cloned PrIMer G TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCAATTCTGGGGGT
of GST-pGEX vector. Primer L ACTTCCAGCACTTTC
FKBP5A2  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-351 aa) cloned PHmer G TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCACTCATTGGCAC
of GST-pGEX vector. Primer L G TCCAGTCCAAGGG
FKBP5A3  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-317 aa) cloned PAMer S TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCAAAGGAGAAAT
of GST-pGEX vector. Primer | A TTCAGAAGCTTTCGATTCC
FKBP5A4  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-268 aa) cloned PImer G TGCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCAAGCCTGCTCCA
of GST-pGEX vector. Primer | T T TTCTTTGGTATCC
FKBP5A5  fragment 5 BmHIGGAGAAGGATCCATGACTACTGATGAAG
(from 1-157 aa) cloned Primer T GCCAAGAACAATGAAG
into BamHI-Xhol sites 3 XholGGAGAACTCGAGTTATCACTCTCCTTTCC
primer

of GST-pGEX vector.

GTTTGGTTCTCCGG
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FKBP5A6  fragment 5" BamHIGGAGAAGGATCCTTTGAGATTGAGCTCCT

(from  130-rest  aa) PAMer r GATTTCAAAGG

cloned into BamHI- 3 XholGGAGAACTCGAGTTATCATACGTGGCCCT

Xhol sites of GST- primer e A GG TTTCTCTTCTTCC

pGEX vector.

FKBP5A7  fragment 5 BmHIGGAGAAGGATCCTATGAAGTTACACTTAA

(from  243-rest  aa) primer GAGCTTCG

cloned into BamHI- 3" XholGGAGAACTCGAGTTATCATACGTGGCCCT

Xhol sites of GST- primer | A GGTTTCTCTTCTTCC

pGEX vector.

Human CDK7 gene 5 SaclGGAGAAGAGCTCTGATGGCTCTGGACGTG

cloned into  Flag- PAMEr AAGTCTCGGGCAAAGCG

PFASTBAC vector. 3 XholGGAGAACTCGAGCTATTAAAAAATTAGTT
Primer i T TGGGCAATCCTCCTTGTTCTAAGGCC

Human CDK7 gene 5‘_ SaclGGAGAAGAGCTCTGATGGCTCTGGACGTG

cloned into FLAG-HA PAMEr A AGTCTCGGGCAAAGCG

PcDNA5-FRT-TO 3 XhoIGGAGAACTCGAGCTATTAAAAAATTAGTT

vector. P T CTTGGGCAATCCTCCTTGTTCTAAGGCC

Human CDK® gene cloned into | 5 NhelGGAGAAGAGCTCTGATGGACTATGACTTT

FLAG-HA pcDNAS-FRT-TO & IAAAGTGAAGCTGAGCAGCGAGCGGG

vector. 3 XholGGAGAACTCGAGCTATCAGTACCGATGTG
PAmer  CTGATGTGAGTACTGTGGAGGCTGC

FKBP5A1  fragment 5 XholGGAGAACTCGAGATGACTACTGATGAAG

(from 1-384 aa) cloned PHmer G TGCCAAGAACAATGAAG

into BamHI-Xhol sites 3 BamHIGGAGAAGGATCCTTATCAATTCTGGGGGT

of 6-His pET-11d PHMeT T ACTTCCAGCACTTTC

vector.

FKBP5A2  fragment 5  |GGAGAACTCGAGATGACTACTGATGAAG

(from 1-351 aa) cloned ZrhoIp“mGTGCCAAGAACAATGAAG

into BamHI-Xhol sites .

of GHis  pET-Ld griia:er:]HlGGAGAAGGATCCTTATCACTCATTGGCAC

Jector. TGTCCAGTCCAAGGG

FKBP5A3 fragment 5 XholGGAGAACTCGAGATGACTACTGATGAAG

primer
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(from 1-317 aa) cloned
into BamHI-Xhol sites

GTGCCAAGAACAATGAAG

3' BamHlI

GGAGAAGGATCCTTATCAAAGGAGAAAT

of 6-His pET-11d Primer | A TTCAGAAGCTTTCGATTCC

vector.

FKBP5A4  fragment 5 XholGGAGAACTCGAGATGACTACTGATGAAG

(from 1-268 aa) cloned PrMer S TGCCAAGAACAATGAAG

into BamHI-Xhol sites 3 _BamHIGGAGAAGGATCCTTATCAAGCCTGCTCCA

of 6-His pET-11d PAMeT ATTTTTCTTTGGTATCC

vector.

FKBP5A5  fragment 5 XholGGAGAACTCGAGATGACTACTGATGAAG

(from 1-157 aa) cloned PHmer G TGCCAAGAACAATGAAG

into BamHI-Xhol sites 3" BamHIGGAGAAGGATCCTTATCACTCTCCTTTCC

of 6-His pET-11d PAMer T TTGGTTCTCCGE

vector.

FKBP5A6  fragment 5 XhoIGGAGAACTCGAGTTTGAGATTGAGCTCCT

(from  130-rest aa) PAMEr T GATTTCAAAGG

cloned into BamHI- 3 BamHIGGAGAAGGATCCTTATCATACGTGGCCCT

Xhol sites of 6-His pET- primer |- AGGTTTCTCTTCTTCC

11d vector.

FKBP5A7  fragment 5 XholGGAGAACTCGAGTATGAAGTTACACTTAA

(from  243-rest  aa) PAMEr \saceTTCG

cloned into BamHI- 3 BamHIGGAGAAGGATCCTTATCATACGTGGCCCT

Xhol sites of 6-His pET- primer |- AGGTTTCTCTTCTTCC

11d vector.

CDKYA1 (1-276) cloned 5 GGAGAAGGATCCATGGCAAAGCAGTACG

into  FLAG-pcDNAG- Eﬁmg' ACTCGGTGG

FRT-TO vector. 3 XholGGAGAACTCGAGTTATCACTTCACCTTCC
primer -l T TCTGGCCCTTGACT

CDKYA2 (32-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into FLAG- Eﬁmgl ACTCGGTGG

pCDNA5-FRT-TO 3’ XholGGAGAACTCGAGTTATCACTTCACCTTCC

vector. PAMET \seTTeTeGeeeTTGACE

CDK9A3 (67-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into FLAG- BamHl |\ cTeeeTes

primer
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pcDNAS5-FRT-TO

3> Xhol]|

GGAGAACTCGAGTTATCACTTCACCTTCC

vector. Primer e e TTCTGGCCCTTGACT

CDK9A4  (100-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into M447 Eﬁm':r' ACTCGGTGG
3’ XholGGAGAACTCGAGTTATCACTTCACCTTCC
PAMEr -\ seTTeTGGCCCTTGACE

CDK9A5  (150-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into  FLAG- Eﬁmg' ACTCGGTGG

PCDNAS-FRT-TO 3’ XholGGAGAACTCGAGTTATCACTTCACCTTCC

vector. PAMErscTTeTeaeeeTTeACe

CDK9AT (1-276) cloned 5 GGAGAAGGATCCATGGCAAAGCAGTACG

into  Flag-pFASTBAC Eﬁmg' ACTCGGTGG

vector. 3" XholGGAGAACTCGAGTTATCACTTCACCTTCC
Primer . T TCTGGCCCTTGACE

CDK9A2 (32-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into  Flag- Eﬁmg' ACTCGGTGG

PFASTBAC vector. 3’ XholGGAGAACTCGAGTTATCACTTCACCTTCC
PAMEr \seTTeTeGeCeTTGACE

CDK9A3 (67-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into  Flag- Eﬁmg' ACTCGGTGG

PFASTBAC vector. 3" XholGGAGAACTCGAGTTATCACTTCACCTTCC
primer . e TTCTGGCCCTTGAC

CDK9A4  (100-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into  Flag- Eﬁmg'r' ACTCGGTGG

PFASTBAC vector. 3’ XhoIGGAGAACTCGAGTTATCACTTCACCTTCC
PAMEr \seTTeTeGeeeTTGACE

CDK9A5  (150-276) 5 GGAGAAGGATCCATGGCAAAGCAGTACG

cloned into  Flag- EﬁmeHr' ACTCGGTGG

PFASTBAC vector. 3’ XholGGAGAACTCGAGTTATCACTTCACCTTCC
Primer | T TCTGGCCCTTGACE

CDKO9 gene cloned into 5 GGAGAAGAATTCTGATGGCAAAGCAGTA

Flag-pcDNAS-FRT-TO Eﬁmg' CGACTCGGTGGAGTGC

vector. 3 XholGGAGAACTCGAGTTATCAGAAGACGCGCT
primer

CAAACTCCGTCTGGTTGG
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CDK9 gene cloned into 5 GGAGAAGAATTCTGATGGCAAAGCAGTA
HA-pcDNA5-FRT-TO Eﬁm':r' CGACTCGGTGGAGTGC
vector. 3’ XhoIGGAGAACTCGAGTTATCAGAAGACGCGCT
PrMer c AAACTCCGTCTGGTTGG
CDK9 gene cloned into His- | 5’ GGAGAAGAATTCTGATGGCAAAGCAGTAC
PcDNA5-FRT-TO vector. BamHI | GACTCGGTGGAGTGC
primer
3 GGAGAACTCGAGTTATCAGAAGACGCGCT
Xhol
orimer CAAACTCCGTCTGGTTGG
CDK9 cloned into GST- |5’ GGAGAAGAATTCTGATGGCAAAGCAGTAC
PGEX vector. BamHI | GACTCGGTGGAGTGC
primer
3 GGAGAACTCGAGTTATCAGAAGACGCGCT
Xhol | CAAACTCCGTCTGGTTGG
primer
Human CDK8 gene cloned | 5> Sacl | GGAGAAGAGCTCTGATGGACTATGACTTTA
into 6-His-pFASTBAC vector. | primer | AAGTGAAGCTGAGCAGCGAGCGGG
3 GGAGAACTCGAGCTATCAGTACCGATGTGT
Xhol | CTGATGTGAGTACTGTGGAGGCTGC
primer

Generation of stable cell line:

Flp-in 293 cells were used to create a stable FKBP5 cell line that constitutively produces
ectopic FLAG-HA epitope-tagged FKBP5 protein under the control of the CMV promoter.
The Flp-in T-Rex cell line, which possesses a doxycycline-inducible system and expresses
FLAG-HA-tagged CDK9 during doxycycline induction, was used to create a stable CDK9
cell line. Doxycycline at a concentration of 5ug/ml was employed to stimulate FLAG-HA

CDKOQ expression. In a nutshell, the following things are described.

* Day 1: 5ug of the corresponding mammalian expression construct was transfected into Flp-

in 293/ Flp-in T-Rex cells in a 10 cm plate.

* Day 2: Fresh FBS-containing media was added to the transfected medium.
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* Day 4: Cells were selected with hygromycin (200 pug/ml) after 72 hours of transfection.

» Day 7: After 72 hours of hygromycin selection, the media was replaced daily for 15 days

with new hygromycin-containing medium.

* Individual colonies were selected and planted in a 24-well plate after being screened with

hygromycin.
« It was put onto a 6-well plate once it reached confluency.

* After achieving confluency, several cells from the 6-well plate were split and utilised for

western blotting to confirm the expression of the desired protein using tag-specific antibody.

» For long-term preservation, produced stable cells were preserved in liquid nitrogen with

10% DMSO containing FBS after establishing the stable expression of individual proteins.

Generation of stable knockdown of FKPP5 and CDK9 in different
mammalian cell lines.

For this study, we created a stable knockdown cell line of FKBP5 and CDK9. Using
publiclyavailable tools, oligos for generating shRNA targeting FKBP5 and CDK9 were
developed. The sequence of oligos is given in detail in Table 5. We employed the Lentiviral
delivery technique to ensure steady integration of shRNA-producing constructs. The
designed oligos were initially cloned in PLKO.1 to make lentiviruses. We purchased
PLKO.1-puro vector from Addgene. For transfection, 3 x 10° cells were plated in a 6-well
plate. We transfected cells with 500 ng sh-PLKO.1 (containing the target ShRNA) after 18-20
hours of cell seeding along with psPAX2 (packaging plasmid): 125 ng, pMD2.G vector: 375
ng (envelop plasmid). The medium containing transfection reagents was replaced with new
DMEM media after 12-15 hours of transfection. The supernatant (virus particle) was
collected after 72 hours and kept at -80°C for long-term storage. 3x10° HEK293T or cells
were transduced with viral particles (300ul sup) in the presence of polybrene (8mg/ml) for
transduction purposes. After24 hours, transduced cells were exposed to puromycin (3mg/ml)
selection for 2-3 passages. Puromycin-positive cells were used for checking the expression of
target genes by qRT-PCR and immunoblotting analyses.

We made a ShRNA mediated stable knockdown cell line of FKBP5 and CDK®9 for the present
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study. Oligos for producing shRNA, targeting FKBP5 and CDK9, were designed using
publicly available software. A detailed sequence of oligos has been provided in Table no 5.
For stable integration of shRNA producing oligos we used lentiviral delivery system. To

produce lentivirus, the designed oligos were first cloned in PLKO.1 puro vector purchased

from Addgene. 3 x 10° cells were seeded in 6-well plate for transfection. After 18-20hr of
cell seeding, we transfected cells using 500 ng sh-PLKO.1, 125 ng psPAX2 (packaging
plasmid) and 375 ng of pMD2.G vector (envelop plasmid). After 12-15hr, media containing
transfection reagents was changed with fresh DMEM media. After 72-hours, supernatant

(virus particle) was collected and stored at -80°C for long term storage. To check the

efficiency of knockdown, again 3x10° HEK293T or cells were transduced with virus particle
(300ul sup) in presence of polybrene (8 pg/ml). After 24-hours, transduced cells were
subjected to puromycin (3ug/ml) selection for 2-3 passages. Puromycin-positivels were
checked for target gene expression through mRNA (RT-PCR) along with immunoblotting

analyses.

Table 5: Sequence of oligos, used in the generation of FKBP5 and
CDKO9 knockdown.

Name of the oligo Sequence of oligo

Upper oligo-
CCGGCCGCTGCAAGGGTAGTATATACTCGAGTATATAC

SshRNA-CDK9#1 TACCCTTGCAGCGGTTTTTG

Lower oligo-
AATTCAAAAACCGCTGCAAGGGTAGTATATACTCGAGT
ATATACTACCCTTGCAGCGG

Upper oligo-
CCGGACCTAATGCTGAGCTTATATACTCGAGTATATAAGC
ShRNA-FKBP5#1 | TCAGCATTAGGTTTTTTG

Lower oligo-
AATTCAAAAAACCTAATGCTGAGCTTATATACTCGAGTAT
ATAAGCTCAGCATTAGGT

68



Upper oligo-
CCGGCGAAGGAGCAACAGTAGAAATCTCGAGATTTCTAC
TGTTGCTCCTTCGTTTTTG

SshRNA-FKBP5#2 Lower oligo-
AATTCAAAAACGAAGGAGCAACAGTAGAAATCTCGAGAT
TTCTACTGTTGCTCCTTCG

3.7 Nuclear extract preparation

To make nuclear extract, cells were collected (scraped) in 1xPBS, centrifuged for 5
minutes at 4°C at 3000 rpm, and the supernatant was discarded. After measuring the
packed cell volume (PCV), the cells were resuspended in 2X-PCV of NE1 buffer, a
hypotonic solution, and incubated for 15 minutes on ice. The cells were then homogenized
using a 23-gauge needle (10 pulses). The nuclear pellet was obtained by centrifuging the
cell lysate at 6000 rpm for 5 minutes in cold (4°C) conditions. The nuclear pellet was
quantified as NPV and the supernatant was maintained as a cytosolic fraction (S100). The
nuclear pellet was then resuspended in pre-chilled NE2 buffer at 0.5X NPV. The
resuspended nuclear pellet was then mixed with an equivalent volume (0.5X NPV) of
cooled NE3 buffer and vortexed intermittently by maintaining in a cold condition while
stirring for 45 minutes. Finally, separate the nuclear fraction from the chromatin fraction
by spinning at 14000 for 20 minutes at 4°C. The salt-extracted nuclear protein is kept in
the supernatant at -80°C until needed. Table no. 6 describes the buffer composition used in

nuclear-extract processing.

3.8 Protein complex purification from a stable cell line.

CDK9 and FKBP5 complexes were isolated from stable cell lines in this study. Both stable
cell lines were cultured at a high scale to purify these complexes, which was followed by
nuclear extract preparation, immunoprecipitation, and affinity elution. The above-mentioned
methodology was used to prepare the nuclear extract. For immunoprecipitation, nuclear
extract was first pre-cleared for 1 hour at 4°C with protein A-agarose. The FLAG antibody-
coated (M2) magnetic beads were then added overnight with the precleared extract. After an
overnight incubation period, beads and sup were separated on a magnetic stand and washed

three times in wash buffer. Finally, the bead-bound protein complex was eluted using 3X
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FLAG peptide (250ng/ul) for 30 minutes at 4°C. To detect the protein complex purification,
it was separated on a 4-12% SDS-PAGE gradient gel and then stained with silver stain. The

silver staining was done according to the manufacturer's instructions.

Immunoprecipitation of Ectopically-expressed proteins

To confirm the probable interactors of a protein, firstly it was cloned in mammalian
expression vector which expresses epitope-tagged protein which can be easily immuno-
precipitated. Subsequently, this construct was transfected in 6-well dish (1pg/well). After
48hrs of transfection cells were harvested with 1ml of PBS at 3000rpm for 5° at 4°C.
Then, cells were lysed in lysis buffer for 2hrs at 4°C, 16rpm. The lysed cells were
centrifuged at 12000rpm for 20’ at 4°C and supernatant was taken out (Whole cell
extract). This WCE was incubated with epitope tag-specific beads for over-night at 4°C,
and rotataed at 16 rpm. After over-night incubation, bead-bound proteins were washed
rigorously with wash buffer (3x). Finally, bead-bound protein complex was eluted by
heating at 95°C. Finally, western blotting was done to identify the interactors of the target
protein.

Immunoprecipitation of endogenous proteins

Endogenous immunoprecipitation was used to evaluate the protein-protein interaction in
normal cellular circumstances utilizing a target antibody immobilized on a protein-G
magnetic bead. First, a whole-cell extract was produced in BC150 buffer, and then the cell
lysate was pre-cleared for 1 hour at 4°C using protein A-agarose beads. Protein-G beads
were blocked for 1 hour at 4°C with 1% BSA in BC150 + 0.1 percent NP40. Pre-blocked
protein-G beads were now treated for 4 hours at 4°C with 2ug of target antibody. After
pre-clearing the extract, it was immunoprecipitated using antibody-bound protein-G beads
overnight at 4°C and rotating at 16 rpm. After overnight incubation at 4°C, the protein-G
magnetic beads-associated protein complex was rigorously washed (3x) with the same
buffer (BC150 + 0.1 percent NP40) used for immunoprecipitation. Finally, the bead-bound
protein complex was heated to 95°C to elute it. Now, western blotting was used to find the

target protein's likely interactors.

Table no. 6 summarizes the composition of all immunoprecipitation buffers.
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Table 6: Buffers used for nuclear extract preparation, protein purification and

Immunoprecipitation analysis

Name of the buffers Composition

RIPA lysis buffer 20 mM Tris-Cl pH8, 150 mM NacCl, 1% Triton-X100, 0.1%
SDS

BC 100 elution buffer 100 mM KCI, 20mM Tris-Cl pH8, 20% glycerol, 0.1% NP40
+ 150mM 3x flag-peptide.

BC 300 lysis buffer 300 mM KCI, 20mM Tris-Cl pH8, 20% glycerol, 0.1% NP40
+ freshly added PIC and 0.7ul/ml B-mercaptoethanol (f-me).

Wash buffer Same as lysis buffer but without PIC and -me.

NE1 buffer 10 mM Tris-Cl pH-7.3, 1.5mM MgCI2, 10mM NaCl +

0.7ul/ml of B-me

25% Glycerol, 20 mM Tris-Cl pH-7.3, 1.5 mM MgCl,, 20 mM
NaCl + 0.2 mM EDTA pH-8 + 0.7ul/ml of p-me + 0.2 mM

NE2 buffer OMSE
25% Glycerol, 20 mM Tris-Cl pH-7.3, 1.5 mM MgCl,, 1200
NE3 buffer mM NaCl + 0.7ul/ml of f-me + 0.2 mM PMSF

3.11 Invitro kinase assay:

Several in vitro kinase assays were carried out in this study to determine the influence of
FKBP5 on P-TEFb kinase activity, i.e., the phosphorylation level of different P-TEFb
substrates such as Pol II-CTD, NELF complex, and DSIF complex. The Sf9 system was
used to reassemble and purify P-TEFb and NELF complexes, whereas the DSIF complex
and Pol II-CTD were purified using the bacterial expression system. All kinase assay
procedures were performed at 30°C for 30'- 2 hours in kinase assay buffer (50mM Tris-Cl
pH 8.0, 2mM MgCl,, and 500uM ATP) (As per experimental set-up). Following the
reactions, the amount of phosphorylation of the substrates was determined using either
western blotting with phosphorylation specific antibody (for GST-CTD phosphorylation)
or autoradiography (For NELF complex and DSIF complex phosphorylation). Along with
the 500uM ATP, an additional 0.2uCi32P-ATP was employed in autoradiography-based

experiments.
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Purification of recombinant proteins using a baculoviral system.

Many of the proteins like FLAG-CDKY9, FLAG-FKBP5etc, and protein complexes like P-
TEFb, NELF complex etc, used in this study were reconstituted and purified using insect
cell (Sf9) system. We employed a baculoviral expression method to reconstitute and
purify proteins or protein complexes from insect cells. Baculovirus particles were applied
directly to 90% confluent Sf9 cells for the purification of expressed proteins/complexes,
either alone or in combination, depending on the experimental requirements. After 48
hours of infection, the cells were collected. For 2 hours at 4°C, cell lysates were prepared
in BC300 lysis buffer (20mM Tris-Cl, 200mM KCI, 2mM EDTA, and 20% Glycerol) with
0.1 % NP-40, 0.7ul/ml B-mercaptoethanol, and 1X protease inhibitor cocktail (PIC). Cell
lysate was centrifuged at 12000rpm for 20 minutes at 4°C to remove cell debris. After that,
immunoprecipitation with epitope-tag specific agarose beads was used to bring down the
protein/protein complex. Immunoprecipitation was done for overnight at 4°C, by rotating
at 16rpm. Beads were washed three times (10min each at 4°C) with washing buffer
containing BC300 + 0.1% NP40 after overnight binding. This bead-bound protein/protein
combination has been used directly or eluted utilising epitope-based competitive elution.
FLAG-tagged proteins were eluted with 3X FLAG peptide (250ng/ul) in BC100 buffer
after vigorous washing, whereas GST-tagged proteins were eluted with GST peptide
solution (9ug/ml) in BC100 buffer.

Purification of recombinant proteins using a bacterial system

Several proteins, used in this study, were purified from the BL21 or Rosetta (Both E.coli
strain) which was used to produce recombinant proteins. Mainly GST-tagged and HIS-
tagged proteins were purified using a bacterial expression system. Genes were cloned as
GST-tag and HIS-tag in PET11-d vectors. These constructs were used for transformation
in BL-21/Rosetta cells. A single colony was selected after regular transformation and
grown in ampicillin-containing LB for initial culture at 37°C for O/N. After that, a
secondary culture was inoculated at 1:100 dilutions, and when the OD reached 0.4, IPTG
(100mM final concentration) was added for induction, and the protein expression was

carried out for 3-4 hours in a 37°C shaker.

Hereafter, for purification of GST-Tagged proteins, the cells were harvested and washed in
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PBS before resuspending in BC300 buffer with freshly added B-mercaptoethanol and a
protease inhibitor cocktail (PIC). Sonication was done with a 100-watt input and a 30-
second on/off cycle for 10 minutes to prepare the cell lysate. The supernatant was
collected when the lysate was spun down at 12000 rpm for 20min. GST-tagged protein
was purified from the lysate using anti-GST beads. Beads bound GST- tagged protein was
eluted for 1hr at 4°C in an elution buffer (9ug/ml reduced GST peptide in BC100 + 0.1%
NP40). Eluted proteins were flash-frozen with liquid-N2 and stored at -80°C for

subsequent usage.

For purification of His-tagged protein, lysate was prepared as above. His-tagged proteins
were purified from the lysate using Ni-NTA beads. Bead-bound His-tagged protein was
washed vigorously with wash buffer for 3 times for 30 mins. Beads bound His-tagged
protein was eluted for 1hr at 4°C, with His-elution buffer. Eluted proteins were flash-
frozen with liquid-N2 and stored at -80°C for subsequent usage. Buffers used in His-

tagged protein purification are discussed in Table no. 7.

Table 7: Buffers used for HIS-tagged protein purification.

Buffer Buffer composition

Lysis Buffer Na2HPO4 (50mM) + NaCl (300mM) + Imidazole (10mM)
+Glycerol (20%)

Wash Buffer Na2HPO4 (50mM) + NaCl (300mM) + Imidazole (20mM)
+ Glycerol (20%)

Elution Buffer Na2HPO4 (50mM) + NaCl (300mM) + Imidazole
(250mM) + Glycerol (20%)

3.14 In vitro direct interaction analysis

We performed direct in vitro protein-protein interaction assays to test interaction between
different proteins like FLAG-CDK9 and HIS-FKBP5. We employed pure recombinant

target factors, either immobilized to agarose beads or introduced exogenously for direct in
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vitro protein-protein interaction assays. Purified proteins were incubated overnight at 4°C
in a binding buffer comprising 20mM Tris pH 8.0, 20% glycerol, 2mM EDTA, 150mM
KCI, 0.1 % NP-40, and 20-80ng/ml BSA. After that, protein-bound beads were washed
three times with binding buffer (10 minutes each at 4°C). The bound proteins were eluted
by incubation in 1xSDS loading dye for 10 minutes at 95°C. Western blots using particular

antibodies were used to identify the interactors.

In vitro competition assays

We employed purified bead-immobilized FLAG-CDK®9, as well as exogenously added
GST-CyclinT1 and His-FKBP5, in an in vitro competitive binding assay. We employed a
constant quantity (0.5ug) of bait protein (immobilized FLAG-CDKO9), as well as a constant
amount of one of the proteins (GST-CyclinT1/His-FKBP5) and a gradient amount of the
other competitor (His-FKBP5/GST-CyclinT1). In a binding buffer comprising 20mM Tris
pH 8.0, 20% glycerol, 2mM EDTA, 100mM KClI, 0.1% NP-40, and 80ng/ml BSA, the
binding process was carried out overnight at 4°C. The beads were thoroughly washed in
binding buffer after an overnight incubation. Bead-bound proteins were eluted by
incubating them in 1xSDS loading dye for 10 minutes at 95°C. Western blots with

particular antibodies were used to identify the interactors.

In vitro dissociation assay:

We employed a purified bead-immobilized P-TEFb complex consisting of FLAG-
CDK9+GST-CyclinT1 for the in vitro dissociation experiment. Both proteins were
purified separately and assembled into the P-TEFb complex by combining them in an
assembly buffer (20mM Tris pH 8.0, 20% glycerol, 2mM EDTA, 300mM KCI, 0.1%NP-
40) and incubating for O/N at 4°C. To completely saturate the FLAG-CDK9 binding to
GST-CyclinT1, bead-bound FLAG-CDK9 was treated with an excess quantity of purified
GST-CyclinT1. Extensive washing was used to eliminate any remaining unbound GST-
CyclinT1. This immobilized P-TEFb complex was then employed in the reaction setup
with increasing concentrations of purified FKBP5 protein in reaction buffer (20mM Tris
pH 8.0, 20% glycerol, 2mM EDTA, 100mM KClI, 0.1 percent NP-40, 80ng/ml BSA) and
incubated at 4°C for O/N. The reactions were centrifuged briefly, and the supernatant

fraction was collected. The bead-bound proteins were washed twice with reaction buffer
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before eluting in 1X SDS loading dye and being treated as bead-bound fractions by
incubating them at 95°C for 10 minutes. Each supernatant and bead-bound fractions were
loaded in parallel for western blots using particular antibodies to compare the quantity of
target proteins present in both fractions. A similar experimental technique was employed
with bead-bound P-TEFb complex immunoprecipitated from whole cell extract from
mammalian cells coupled with purified FKBP5 protein for immunoprecipitated P-TEFb

complex.

Western blot analysis:

Western blot analysis was used for majority of the biochemical experiments. Samples
were prepared in lammeli buffer for western blotting. To prepare the sample, 5x lammeli
buffer was added to the sample (according to the sample volume) and it was boiled for 10
minutes at 95°C to denature the protein. The SDS-PAGE gel was loaded with a denatured
protein sample (as per required percentage of gel). The proteins were resolved using gel
electrophoresis at a constant voltage of 100 volts, combined with a molecular weight
marker. Proteins were separated using gel electrophoresis and then transferred to the
nitrocellulose/PVDF membrane using the wet-transfer technique. To prevent non-specific
antibody binding, the membrane was blocked for 1 hour at room temperature in a 5%
skimmedmilk solution in TBST/PBST. After blocking, the milk was removed and a new
primary antibody was applied to the membrane, which was then incubated overnight at
4°C on a rocker. It was washed three times with 1X TBST/PBST after an overnight
incubation in primary antibody (10 minutes each at RT). Following washing, an HRP
conjugated secondary antibody in 5% milk in TBST/PBST was added for 1 hour at room
temperature. After 1hr incubation with the secondary antibody, the membrane was washed
three times with 1X TBST/PBST (10 minutes each at RT). Finally, either in the darkroom
on X-ray film or in the chemidoc system, commercially available ECL solution (Bio-Rad)

was used to develop the blot.

Table no. 8 lists all of the antibodies utilized in this investigation for western blotting.
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Table 8: List of antibodies used in this study.

Name of the antibody

Source

Identifier

FKBP5

Bethyl Laboratories

Cat# A302-090A

CyclinT1

Santa Cruz Biotechnology

H-245

CDK9

Santa Cruz Biotechnology and

Bethyl Laboratories

Cat# SC-8338 and
Cat# A303-492A

FLAG epitope

Sigma

Cat# F7425

GST Santa Cruz Biotechnology Cat# sc-53909
His epitope Santa Cruz Biotechnology Cat# sc-8036
AFF1 Abcam Cat# ab31812
AF9 Bethyl Laboratories Cat# A300-596
ELL Bethyl Laboratories
NELF A Bethyl Lab Cat# A301-531
NELF E Bethyl Lab Cat# A303-279
Rpbl (4H8 clone) Cell Signaling Technology Cat# 2629
Phospho Rpbl1 CTD Cell Signaling Technology Cat# 13499
(Ser2)
Phospho Rpb1 CTD Cell Signaling Technology Cat# 13523
(Serb)
Beta Actin Santa Cruz Biotechnology Cat# sc47778
Normal Rabbit 1gG Cell Signaling Technology Cat# 9064
Normal Mouse 1gG Cell Signaling Techn ology Cat# 11912
HRP conjugated Bio-Rad Cat# 1706515
secondary antibody
(Rabbit)
HRP conjugated Bethyl A120-101P
secondary antibody
(Rabbit)
HSPI0B Bio-Rad VPAO0080
Histone H3 Cell Signaling Technology 2650S
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Luciferase reporter assay

Dual luciferase reporterassay was performed using HIV1-LTR-luciferase (firefly)
construct. We seeded 50000 cells in each well of 24-well dish in 2 sets, one set of
scramble cells and one set of FKBP5-KD cell line. Next day we transfected 3 different
concentrations (in 8 different sets) of HIV1-LTR-luciferase with equal concentration
ofrenilla luciferase construct (as internal control for transfection) in both the cell-lines. We
lysed cells after 40hrs of transfection in 50ul of PLB buffer and we proceeded for
luciferase assay. We used Dual-glow Luciferase assay kit from Promega and followed
manufacturer's protocol for obtaining expression data. Here in this experiment renilla
luciferase construct was used as internal control and we normalized data with renilla

luciferase expression data.

Plasmid DNA and bacmid DNAIisolation

For different purposes like cloning, Plasmid DNA was isolated from DHS5a and for the
purpose of baculovirus production recombinant bacmid DNA was isolated from
DH10Bac. For both these DNA isolations, we followed manual alkaline lysis method.
Plasmid DNAs isolated for the transfection purpose, were isolated, using Qiagen miniprep

Kit following the manufacturer protocol.

RNA isolation and subsequent assays:

For different experimental purposes like RNA-seq, gRT-PCR etc, total cellular RNA was
isolated. RNA isolation was done using TRIzol following the conventional method. After
harvesting cells from a confluent well of 6-well dish (with 1ml of PBS at 3000rpm for 5
min), cells were lysed using 400ul of TRIzoL, and vortexing for 30 seconds and
incubating at room temperature for 5 minutes which dissociates nucleoprotein complexes
in of the cell. Then, 200ul of chloroform was added to the suspension and vortexed
vigorously for 15-20°” and incubated at room temperature for 2-3 minute. Subsequently,
the whole suspension was centrifuged at 12000rpm for 15 minutes at 4°C. This high-speed
centrifugation leads to the separation of an upper transparent, RNA containing agqueous
phase, middle interphase containing degraded proteins etc. and a lower organic phase. Top

layer, containing total cellular RNA, was carefully taken out in a separate tube by pipetting
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without mixing with the middle and lower phase. Subsequently, to precipitate RNA in
aqueous phase, we added 500ul of molecular biology grade isopropanol, mixed and
incubated for 10 minutes at room temperature. Then, centrifuging the solution at 12000
rpm for 10 minutes at 4°C causes RNA precipitation. The supernatant was discarded,
leaving the RNA pellet intact. RNA pallet was resuspended in 500ul of 75% ethanol
through vertexing briefly. Again, centrifugation at 12000rpm for 5 minutes at 4°C was
done to pellet down the RNA and the supernatant was discarded. After air-drying the
pellet for 15min at RT, it was resuspended in nuclease-free water and incubated in a water
bath maintaining 45°C for 15 minute to dissolve the RNAcompletely. Finally, the isolated
RNA concentration was measured in nanodrop for further use, and remaining RNA sample

was stored in -80°C fridge for future use.

3.20.1 cDNA synthesis from mRNA

cDNA was synthesized for the purpose of gRT-PCR analysis. For cDNA synthesis, we
used 1ug of isolated RNA. We used Verso cDNA synthesis kit (Thermo Scientific),

following the manufacturer protocol for cDNA synthesis.

3.20.2 gRT-PCR analysis

Total cDNA synthesized from 1ug RNA, was diluted 50 times before using in qRT-
PCR analyses. The qRT-PCR analysis was performed using iTaq universal SYBR
Green supermix from BioRad laboratories and target gene-specific primer (See Table
no 9). qRT-PCR was performed using BIORAD CFX 96™Real-Time PCR system
software. For target gene expression analysis, expression of GAPDH and 18S was used

as internal control as per the requirement.
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Table 9: List of primers for RT-gPCR

GeneName 5' forward primer 3' reverse primer
FKBP5 | TCCTTGCTGCCTTTCTG CTTTCTCAAAGTCACCCTTG
CDKO9 GCATCATGGCAGAGATGTG GTTGTCCACGTTTGGCC
CCND1 CAAACACGCGCAGACCTTC GATCACTCTGGAGAGGAAGCG
MYC GCTTGTACCTGCAGGATC GACTCCGTCGAGGAGAG
CDKN1A | GGACAGCAGAGGAAGACCATG | CTGTCATGCTGGTCTGCC
CDKN1B | CGACGATTCTTCTACTCAA TTACGTTTGACGTCTTCTG
CDKNIC | GCTGCACTCGGGGATTTC GGACATCGCCCGACGACT
PTPRS | AACACAGAAGTGCCCGCAC GTGACGTGTGGGCCTTGGAG
TM2D2 | GGACACTACTTCATAACCAC AATAAGGTCAACAAACCACC
E2F2 GGAGCCGGACAGTCCTTC GCTGTCAGTAGCCTCCAAG
CDC25B | GGCACATCAAGACTGCGG GGTAGTCGTTGACAGCACG
CDK6 | GGAGTGTTGGCTGCATATTTG | CGATATCTGTTACAAACTTC
TAF4 GACGACAGATATGAGCAGG GTTGCTGCATCTCCTTTG
ATF2 GTACCAGGCCCATTTCCTCTTC | GAACGAGTGGGACTGCAGCTG
MDM2 T TGGATCAGGATTCAGTTTC GAGAGTTCTTGTCCTTCTTC
TEF GCTCTTCCACAGCATCC GCACACTGGAGAGCAC
CRABP2 | CCCTACACCAACAAAGAGG CCCTCAAGTCCCCTTTAG
GLUT1 GAAGTGTCACCCACAGCCCTTC | GGGCCACAGGTCCTTGTTGC
STIP1 GAGAAAATCCTGAAGGAGCAAG| ATGCTTCATGGCCTGGGGATA
RGS2 AAGATTGGAAGACCCGTTTGAG | GCAAGACCATATTTGCTGGCT
MAP2 AATAGACCTAAGCCATGTGACA | AGAACCAACTTTAGCTTGGGC
TCC C
LDLR CTGGAAATTGCGCTGGAC GTCTTGGCACTGGAACTCGT
GAPDH | GACAACTTTGGTATCGTGG GTTCAGCTCAGGGATGAC
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3.21 Chromatin immunoprecipitation (ChlP) analysis.

Cells were cross-linked for 10 minutes at room temperature with 1 percent formaldehyde
(Sigma) and then incubated with 125 mM glycine for 5 minutes to terminate the cross-
linking process. The cross-linked cells were rinsed three times with ice-cold PBS.
Resuspending the cells in ChIP lysis buffer (0.5% NP40, 1% Triton X-100, 300mM NacCl,
20mM Tris (pH 7.5), 2mM EDTA, and protease inhibitor cocktail) and incubation on ice
for 30 minutes yielded nuclear extract for downstream immunoprecipitation analysis. The
lysate was spun down at 5000 rpm for 10 minutes at 4°C after being syringe passaged
eight times via a 23-gauge needle. ChlP sonication buffer (1% SDS, 50mM Tris (pH 8.0),
10mM EDTA, and 1X protease inhibitor cocktail) was used to resuspended the nuclear
pellet. After that, the resuspended nuclear pellet was sonicated for 20 minutes at high
efficiency with the Bioruptor TM UCD-200. The sonicated samples were spun at 15K for
20 min. The generated supernatant was pre-cleared by using65ug sonicated DNA sample
for 30 minutes at 4°C using 20ul Protein-A agarose beads. ChIP dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.1mM EDTA, 20mM Tris-Cl (pH 8.0), and 167mM NaCl)
were used to dilute the pre-cleared lysate ten times. IgG was utilized as a negative control
and each IP sample was immunoprecipitated overnight at 4°C with 2ug of target antibody.
Protein G-magnetic beads were blocked overnight in a separate process with 50ug of
salmon sperm DNA. The next day, 25 ul of pre-blocked Protein G-magnetic beads were
added to the immunoprecipitated sample and incubated at 4°C for 1 hour. After a brief
spin at 3000 rpm, the antibody-protein-DNA complex was washed twice with low salt
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-Cl (pH 8.0), 150mM NacCl,
and protease inhibitor cocktail), high salt buffer (500mm NaCl, 0.1 percent SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-Cl pH8 and PIC). The immunoprecipitated
protein-DNA complexes were eluted by incubating them at room temperature for 30
minutes in elution buffer (1% SDS, 0.1M NaHCO3). For de-crosslinking, the eluted DNA-
protein complex was incubated with 190 mM NaCl at 65°C. Proteinase K was used to
digest the remaining proteins for 45 minutes at 45°C. By following the manufacturer's
instructions, the eluted DNA was purified using the Qiagen PCR purification kit. The
purified eluted DNA was then subjected to gRT-PCR testing with primers specific to the

target gene locus.
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Primer against intergenic locus was used to determine non-specific recruitment of over-

expressed factor whenever required (See Table nol1).

Table 10: Buffers used in ChIP-gPCR analysis.

Description of buffers Composition

Cross-linking reagent 1% formaldehyde in minimal DMEM

Quenching solution 125 mm glycine in PBS

ChlIP lysis buffer 20 mm Tris pH7.5, 300 mm NaCl, 2 mm EDTA, 0.5%
NP-40, 1% Triton X-100 +PIC

ChIP sonication buffer 50 mm Tris pH8, 10 mm EDTA, 1% SDS and PIC

ChIP dilution buffer 20 mm Tris-Cl pH8, 167 mm NaCl, 1.1 mm
EDTA, 0.01% SDS, 1.1% Triton X-100

Low salt buffer 20 mm Tris-Cl pH8, 150 mm NaCl, 2 mm
EDTA, 0.1% SDS, 1% Triton X-100 + PIC

High salt buffer 20 mm Tris-Cl pH8, 500 mm NaCl, 2 mm
EDTA, 0.1% SDS, 1% Triton X-100 + PIC

Lithium chloride buffer 10 mm Tris-Cl pH8, 250 mm LiCl, 1 mm EDTA, 1%
NP-40, 1% deoxycholic acid (sodium salt)

Elution buffer 1% SDS, 0.1M NaHCO3
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Table 11: Primers used for ChlP-qPCR analysis

Gene name 5' forward primer 3' reverse primer

CCND1gene

promoterregion CTTATGGTACTGTAACTGAG | GCGGGACTATGGTTGCTG

CTAAC AC
CCND1 gene CAAATCTATACATTAAGA
coding region CAATCAAATCATTCCGGATA | CGACTCG

CTGCG

C-MYC genepromoter
CATACACGAGCCCTGAGCAT | GATAGCCTTCTCCTGCGC

Region
TAG

C-MYC genecoding

Region CCCTACACCAACAAAGAGG | CCCTCAAGTCCCCTTTAG

RGS2 genepromoter
GGAAATCTGAGGGAACGAGG| CTCCAGATGCCAGGGAAG

Region

3.22 Gene ontology (GO) analysis:
Gene ontology (GO) analysis was performed, using RNA-seq data, to identify and classify
the gene sets according to their functional characteristics. Database for annotation,
visualization, and integrated discovery (DAVID) software, an online bioinformatics tool,
was used to provide a functional interpretation of gene sets which were upregulated or
downregulated upon FKBP5 knockdown (Huang, Sherman, and Lempicki 2009). GO
terms with p-values>0.05 as determined by the EASE score, a modified Fisher Exact P-
value test, integrated into the DAVID workflow, were considered as significant. The entire

pathway described in GO analysis had at least four genes with a p-value of < 0.05.

3.23 Cell proliferation assay:
To test the effect of FKBP5 knockdown on proliferation rate of HEK293T and PC3 cell
lines, we simply counted cells at different intervals, after knocking down FKBP5, using
hemocytometer under microscope. 6x10* cell from scramble and FKBP5-KD were seeded
(in triplicate) in-6-well dish. On 3", 4™ and 5" day after seeding, cells were resuspended
with trypsin and DMEM and diluted 10 times with fresh DMEM. 10ul cell suspension was

applied to the hemocytometer counting chamber to count the cell number under

82



microscope. Finally, average count of FKBP5-KD cells was plotted with the average count

of scramble cells on excel-sheet.

3.24 Statistical analysis ofdata:

To get the statistical significance of our data sets, statistical analyses and quantification of
different experiments were performed using one-tailed student’s t test. Data represents a
minimum of two biological repeats and three technical replicates. wherein * denotes

p<0.05, ** denotes p<0.01, *** denotes p<0.001, and ns denotes not significant.

3.25 RNA-Seq analysis:

To analyze the effect of FKBP5 on differential expression of target genes we performed

RNA-Seq analysis in normal (Scramble control) and FKBP5 knockdown conditions. For this

purpose, we isolated RNA from both scramble and FKBP5-KD cell lines. Equal amount of

RNA was sent for sequencing where RNA-seq analysis was performed following steps

mentioned here.
A. RNA QC:

First of all, RNA quantity and quality was checked. For checking RNA quantity Qubit RNA

HS assay kit (Thermo Fisher Scientific) was used and RNA quality was checked using

Agilent Bioanalyzer RNA Nano 6000 Kit (Agilent Technologies). Subsequently library

preparation was done with the samples having RNA integrity number (RIN) >7.

B. Library Preparation:

NEB NEXT RNA Ultra Il Library preparation kit was used for NGS library preparation.For

this, mRNA enrichment was needed which was achieved by using 800 ng of total RNA as

input for poly (A) enrichment. Subsequently, it was fragmented which was followed by

reverse transcription to generate cONA. Adaptor index primers with unique barcodes for each

sample was ligated to fragmented double strand cDNA. Now, adaptor ligated fragments were

purified using ampure beads. Finally, the purified product was amplified using Illumina

primers to generate sequencing library.
C. Library QC:

Quality of the library was checked with Agilent Bioanalyzer DNA 1000 kit (Agilent

Technologies) and quantity was checked using Qubit DNA HS assay kit (Thermo Fisher

Scientific). Libraries were diluted to 2 nM and pooled to make equimolar sequencing library
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pool.

D.Sequencing

The pooled libraries were sequenced using lllumina HiseqX to generate 150 bp paired end
reads. The library pool was diluted to 250 pM before loading it into the flow cell.lllumina
bcl2fasta v 2.19 was used to generate fasta files.

E. Raw sequencing data analysis

For analyzing differential gene expression, the raw fastq sequences of all the samples were
mapped to Homo sapiens GRCh38 genome using STAR (v2.27.2b) in order to create bam
files (Dobin et al. 2013; Yates et al. 2020). These bam files were then processed using
Rsamtools, Rsubread and Genomic Alignments R packages and the abundance table was
created from the alignments (Lawrence et al. 2013; Liao, Smyth, and Shi 2019). The
abundance tables were further normalized and differentially abundant genes were identified
using the DESeqg2 R package(Love, Huber, and Anders 2014. Genes with Log2 fold change
(Log2FC) of 1.5-fold or more, having p-value <0.05 and adjusted p-value <0.05 were
considered significantly differentiated gene expression. The heatmap of the selected genes
was generated using counts per millionnormalizations from raw counts by implementing
edgeR package and subsequent visualization was done with heatmap R function (McCarthy,
Chen, and Smyth 2012).

3.26 RNA expression analysis in different cancer cohorts:

To analyze the expression of FKBP5, CDK9 and some of the target genes like CCND1 and
cMyc in different cancer cohorts, we obtained gene expression data from a publicly
available database i.e., The Cancer Genome Atlas (TCGA), stored as the part of the Broad
Institute of MIT and Harvard TCGA Government Data Analytics Center (GDAC).
Expression data of above indicated genes in 11 different types of cancers were obtained
using above-mentioned TCGA database of 38 different cancer cohorts which contains over
14000 sequencing samples. The firehouse analysis pipeline, which was developed by the
Broad Institute itself, was utilized through its Java-dependent web application Fire Browse,
for easy data retrieval and analysis. For greater accuracy in quantification the cohort
specific MRNA expression was represented as 10g2RSEM. One-tailed student t-test was
performed to get statistical significance considering p<0.05 as significant.
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CHAPTER IV

Results:



4. RESULTS:

4.1 A new role of Human FKBP5 in controlling cell proliferation

rate by controlling P-TEFb activity.

< Introduction:

Human FKBPS5 is a well-known co-chaperone that performs its function in association with
HSP90. FKBP5 has also been shown to control several cellular signaling pathways without any
association with HSP90. In our present study, we examined and established another extremely
important role of FKBP5, where the cellular pool of FKBP5 has been shown to control the

active P-TEFb pool inside the cell that in turn regulates the expression of target genes.
4.1.1 FKBP5 is a novel CDK9 associated protein in mammalian cells.

Present study has been started with the identification of novel interactors of CDK9 to find
out other P-TEFb interactors. That is why, we started our study with identifying novel P-
TEFb interactors within mammalian cells. Here, we have explained every experimental

finding in detail.

4.1.1.1 Mass-spectrometry of CDK9 revealed FKBP5 as a very strong CDK9

interactor.

In search of other P-TEFb regulators (Interactors), we did mass spectrometric analysis of
CDKO9-associated proteins. For mass spectrometric analysis, we generated stable cell line
which expresses FLAG-HA epitope-tagged CDK9 upon doxycycline induction. We
purified FLAG-HA-CDK9.com through FLAG-affinity purification which we used for
subsequent mass-spectrometric analysis (Figure 4.1A, B (Ghosh et.al 2018)). In this mass-
spectrometry data, along with other known and unknown CDK9-interactors, we identified
FKBP5 as a very strong interactor of CDK9 (Figure 4.1C, D).

86



(A) CDKD9 stable cell line

« Heavy chain

& Flag-HA CDK9

«- Light chain

C123456789%101n 12

(C) Total no. of

Name of Percentage Total no. unique
protein coverage of peptides peptides

Representative
peptide

(B)

™ AF4, ZMYNDS

HSP90
AF9, CyclinT1, ELL, ENL

IgH, FKBP51

FKBP3 78.56 38 38 KGEGYSNPNEGATVEIHLEGR CDKY, EAF1, EAF2
FKBPS  78.356 38 38 NNEESPTATVAEQGEDITSKK CDC3T
FKBPS  78.56 38 38 KGEICHLLCKPEYAY GSAGSLPK
FKBP5  78.36 38 38 TTDEGAKNNEESPTATVAEQGEDITSKK IgL
FKBPS 78.56 38 38 IPSNATLFFEIELLDFKGEDLFEDGGIIR
FKBPS  78.56 38 38 ASESFLLAAFLNLAMCYLK
FKBPS 78.56 38 38 FDSSHDRNEPFVFSLGK
FKBPS 78.56 38 38 FAEQDAKEEANKAMGK
(D)
Description Coverage | Proteins | Unique Peptides Sum Score
Peptidyl-prolyl cis-trans isomerase FKBP5
0S=Homo sapiens GN=FKBP5 PE=1 SV=2 - 78.56 1 38 38 340

[FKBP5_HUMAN]

Figure 4.1 Association of FKBP5 with CDKO.

(A) Immunoblot analysis using anti-FLAG antibody, demonstrating the production of stable cell
lines expressing FLAG-HA CDKO. Stable cell lines were generated in Flp-In-TREx 293 cells

using the methods outlined in the Invitrogen manual.

(B) Purification of a CDK9-associated protein complex using one-step FLAG-affinity purification
using nuclear extract from a stable cell line expressing FLAG-HA tagged CDKO9. Eluted
proteins were run on a 4%-12% gradient gel and silver stained to visualize interactors before

being identified by mass spectrometry.

(C) Representative FKBP5 peptides identified by Mass Spectrometry in a CDK9 pull-down

sample.

(D) Representation of mass spectrometry data showing an association of FKBP5 with CDKO9.
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4.1.1.2 FKBP5 and CDKS9 preferentially localizes in nuclear region of
mammalian cells.

After getting the clue from mass spectrometry data, that FKBP5 and CDKS9 interacts with
each other in HEK293T cell line, we suspected that FKBP5 might have some effect on P-
TEFb-mediated transcriptional regulatory activities on target genes. Inorder to study that, at
first, we addressed the localization of FKBP5 and CDKQ inside the cell. Using an online
program, The Human Protein Atlas, we found out that FKBP5 preferentially localizes in
nuclear region of the cell (Figure 4.2A). Subsequently, we tried to validate it by western
blotting. To test the localization of FKBP5 and CDKJ inside the cell through western blot
analysis, we separated the nuclear fraction and cytoplasmic fraction following the nuclear
extraction protocol (Described in material methods section) and prepared the sample of
both the fractions with 5X protein loading dye. Both the samples were analyzed through
western blotting using the FKBP5 and CDK9 antibodies with Actin as cytoplasmic marker
and HistoneH3 as nuclear marker. Data obtained from western blotting also supported that

both FKBP5 and CDKO proteins preferentially localizes inside the nucleus (Figure 4.2B).
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Figure 4.2 Localization of FKBP5 and CDKOJ inside the cell.
(A) Confocal microscopy picture demonstrating that FKBP5 preferentially localizes to the
nucleus in several mammalian cell types (picture adapted from "The Human Protein Atlas™).
(B) FKBP5 and CDK?9 co-presence in the nuclear compartment of mammalian 293T cells as
revealed by Western blotting. The histone H3 protein is employed as a nuclear localization
marker, whereas the actin protein is used as a cytoplasmic localization marker.
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4.1.1.3 CDK9-FKBPS5 Interaction analysis in ectopically-expressed conditions in

mammalian cells.

To validate our mass spectrometry data, we tested the interaction between FKBP5 and
CDKQ through their ectopic expression followed by immunoprecipitation and western
blotting. First of all, we did immunoprecipitation using nuclear extract obtained from stable
line of FLAG-CDK9. We prepared nuclear extract by following the nuclear extraction
protocol described in material methods section, and subsequently immunoprecipitation
using Flag-agarose beads (following immunoprecipitation protocol described in material
methods section). Finally, we analyzed the interaction through western blotting (Figure
4.3A). Again, for reciprocal analysis, we made the stable line constitutively expressing
FLAG-HA-FKBP5 in FIp-293 cells and checked the expression of FLAG-HA-FKBP5
through western blot analysis using FLAG-antibody (Figure 4.3B). We also purified the
FKBP5-associated protein complex, (following purification protocol described in the
material methods section), performed silver-staining and observed the presence of CDK9
band along with other known interactors of FKBP5 like HSP90(Figure 4.3C) which can be
further validated by western blotting. To further validate this interaction, we prepared
whole cell extract and subsequently immunoprecipitation using FLAG-agarose beads.
Finally, we analyzed the interaction through western blotting and found out that FKBP5
strongly interacts with CDK9 along with a known FKBP5 interactor i.e., HSP90 but it
failed to show any interaction with Cyclin T1 or other SEC members (Figure 4.3D). We
also performed co-immunoprecipitation assay to confirm and substantiate our earlier
observation of interaction between FKBP5 and CDK9. To perform co-
immunoprecipitation, we ectopically expressed both FKBP5 and CDKJ9, with different
epitope tag, i.e., FLAG and HA, in HEK293T cells. Subsequent immunoprecipitation one
of the factors (In this case FLAG-FKBP5 was immunoprecipitated) and finally western blot
analyses using antibody for other factor’s epitope (HA) was done to see the interaction
between the two proetins. By this co-immunoprecipitation assay also, we observed a very
strong interaction between FKBP5 and CDK?9 (Figure 4.3E).
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Figure 4.3 Interaction analyses between FKBP5 and CDK®9 inside the cell.

(A) Identification of CDK9 interactors through immunoprecipitation and subsequent
western blot analysis, showing FKBP5 as a novel CDK9 interactor with other known
interactors (SEC members).

(B) Immunoblot analysis demonstrates the establishment of a stable cell line expressing the
FLAG-HA-FKBP5 protein. Here, cells that did not express the FLAG-HA-FKBP5
protein were used as a control (marked as C).

(C) Purification of FKBP5 associated protein complex using one-step FLAG-affinity
purification using nuclear extract from a stable cell line expressing FLAG-HA tagged
FKBPS5. Eluted proteins were run on a 4%-12% gradient gel and silver-stained to
visualize interactors before being identified by mass spectrometry.

(D) Identification of FKBP5 interactors through immunoprecipitation and subsequent
western blot analysis, showing CDK9 as a novel FKBP5 interactor with another known
interactor of FKBP5 i.e., HSP90.

(E) Coimmunoprecipitation followed by western blotting reveals ectopically expressed
FLAG-FKBP5, which pulls down ectopically expressed HA-CDK9 in mammalian
293T cells.
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4.1.1.4 Immunoprecipitation of endogenous proteins to test interaction between
CDK9 and FKBP5 in endogenous context.

Till now all the interaction studies are done in ectopically over-expressed condition of one
or more factors which might be different from the normal cellular conditions. So, before
concluding anything or proceeding our study further, we wanted to test the interaction
between FKBP5 and CDKJ9 in normal cellular condition. To achieve that, we performed
immunoprecipitation of endogenous proteins (protocol described in material methods
section) followed by western blotting analyses. At first, we performed immunoprecipitation
of endogenous FKBP5 using specific antibody, and subsequent western blotting analysis
confirmed the association of CDK9 along with another known interactor of FKBP5 i.e.,
HSP90 (Figure 4.4A). Here also, FKBP5 failed to pull-down components of SEC. We tried
to do the vice-versa experiment using CDK9 antibody for endogenous-immunoprecipitation
assay. In this assay we found similar result as of overexpressed condition and we could
clearly see that CDKQ is pulling down FKBP5 along with its other interacting SEC partners
(Figure 4.4B).
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Figure 4.4 Endogenous-lmmunoprecipitation to see interaction between FKBP5
and CDK®9 in normal cellular conditions.

A. Immunoprecipitation of endogenous FKBP5 using specific a-FKBP5 antibody and
subsequent western blotting analysis showing FKBP5 interaction with CDK9 along with
HSP90 in normal cellular condition. FKBP5 failed to pull-down other SEC members.

B. Immunoprecipitation of endogenous CDK9 using specific a-CDK9 antibody and
subsequent western blotting analysis showing CDK9 interaction with FKBP5 along with
SEC components in normal cellular condition. CDK9 could successfully pull-down other
SEC members (Known CDK® interactors).
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4.1.2 The interaction of FKBP5 with CDKO is direct and specific.

Till now all the interaction studies are done in mammalian cell lines. Where, we have
shown that FKBP5 and CDK® interacts with each other. But, up until now, it is not clear
whether CDK9 and FKBP5 interact directly with each other and there is a possibility of
some other intermediate player which may have a role in making this interaction possible.
In order to address this issue, we choose a heterologous system (i.e., insect cell (Sf9))

system for interaction analysis.
4.1.2.1 FKBP5 interacts with CDK9 but not with another subunit (i.e.,

CyclinT1) of the P-TEFb complex.

To clarify whether interaction between FKBP5 and CDK®9 is direct or mediated by some
other factor(s), we used a heterologous system i.e., insect (Sf9) cell system for
understanding the protein-protein interaction. In this heterologous system, the interefernce
from the expressed proteins are minimal and thus the observed interactions imply direct in
nature between the interacting proteins. At first, we made different high-titer (P2)
baculoviruses, (detailed protocol is provided in material and method section), which infects
Sf9 cells and produces the specific proteins which they are made for. Subsequent co-
infection with the viruses followed by immunoprecipitation and western blotting confirms
the type (Direct or indirect) of interaction between the two proteins. Here, at first, we co-
infected Sf9 cells with baculoviruses expressing FLAG-FKBP5 and NT-CDK9 (non-tag
CDKO9). Subsequent immunoprecipitation using FLAG-beads and western blotting confirms
that there is direct interaction between FKBP5 and CDK9 proteins (Figure 4.5A). Similar
experiment was done to see the interaction between FKBP5 and CyclinT1. Here we found
that FKBP5 does not interact with CyclinT1(Figure 4.5B). Again, we tried to test if there is
a tri-partite complex formation that could possibly take place. For this assay, we co-infected
Sf9 cells with baculoviruses expressing FLAG-FKBP5, NT-CDK9 and NT-CyclinT1.
Subsequent immunoprecipitation using FLAG-beads and western blotting confirms that
there is direct interaction between FKBP5 and CDK9 proteins but there is no tripartite
complex formation (Figure 4.5C).
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Figure 4.5 Direct-Interaction analysis between FKBP5 and CDKO9/CyclinT1
using insect cell system.

(A) Immunoprecipitation followed by western blot analysis showing the direct
interaction between FKBP5 and CDK9 through their coexpressing in heterologous
insect cell system.

(B) Immunoprecipitation followed by western blot analysis showing no interaction
between FKBP5 and CyclinT1 through their coexpressing in heterologous insect
cell system.

(C) Immunoprecipitation followed by western blot analysis showing specific interaction
of FKBP5 with CDKJ9 through their coexpression in heterologous Sf9 cells. Even
though CyclinT1 expression was as high as CDK9, FKBPS5 failed to interact with it
in this system.

Interaction of FKBP5 is very specific to CDK9 only and not with other

CDKs.
To rule out the possibility of generalized type of interaction of FKBP5 with CDKs, we

wanted to check the FKBP5 interaction with other kinases which are similar to CDKO9.
For this, we chose CDK7 and CDK8 and made baculoviruses expressing FLAG-CDKS8
and FLAG-CDKY7. Subsequently, in first set we co-infected P2-viruses of FLAG-CDK8
and NT-FKBP5 and in other set we co-infected P2-viruse of FLAG-CDK?7 and NT-
FKBP5. Subsequent immunoprecipitation using FLAG-beads and western blotting
confirms that there is no-direct interaction between FKBP5 and CDK8 (Figure 4.6A) or
CDKZ7 proteins (Figure 4.6B).

So, until now, we could conclude that FKBP5 interacts directly with CDK9 and not
with the whole P-TEFb or SEC. FKBP5 specifically interacts with CDK9 and it fails to
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4.1.2.3

show any interaction with other kinases which are similar to CDK9 (e.g., CDKZ7,
CDKa®).

(A) Input IP:FLAG (B) Input IP:FLAG
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Figure 4.6 Direct-Interaction analysis between FKBP5 and CDK7/CDKS8 using a
heterologous insect cell system.

(A) Immunoprecipitation and subsequent western blot analysis demonstrated that when
CDKY and FKBP5 are co-expressed in heterologous Sf9 cells, they do not interact.
Sf9 cells were co-infected with baculoviruses producing the relevant proteins, and
protein lysates were used for immunoprecipitation and subsequent western blotting
with particular antibodies to determine their interaction.

(B) Immunoprecipitation and subsequent western blot analysis demonstrated that when
CDK8 and FKBP5 are co-expressed in heterologous Sf9 cells, they do not interact.
Sf9 cells were co-infected with baculoviruses producing the relevant proteins, and
protein lysates were used for immunoprecipitation and subsequent western blotting

with particular antibodies to determine their interaction.

The TPR1 domain of FKBP5 plays the most important role for its
interaction with CDK®9.

We wanted to identify the domain of FKBP5 which is involved in interaction with
CDK®O. In order to do that, we cloned different deletion fragments of FKBP5 in
different expression vectors (Mammalian, Baculoviral and bacterial) with different
epitope tags (Cloning details is provided in material and method section). Detailed
domain structure has been shown here (Figure 4.7A). At first, we tried to do domain
analysis through co-immunoprecipitation assay in mammalian system (HEK293T). We
co-transfected FLAG-tagged wild-type and different fragments cloned in mammalian
expression vector with HA-tagged CDK9. Subsequent immunoprecipitation using
FLAG-agarose beads followed by western blot clearly shows that the FKBP5-fragment
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devoid of TPR1 domain (Deletion fragment 4, 5) cannot interact with CDK9 (Figure
4.7B).

Further, we also addressed this domain analysis in heterologous system (Sf9 system).
We made baculoviruses expressing FLAG-tagged FKBP5 and all the domains.
Subsequently, we co-transfected these viruses with baculovirus expressing NT-CDKO,
and immunoprecipitation using FLAG-agarose beads followed by western blot shows
the similar result as obtained in mammalian system i.e., FKBP5-fragment devoid of
TPR1 domain (Deletion fragment 4, 5) cannot interact with CDK9 (Figure 4.7C).

The strength of interaction of different fragments of FKBP5 with CDK9 varies between
two systems, which can be justified because of difefrent nature of these two systems for

protein-protein interactions.
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Figure 4.7 Domain analysis of FKBP5 for its interaction with CDKO9.
(A) Cartoon diagram representing the important domains of FKBP5.

(B) The immunoblots representing FKBP5 domains (as indicated) and their interaction
with CDKJ9 through their coexpression in heterologous Sf9 cells.

(C) The immunoblots representing FKBP5 domains (as specified) and their interaction
with CDK9 through their coexpression in mammalian 293T cells and subsequent
immunoprecipitation and western blotting analysis.
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4.1.3 Functional importance of FKBP5 and CDK9 interaction.

4131

Here, in this part of our study, after stablishing the interaction between FKBP5 and CDK®9,
we wanted check the functional importance of this interaction. To explore this arena, we
did different invitro and cell-based assays which finally established FKBP5 as a negative
regulator of transcription. Here, we have successfully shown that, FKBP5 competes with
CyclinT1 to bind with CDK9 and ultimately makes the P-TEFb complex nonfunctional by
dissociating it into CDK9 and CyclinT1. Detailed experimental design and results are

provided here.

Effect of FKBP5 on P-TEFb-mediated phosphorylation activity in vitro.

First of all, we tried to see if FKBP5 have any effect on P-TEFb kinase activity in vitro. To
test this, we designed different type of in vitro kinase assays using different P-TEFb
substrates like Pol Il CTD, NELF complex, and DSIF complex and tried to test the FKBP5
on phopshorylation activity of P-TEFb on these substrates. Our results in this part of study
shows that FKBP5 have negative impact on P-TEFb kinase activity in vitroirrespective of
the type of substrates being used in the assay. Effect of FKBP5 on P-TEFb-mediated

phosphorylation of various substrates are discussed in this section in details.

4.1.3.1.1 Standardization of P-TEFb-mediated kinase assaysin vitro.

On the basis of detection method, we performed two types of in vitro kinase assays, one is
based on kinase reaction followed by western blotting and other is based on kinase reaction
followed by autoradiographic detection. To perform all these assays, we purified all the
required proteins and protein complexes like His-FKBP5, P-TEFb complex, GST-CTD,
NELF complex, and DSIF complex. His-FKBP5, GST-CTD and DSIF complex were
purified using bacterial expression system (detailed purification protocol is provided in
material and method section) (Figure 4.8 A-C). P-TEFb and NELF complexes were
purified using baculoviral expression system (detailed purification protocol is provided in
material and method section) (Figure 4.8 D, E).

First of all, we standardized the phosphorylation assays for estimating proper enzyme
substrate ratio. For that, we fixed the concentration of substrates with varying amount of P-
TEFb to estimating the best possible ratio that could be used for subsequent assays (Figure
48F, G).
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Figure 4.8 Standardization of in vitro kinase assays.

(A) SDS-PAGE Coomassie staining demonstrating the purification of recombinant
His-FKBP5 through its expression in a bacterial expression system.

(B) SDS-PAGE Coomassie staining demonstrating the purification of recombinant
GST-CTD through its expression in a bacterial expression system.

(C) SDS-PAGE, Coomassie staining demonstrating the purification of HIS-DSIF
complex. The complex was purified using a bacterial expression system.

(D) SDS-PAGE coomassie staining demonstrating the purification of the P-TEFb
complex. The P-TEFb complex was purified through the baculovirus-mediated

expression of its subunits in Sf9 cells.

(E) SDS-PAGE coomassie staining demonstrating the purification of the NELF
complex. The NELF complex was purified through the baculovirus-mediated
expression of its subunits in Sf9 cells.

(F) In vitro kinase assay followed by immunoblotting analysis to test the enzymatic
activity of purified P-TEFb complex. GST-CTD was used as a substrate and
antibodies specific to phospho-Ser2 and -Ser5 were used for detecting
phosphorylated GST-CTD protein.

(G) In vitro phosphorylation and subsequent autoradiography analysis showing P-
TEFb-mediated phosphorylation of Spt5 subunit of DSIF complex, NELF-A and
NELF-E subunits of NELF complex. y32P-ATP was used for labelling the P-
TEFb-mediated phosphorylation and subsequently autoradiographed for
detecting phosphorylation events.
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4.1.3.1.2 FKBP5 negatively regulates the phosphorylation activity of P-TEFb in

vitro.

After standardizing in vitro kinases assays, we addressed the effect of FKBP5 on P-
TEFb kinase activity. To perform these assays, we chose standardized concentration of
enzyme and substrate.

First of all, we tested the effect of FKBP5 on P-TEFb-mediated phosphorylation of Pol
Il GST-CTD substrate. We tested this in two different ways, (i) FKBP5-concentration
dependent and (ii) time dependent (Ohrs-4hrs) in presence of constant FKBP5. In
concentration dependent assay, followed by western blotting with a-Ser2P and a-Ser5P
antibodies, we observed that the level of Ser2P and Ser5P significantly goes down when
upon addition of increased concentraton of FKBP5 (Figure 4.9A). Again, in time-
kinetic assay, it was followed by western blotting with a-GST antibody, where in
absence of FKBP5 we found a significant up-shift with the time but there was no shift
observed with the time in presence of FKBP5 (Figure 4.9B). From both of these
experiments, we could clearly state that there is a strong negative effect of FKBP5 on P-
TEFb-mediated kinase activity of GST-CTD substrate in vitro.
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Figure 4.9 Effect of FKBP5 on P-TEFb kinase activity towards Polll-CTD in
vitro
(A) In vitro kinase assay using purified P-TEFb complex, and GST-CTD as substrate
and in presence/absence of purified HIS-FKBP5. Antibodies specific to phospho-
Ser2 and phospho-Ser5 were used for detecting phosphorylated GST-CTD proteins.
(B) In vitro kinase assay using purified P-TEFb complex, and GST-CTD as substrate
and in presence/absence of purified HIS-FKBP5. Antibody specific to GST was
used for detecting shift of phosphorylated GST-CTD proteins.
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4.1.3.1.3 There is no substrate specificity for FKBP5-mediated inhibition of P-
TEFDb kinase activity.

After observing strong negative effect of FKBP5 on P-TEFb kinase activity towards Pol
Il CTD phosphorylation, we addressed the substrate specificity of this inhibition. In
order to study that, we chose other two well-known P-TEFb substrates i.e., DSIF
complex and NELF complex. Again, two different kinase assays wereperformed with
these two substrates in presence of FKBP5 and assay was followed by auto-
radiography. Here also, not to our surprise, a very strong negative effect of FKBP5 was
observed on P-TEFb kinase activity towards phosphorylation of Spt5 subunit of DSIF
complex (Figure 4.10A) and NELF-A and NELF-E subunits of NELF complex (Figure
4.10B).

With these observations, it was concluded that FKBP5 have strong negative effect on P-
TEFb kinase activity without any substrate specificity. Model depiting the inhibition of
P-TEFb kinase activity by FKBP5 on diverse substrates is presented in Figure. 4.10(C).
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Figure 4.10 Effect of FKBP51 on P-TEFb kinase activity towards different substrates
of P-TEFb.

(A) In vitro phosphorylation and subsequent autoradiography analysis showing inhibition of P-
TEFb-mediated phosphorylation of Spt5 subunit of DSIF complex by FKBP5. y32P-ATP was
used for labelling the P-TEFb-mediated phosphorylation and subsequently autoradiographed
for detecting phosphorylation events.

(B) In vitro phosphorylation and subsequent autoradiography analysis showing inhibition of P-
TEFb-mediated phosphorylation of NELF-A and NELF-E subunits of NELF complex by
FKBP5. y32P-ATP was used for labelling the P-TEFb-mediated phosphorylation and
subsequently autoradiographed for detecting phosphorylation events.

(C) Cartoon diagram representing substrate independent inhibition of P-TEFb kinase activity by
FKBPS5.
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4.1.3.1.4 TPR1 domain of FKBP5 also plays the most important role for its

inhibitory action towards kinase activity of P-TEFb in vitro.

After establishing FKBP5 as a negative regulator of P-TEFb kinase activity invitro,
domain analysis of FKBP5 was performed to find out the specific domain, which is
responsible for this inhibition. In order to do that, we purified all the deletion fragments
of FKBP5 using bacterial expression system (Figure 4.11A, B). Subsequently, we used
equal molar amount of all the fragments in kinase assay using GST-CTD substrate and
P-TEFb, which was followed by western blotting to address inhibitory capacity of
different deletion fragments on phosphorylation level of Pol Il CTD. In this assay, we
found out that the fragments devoid of TPR1 domain have least inhibitory capacity
(Figure 4.11C).

Here, the point to be noticed is that the same domain of FKBP5 which is responsible for
interaction with CDKQ is also responsible for inhibitory action of FKBP5 on P-TEFb.
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Figure 4.11 Identification of FKBP5 domain responsible for P-TEFb activity
inhibition

(A) Cartoon diagram representing the important domains of FKBP5.

(B) SDS-PAGE Coomassie staining demonstrating the purification of recombinant His-
FKBP5 domains through their expression in a bacterial expression system.

(C) In vitro phosphorylation and subsequent Western blot analysis demonstrate the
influence of distinct FKBP5 domains on the suppression of P-TEFb-mediated
phosphorylation of Pol Il CTD at Ser2 and Ser5 residues. Each reaction mixture
included 30 mM GST-CTD, 15 mM P-TEFb in each lane, and 250 ng of purified
FKBP5 (full-length and deletion segments).
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4.1.4 Global effect of FKBP5 on P-TEFb activity within mammalian cells.

4141

Since we could successfully show that FKBP5 interacts with CDK9 and that this
interaction is critical for its inhibitory effect on P-TEFb-mediated phosphorylation
activity of diverse substrates, we also wanted to address whether this phenomenon would
also be observed within mammalian cells. In this section, we discuss several
experimental results showing role of FKBP5 in regulation of P-TEFb-mediated functions

within mammalian cells and its implications in target gene expression.

Knockdown of FKBPS5 in different cell lines

We generated sh-RNA-mediated stable FKBP5 knockdown in different cell lines to
study the global effect on P-TEFb-mediated functions within mammalian cells (detailed
protocol for making stable knockdown cell line is discussed in material method
section). Knockdown efficiency was very high and protein level was checked through

western blotting (Figure 4.12A-C).

HEK-293T PC3 HCT116

W . S

(]

s §§§484

§ &8 2 &2 & 82

§F & & & & & '

(%) (%) (%) (%) (%) 1)

[w o w—— | -FKBP5

D....- | a-Actin

Figure 4.12 knocking down FKBP5 in different cell lines using a lentiviral

system.

(A) Immunoblot assay demonstrating the stable knockdown of FKBP5 within
mammalian 293T cells using multiple using short hairpin RNA (shRNA).

(B) Immunoblot assay demonstrating the stable knockdown of FKBP5 within
mammalian PC3 cells using multiple using short hairpin RNA (shRNA).

(C) Immunoblot assay demonstrating the stable knockdown of FKBP5 within
mammalian HCT116 cells using multiple using short hairpin RNA (shRNA).
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4.1.4.2 Effect of FKBP5 knockdown on phosphorylation of P-TEFb targets

inside the mammalian cell.

P-TEFb is known to regulate target gene expression by phosphorylating Pol 1l CTD at
Ser2 and Ser5 position of heptad repeat (YSPTSP), Spt5 subunit of DSIF complex and
NELF-A, NELF-E subunits of NELF complex. As it has already been shown earlier
through in vitro analysis in this study that FKBP5 negatively regulates P-TEFb-
mediated phosphorylation of GST-CTD substrate, we addressed the effect of FKBP5
knockdown on P-TEFb activity towards phosphorylation of Pol Il CTD substrate inside
the mammalian cells. Through western blotting we checked the change in level of
phosphorylation of Ser2 ad Ser5 of Pol Il CTD in FKBP5 knockdown condition.
Immunoblotting analyses using whole cell extract clearly showed that upon FKBP5 knockdown
there was a substantial increase in global Pol IICTD phosphorylation at both Ser2 and
Ser5 residues when it was compared to control knockdown cells (Figure 4.13 A and B
for quantitation). We also observed a significant increase in global Polll level, which
may result in increased Ser2P and Ser5P levels. The other possibility is that, increased
Ser2P and Ser5P level has earlier been shown to protect Pol Il from proteasomal
degradation by E3 ubiquitin ligase Defl (Somesh et al. 2005). Normaization of increase
in total Ser2P and Ser5P with that of total Pol 11 nonetheless showed modest increase in
Ser2P and Ser5Pwithin mammalian HEK293T cells (Figure 4.13C).

Further we also addressed the cell-type specificity of the global changes observed upon
FKBP5 knockdown in HEK293T. Similar results were also observed when we
performed knockdown of FKBP5 in colon carcinoma cell line (HCT116) cell line
(Figure 4.13 D and E, F for quantitation) as well as prostate cancer (PC3) cell line
(Figure 4.13 G and H, I for quantitation) and thus rules out the observed global effect

observed on FKBP5 to be limited to the only cell type i.e., mammalian 293T cells.
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Figure 4.13 Global negative effect of FKBP51 on P-TEFb mediated phosphorylation
in different cell lines.

(A) The impact of stable FKBP5 knockdown on global levels of several variables (as stated)
within mammalian 293T cells is shown by immunoblot analysis.

(B) Densitometric quantification of various protein levels (as indicated) in control (scramble)
and FKBP5 knockdown in mammalian 293T cells (as shown in Figure. 4.13 A). In our
experiments, actin levels were employed as an internal control and for standardization.

(C) Quantification of the relative amount of increase in the phosphorylated Ser2 and Ser5
forms of Pol Il in mammalian 293T cells, normalized to the total quantity of Pol Il (as
shown in Figure. 4.13 A).
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(D) The impact of stable FKBP5 knockdown on global levels of several variables (as stated)
within mammalian HCT116 cells is shown by immunoblot analysis.

(E) Densitometric quantification of various protein levels (as indicated) in control (scramble)
and FKBP5 knockdown in mammalian HCT116 cells (as shown in Figure. 4.13 D). In our
experiments, actin levels were employed as an internal control and for standardization.

(F) Quantification of the relative amount of increase in the phosphorylated Ser2 and Ser5
forms of Pol Il in mammalian HCT116 cells, normalized to the total quantity of Pol Il (as
shown in Figure. 4.13 D).

(G) The impact of stable FKBP5 knockdown on global levels of several variables (as stated)
within mammalian PC3 cells is shown by immunoblot analysis.

(H) Densitometric quantification of various protein levels (as indicated) in control (scramble)
and FKBP5 knockdown in mammalian PC3 cells (as shown in Figure. 4.13 G). In our
experiments, actin levels were employed as an internal control and for standardization.

(1) Quantification of the relative amount of increase in the phosphorylated Ser2 and Ser5
forms of Pol 1l in mammalian PC3 cells, normalized to the total quantity of Pol Il (as
shown in Figure. 4.13 G).

4.1.4.3 Global changes observed upon FKBP5 knockdown are dependent on
its interaction with CDKO.

Next, we addressed whether the effects observed upon FKBP5 knockdown on global
increase in Pol 11 CTD Ser2 and Ser5 phosphorylation were specific to FKBP5 effect on P-
TEFD activity or represents an indirect effect. In order to address that, we re-expressed wild
type (WT) FKBP5 in stable FKBP5 knockdown cells. Re-expressing WT FKBP5 reverses
the effects observed upon FKBP5 knockdown on global increase in Pol Il CTD Ser2 and
Ser5 phosphorylation. More importantly, when we re-expressed the FKBP5 fragment (1-
157), which does not interact with CDK9 (shown earlier), it could not reverse the effect
observed upon FKBP5 knockdown, even when it is expressed higher than wild type (Figure
4.14 A and B for quantification).

So, these results also indicate that there is an important role of interaction between FKBP5
and CDK®9 in the overall inhibitory effect of FKBP5 on P-TEFb kinase activity on Pol 11

GST-CTD substrate that we observed in vitro and in vivo within mammalian cells.
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Figure 4.14 Reexpression of FKBP5 reverses the effects of its knockdown in
mammalian 293T cells and this reversal effect is dependent on the CDK9
interacting domain of FKBP5.

(A) Immunoblot examination of the effect of reexpression of full-length and CDK9
interaction-deficient FKBP5 proteins on the global levels of different factors in
FKBP5 knockdown 293T cells, as indicated.

(B) Quantification of the relative amount of changes in the phosphorylated Ser2 and Serb
forms of Pol Il in mammalian 293T cells. In this experiment, actin levels were
employed as an internal control and for standardization.

4144 FKBP5 regulates global Pol 1l CTD phosphorylation within

mammalian cells in HSP90-independent manner.

The function of FKPP5 is well characterized as a co-chaperone of HSP90 (Fries,
Gassen, and Rein 2017), which assists protein folding, trafficking and proteasomal
degradation. Further, HSP90 has also been shown to assist CDK9 folding and
stabilizing as client protein (Bacon and D’Orso 2018). Therefore, there is a possibility
that, in FKBP5 knockdown condition there is enhanced activity of HSP90 towards
folding of its client protein CDKO9, resulting in production of higher level of active pool
of P-TEFb complex which ultimately results in increased Pol Il Ser2 and Ser5
phosphorylation as observed in different cell lines.

To test this HSP90-dependent effect upon FKBP5 knockdown, we designed two

different experiments. In first approach, we used a chemical inhibitor of HSP90 i.e.,
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Geldanamycin. We treated stable FKBP5 knockdown cells with geldanamycin and,
through subsequent western blotting, we tested the effect on global changes of Pol Il
Ser2 and Ser5 phosphorylation which we observed in FKBP5 knockdown condition.
We observed that the treatment with geldanamycin reduces the level of CDK9, a known
effect as reported earlier (Citri et al. 2006), however, it fails to show any effect on
global increase in Pol Il Ser2 and Ser5 phosphorylation (Figure 4.15 A). In our second
approach, we tried to see the change in association between HSP90 and CDK9 in
FKBP5 knockdown condition. For this, we overexpressed FLAG-CDK9 ectopically in
FKBP5 knockdown cell line and in control scramble knockdown cell line. Subsequent
immunoprecipitation using FLAG beads followed by western blotting shows no
difference in HSP90-CDK9 association upon FKBP5 knockdown when compared to
scramble control (Figure 4.15 B).
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Figure 4.15 FKBP5 mediated P-TEFb inhibition is HSP90 independent.

(A) Immunoblot analysis of the effect of geldanamycin treatment (5 mM final
concentration) on the global level of Pol Il CTD phosphorylation in 293T cells in
FKBP5 knockdown cells. The CDK9 level was employed as a control for the
geldanamycin treatment.

(B) Immunoblot analysis showing the effect of FKBP5 knockdown on the interaction
between ectopically expressed FLAG-CDK?9 and endogenous HSP90 compared to
that in control scramble cells.
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4.1.5 Mechanism of FKBP5 mediated P-TEFb inhibition:

415.1

Our earlier results have shown that FKBP5 has an inhibitory role in regulation of P-
TEFb function in vitro as well as within mammalian cells. We have also shown that
interaction between FKBP5 and CDK9 plays an important role in this inhibitory effect
of FKBP5. In HEK?293T cells, it has also been shown that the global changes observed
in level of Pol Il Ser2 and Ser5 phosphorylation upon FKBP5 knockdown, is
independent of HSP90. Still the mechanism behind this inhibitory effect of FKBP5 on
P-TEFb need to be explored. In this section, we describe the essential mechanism of

functions of FKBP5 towards negative regualtion of functions of P-TEFb complex.

FKBP5 does not interact with P-TEFb substrates:

It’s a very common phenomena and there are several studies which show the site
inhibitors binds to the substrates and thus block the access to the effector proteins for
performing their site-specific modifications. In order to explore the working mechanism
behind FKBP5 mediated P-TEFb inhibition, we initially addressed whether FKBP5
interacts with the substrates of P-TEFb and thus blocks the site of phosphorylation. At
first, we did interaction analysis between FKBP5 and Pol 11 CTD in vitro. For this
interaction analysis we purified His-FKBP5 and GST-CTD. Subsequently, we
performed in vitro interaction analysis (detailed protocol has been described in material
method section) followed by western blotting. In this assay, we haven’t observed any
interaction between FKBP5 and Pol Il CTD (Figure 4.16 A, B, E)

Again, we tested interaction of FKBP5 with other substrates of P-TEFb i.e., DSIF
complex and NELF complex. For these assays we purified GST-FKBP5, DSIF complex
and NELF complex (detailed purification protocol has been described in material
method section). Subsequently, we performed in vitro interaction analysis separately
for both the substrates (detailed protocol has been described in material method section)
followed by western blotting. In both of these assays we neither found any interaction
between FKBP5 and Spt5 subunit of DSIF complex nor with NELF-A or NELF-E
subunits of NELF complex which are known to get phosphorylated by P-TEFb (Figure
4.16 A, C, D, F and G). Thus, we can conclude from our results that the substrate
blocking mechanism does not play any role in this case of inhibition of P-TEFb by
FKBP5.
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Figure 4.16 Interaction analysis of FKBP5 with different P-TEFb substrates.

(A) SDS-PAGE Coomassie staining demonstrating the purification of recombinant
His-FKBP5 through its expression in a bacterial expression system.
(B) SDS-PAGE Coomassie staining demonstrating the purification of recombinant
GST-CTD through its expression in a bacterial expression system.

(C) SDS-PAGE coomassie staining demonstrating the purification of the NELF
complex. The NELF complex was purified through the baculovirus-mediated
expression of its subunits in Sf9 cells.
(D) SDS-PAGE, Coomassie staining of purified HIS-DSIF complex, GST, and GST-
FKBPS5. These proteins were purified using a bacterial expression system.

(E) Immunoblotting analysis of in vitro interaction assay showing failure of GST-CTD
to interact with FKBP5.

(F) Immunoblotting analysis of in vitro interaction assay showing failure of NELF
complex to interact with FKBP5.

(G) SDS-PAGE Coomassie staining of in vitro interaction assay showing failure of
DSIF complex to interact with FKBP5.
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4.15.2

FKBP5 does not have phosphatase activity.

As we discussed earlier that P-TEFDb is a kinase which phosphorylates its substrates,
which have their different downstream effects. In this study until now, through many in
vitro assays, we have already shown that in presence of FKBP5 reduces kinase activity
of P-TEFb. As we already ruled out the possibility of substrate blocking mechanism of
inhibition, there is strong possibility for a P-TEFb inhibitor (FKBP5) to have
phosphatase activity and thus resulting in reduced level of substrate phosphorylation as
observed. We applied two different approaches to examine the phosphatase activity of
FKBP5 in vitro. In first assay, we applied autoradiography-based assay, where P-TEFb
was incubated with radioactive ATP (P*%) to get auto-phosphorylated at CDKO.
Subsequently, FKBP5 was added to the reaction mix and incubated for 2hrs.
Autoradiography was done to visualize the changes in CDK9 phosphorylation level. But
we could not observe any decrease in intensity of CDK9 phosphorylation signal with
increasing FKBP5 (Figure 4.17A). So, based on this assay, we can presume that FKBP5
does not have any phosphatase activity (at least towards auto-phosphorylated CDK9).
Further, another different type of colorimetric assay was done to test the phosphatase
activity of FKBP5, where PNPP (Para Nitro Phenyl Phosphate) was used as substrate
and calf intestinal phosphatase (CIP), bovine serum albumin (BSA) was used as positive
and negative control respectively. Here also, consistent with our earlier observation, we
couldn’t see any phosphatase activity of FKBP5 (Figure 4.17B, C).

Thus, we conclude that FKBPS doesn’t have any phosphatase activity and it has already
been shown that it does not function as substrate blocking mechanism of P-TEFb
inhibition. So, there could possibly be some other mechanism by which FKBP5
negatively regultes kinase activity of P-TEFb. These aspects are explored in our

subsequent assays.
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Figure 4.17 In vitro phosphatase assays to test phosphatase activity of FKBP5.
(A) Autoradiograph showing failure of FKBP5 possessing any phosphatase activity.
Pre-phosphorylated (using ATP*?) CDK9 was used as a substrate in an in vitro

phosphatase assay.
(B) In vitro Colorimetric Phosphatase assay showing failure of FKBP5 possessing any

phosphatase activity.
(C) Quantification of colorimetric phosphatase assay.

4.1.5.3 FKBP5 and CyclinT1 interact with the same domain of CDKO.
There was an indication in interaction analysis of FKBP5 with CDK9 and CyclinT1 in

Sf9 system that FKBP5 and CDKJ9 probably interacts with the same domain of FKBP5
(as there was no interaction between CyclinT1 and CDK9 when FKBP5 was present).
Later on, through different assays, we observed a strong negative effect of FKBP5 on P-
TEFb kinase activity. Taking these two observations together, we can presume that
there might be competition between FKBP5 and Cyclin T1 to interact with CDKO, if
both the proteins interact with the same domain of FKBP5. For addressing this, we
performed domain analysis of CDKO for its interaction with FKBP5 and CyclinT1. In
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order to do the domain analysis, we cloned different fragments (Figure 4.18 A) of
CDKO to express in different systems.

Subsequently, for domain analysis of CDK9 for its interaction with FKBP5 in Sf9
system, we generated P2-baculoviruses expressing CDK9 fragments as FLAG-tag and
co-infected with P2-bacculoviruses of NT-FKBP5 (non-tag FKBP5). Subsequent
immunoprecipitation followed by western blotting showed that extreme N-terminus (1-
31 aa) of CDKO9 interacts with FKBP5 (Figure 4.18 B). Again, in similar set of
experiment in Sf9, P2-baculoviruses expressing CDK9 fragments as FLAG-tag were
co-infected with P2-bacculoviruses of NT-CyclinT1 (non-tag Cyclin T1). Subsequent
immunoprecipitation followed by western blotting showed that the same extreme N-
terminus (1-31 aa) of CDK®9 interacts with CyclinT1 too (Figure 4.18 C).

As both of the above-mentioned assays were done in a heterologous system i.e., Sf9
system, we wanted to confirm these results in mammalian system (in HEK293T cells).
In order to address this, we transfected CDK9 fragments expressing as FLAG-tag in
HEK293T. Subsequent immunoprecipitation using FLAG beads followed by western
blotting with FKBP5 antibody again showed the similar result as obtained from Sf9
system, i.e., N-terminal 1-31 aa of CDK9 interacts with FKBP5 (Figure 4.18 D). In the
same assay western blotting with CyclinT1 antibody also showed the similar result as
obtained in Sf9 system i.e., N-terminal 1-31aa of CDK9 interacts with CyclinT1 (Figure
4.18 E). These analyses strongly indicate presence of competition between FKBP5 and
Cyclin T1 to interact with CDK9 possibly leading to disruption of P-TEFb complex and

thus ultimately negatively regulating its functions.
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Figure 4.18 Domain analysis of CDK®9 for its interaction with FKBP5 and CyclinT1.

(A) Cartoon graphic depicting the several functional domains of CDKO9 that are critical for its
activities. NLD stands for nuclear localization domain. ATP-binding site (amino acids 26-31);
PITALRE (amino acids 60-66); p53-binding site (amino acids 1-82).

(B) Domain analysis of CDKO9 for its interaction with FKBP5 in Sf9 cells using baculovirus-
mediated expression (using several domains as indicated). Sf9 cells were co-infected with the
baculoviruses as specified followed by immunoprecipitation and subsequent Western blotting
for identifying their interaction within this heterologous system.

(C) Domain analysis of CDKO9 for its interaction with CyclinT1 in Sf9 cells using baculovirus-
mediated expression (using several domains as indicated). Sf9 cells were co-infected with the
baculoviruses as specified, followed by immunoprecipitation and subsequent Western blotting
for identifying their interaction within this heterologous system.

(D), (E) Domain analysis of CDK®9 for its interaction with FKBP5 and CyclinT1 in mammalian
293T cells. Cells were transfected with plasmids expressing different CDK9 domains with
FLAG tag, and cell lysates were immunoprecipitated and analyzed using factor-specific
antibodies for determining their interaction inside 293T cells.
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4.1.5.4 FKBP5 and CyclinT1 compete with each other for their binding to

CDKQ9 in vitro and in vivo.
As of now, in several assays, there is an indication of competition between FKBP5 and
CyclinT1 for interaction with CDKO9. Further, we designed experiments to explore this

possibility which can explain the FKBP5 mediated inhibition of P-TEFb functions.

In the initial analysis in HEK293T cells, we co-transfected equal amount of FLAG-
CDKQ9 construct and increasing amount of GAL-FKBP5 construct to test whether
increased expression and subsequent binding of FKBP5 with CDK9 would reduce its
binding with endogenous CyclinT1. Subsequent, immunoprecipitation using FLAG
beads followed by western blotting showed decreased association between CDKO-
CyclinT1 on increased expression and binding of FKBP5 with CDK9 and thus
indicating presence of competition between FKBP5 and CyclinT1 for interaction with
CDKOQ (Figure 4.19A compare lane 3 vs 5). In vice versa experiment, where increasing
expression of HA-CyclinT1 was transfected with fixed expression of FLAG-CDK9 was
used to test whether increased expression and subsequent binding of CyclinT1 with
CDK9 CDK9 would reduce its binding with endogenous FKBP5. FLAG-CDK9
immunoprecipitation followed by western blotting showed decreased association
between CDK9-FKBPS5 on increased expression of CyclinT1 and its binding to CDKO.
Here also, clear competition can be seen between FKBP5 and CyclinT1 for interaction
with CDK9, as increased expression and thus binding of CyclinT1 concomitantly
reduced CDK9 interaction with endogenous FKBP5 (Figure 4.19 B compare lane 3 vs
5).

Above-mentioned competition assays have been done through ectopically expressed
factors, which can differ from normal cellular conditions. Therefore, to explore the
scenario in normal cellular condition, immunoprecipitation of endogenous CDK9 was
done using stable FKBP5 knockdown cells followed by western blotting. In this
analysis, when compared with control scramble, we observed significantly increased
CDK®9 associated CyclinT1 in FKBP5 knockdown cells (Figure 4.19C compare lane 2
vs 3). To confirm that these effects are because of FKBP5-CDKY interaction, we co-
transfected HA-CDK9 and full-length FKBP5 (FL-FKBP5) and CDKO9-interaction
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deficient domain in equal amount followed by HA-immunoprecipitation to test
endogenous CyclinT1 interaction with CDK9. Here also we found that CDK9
interaction deficient domain of FKBP5 did not have any effect on CDK9-CyclinT1
interaction (Figure 4.19D), whereas, the full-length FKBP5 showed reduced interaction
between CDK9 and endogenous CyclinT1.

Inside the cell there are multiple other factors which can have their direct or indirect
effect on interaction between two proteins. To rule out the possibility of unknown
factors affecting the overall interaction and thus our interpretation, we performed
competition assay with purified proteins in vitro. For this we purified FLAG-CDK9
from HEK293T, His-FKBP5 and GST-CyclinT1 using bacterial system (purification
protocols are described in material method section) (Figure 4.20A, B, C). Before
performing in vitro competition assays we wanted to check the strength of in vitro
interaction between CDK9-FKBP5 as well as CDK9-CyclinT1. At first, in vitro
interaction analysis was performed using bead-bound FLAG-CDK?9 and purified His-
FKBP5 in presence of BSA. We observed a very strong interaction between CDK?9 and
FKBP5 (Figure 4.20 D). Similar in vitro interaction analysis using bead-bound FLAG-
CDK9 and purified GST-CyclinT1 in presence of BSA also showed a very strong
interaction between CDK9 and CyclinT1 (Figure 4.20E). Next, we designed different in
vitro competition assays using purified proteins, to show the competition between
FKBP5 and CyclinT1. In our in vitro assay, we have used bead-bound FLAG-CDK9
and added equal amount of GST-CyclinT1 with increasing amount of His-FKBP5.
After incubation for binding, western blot analysis was peerformed that showed
decreased CDK9 binding with CyclinT1 with increasing binding of FKBP5 (Figure
4,20F). Similar experiment was performed with bead-bound FLAG-CDK9, equal
amount of His-FKBP5 and increasing amount of GST-CyclinT1. After incubation for
binding western blot analysis was performed that showed decreased CDK9 binding with
FKBP5 upon increasing CyclinT1 (Figure 4.20G).
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Figure 4.19 FKBP5 and CyclinT1 compete with each other for their binding to

CDKO in vivo within mammalian cells.

(A) Immunoblotting analysis showing the effect of FKBP5 overexpression on association of
CDKO9 and CyclinT1 in mammalian 293T cells.293T cells were co-transfected with the
indicated plasmids, and cell lysates were immunoprecipitated using epitope tag-specific
agarose beads, followed by western blotting analysis using factor-specific antibodies to
identify their interaction.

(B) Immunoblotting analysis showing the effect of CyclinT1 overexpression on association
of CDK9 and FKBP5 in mammalian 293T cells.293T cells were co-transfected with the
indicated plasmids, subsequent immunoprecipitation using epitope tag-specific agarose
beads, followed by western blotting analysis using factor-specific antibodies to identify
their interaction.

(C) Immunoblotting assay demonstrating the effect of FKBP5 knockdown on endogenous
CDKO9-CyclinT1 interaction. Endogenous CDK9 was immunoprecipitated with a
CDKO antibody, and its interaction with endogenous CyclinT1 was determined using
western blotting.

(D) Immunoblotting analysis of the effect of FL-FKBP5 and CDK9 interaction-defective (1-
157 amino acids) FKBP5 proteins on ectopically expressed CDK9 and endogenous
CyclinT1 association in 293T cells. 293T cells were co-transfected with the indicated
plasmids, subsequent immunoprecipitation using epitope tag-specific agarose beads,
followed by western blotting analysis using factor-specific antibodies to identify their
interaction.

116




4155

FKBP5 can dissociate preformed P-TEFb complex into CDK9 and

CyclinT1.

Until now, FKBP5 has been shown to compete with CyclinT1 to bind with CDK9. Now
we wanted to examine the potential of FKBP5 to dissociate preformed P-TEFb
complex, which will provide more realistic explanation of FKBP5-mediated inhibition
of P-TEFb complex function. In order to do that we applied two approaches to get
preformed, bead-bound P-TEFb which we used in subsequent dissociation assays. In
first approach, we reconstituted P-TEFb through in vitro binding assay using purified
FLAG-CDK9 and GST-CyclinT1. Subsequent incubation of this preformed complex
with increasing amount of purified FKBP5 and downstream western blotting analyese
showed that FKBP5 have potential to dissociate CyclinT1 from the preformed P-TEFb
(Figure 4.20 H, I). In second approach, we purified preformed P-TEFb from whole cell
lysate. Again, similar experiment was done where addition of increasing amount of
FKBP5, and subsequent analysis by western blotting showed same result that FKBP5
have potential to dissociate CyclinT1 from preformed P-TEFb complex from
mammalain cells (Figure 4.20J).

Thus, with all these results mentioned until now, we have established the mechanism of
regulation of P-TEFb complex functions by FKBP5 through a competition model that
shows presence of competition between FKBP5 and CyclinT1 for their binding to
CDKO9 resulting in FKBP5 dissociating CyclinT1 fron available P-TEFb complex in
vitro as well as in vivo within mammalian cells. This mechanism clearly explain the
negative role of FKBP5 in regulation of P-TEFb functions as observed in multiple of

our studies presented earlier (Figure 4.20K).
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Figure 4.20 In vitro competition assays showing competition between FKBP5 and

CyclinT1 .

(A) SDS-PAGE Coomassie staining demonstrating the purification of FLAG-CDK9
through overexpression in mammalian 293T cells and subsequent purification in high
salt buffer conditions.

(B) SDS-PAGE Coomassie staining demonstrating the purification of recombinant His-
FKBPS5 through its expression in a bacterial expression system.

(C) SDS-PAGE Coomassie staining demonstrating the purification of recombinant GST-
CyclinT1 through its expression in a bacterial expression system.

(D) Immunoblotting analysis showing a direct interaction between CDK9 and FKBP5. In
this in vitro interaction analysis, purified recombinant CDK9 and FKBP5 proteins
were utilized and added as stated.

(E) Immunoblotting analysis showing a direct interaction between CDK9 and cyclin T1.
In thisin vitro interaction analysis, purified recombinant CDK9 and cyclin T1
proteins were utilized and added as stated.

(F) An immunoblotting analysis demonstrating the effect of increasing FKBP5 on CDK9
and CyclinT1 interaction in vitro. Purified recombinant FKBP5, CDK?9 and cyclin T1
proteins were utilized and added as stated.

(G) An immunoblotting analysis demonstrating the effect of increasing CyclinT1 on
CDK9 and FKBPS5 interaction in vitro. Purified recombinant FKBP5, CDK9 and
cyclin T1 proteins were utilized and added as stated

(H) Cartoon diagram depicting the strategy for the in vitro dissociation assay.

() In vitro dissociation assay showing the effect of the addition of FKBP5 in
dissociating Cyclintl from preformed P-TEFb complex. Purified, bead-bound P-
TEFb complex obtained through the recombinant expression of FLAG-CDK9 and
GST-cyclin T1.

() Invitro competition assay showing inhibition of P-TEFb complex formation from its
constituents in the presence of the FKBP5. Purified recombinant FKBP5, CDK9 and
cyclin T1 proteins were utilized and added as stated.

(K) Cartoon diagram depicting the presence of competition between CyclinT1 and
FKBPS5 for their interaction with CDKO.

4.1.6 FKBPS5 regulates expression of diverse sets of genes.
From our initial experiments and observations, we established mechanistic understanding
of negative regulation of P-TEFb functions by FKBP5. Next, we were interested to explore
the role this regulation on expression of global P-TEFb target genes. In order to study that,
we used stable FKBP5 knockdown cell line to perform RNA-seq analysis to identify the

set of genes, expressions of which are being affected upon FKBP5 knockdown.
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Transcriptomic analysis of FKBP5 knockdown cell line revealed a set of 219 upregulated
genes (with p <0.5) and a set of 145 downregulated genes (with p <0.5) when compared
with control. A heatmap showing some of these genes presented in Figure 4.21(B).
Interestingly, when we performed gene-ontology analysis (using Database for Annotation,
Visualization and Integrated Discovery (DAVID) software) of this RNA-seq data to
identify and classify the biological processes affected by these genes, we observed strong
association of multiple upregulated genes in several cellular processes including Pol Il1-
mediated transcriptional control, cellular proliferation, cellular differentiation and many
other important cellular processes (Figure 4.21(C)). However, the downregulated gene sets
were primarily associated with different metabolic processes as observed in our analyses.
These RNA-seq analyses clearly indicate that there is definite role of FKBP5 in regulation
of Pol Il-mediated transcriptional process for expression of set of those genes which are
majorly involved in cellular proliferation and differentiation processes. Thus, our
subsequent studies are designed to explore mechanisms of these regulations in details for
regulation of target gene expression by FKBP5 through regulation of P-TEFb-mediated
phosphorylation activity.
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Figure 4.21 FKBP5 knockdown enhances the expression of a large no of
proliferation-related genes.

(A) Immunoblot showing sh-RNA mediated FKBP5 knockdown in mammalian 293T
cells. These cells were used for RNAseq analysis.

(B) Heatmap demonstrating the effect of FKBP5 knockdown on the expression of
selected target genes compared to their expression in control scramble cells. Log2FC
denotes fold change on a Log?2 scale.

(C) Gene Ontology (GO) analysis predicting the connection of up-regulated and down-
regulated genes with diverse biological processes after FKBP5 knockdown.

FKBP5 level regulates the expression of P-TEFb target, proliferation-

related, genes.

Based on the results obtained from RNA-seq analysis, where we observed that upon
FKBP5 knockdown, there was upregulation in a subset of genes which are directly
involved in controlling cellular proliferation, cellular differentiation and many other
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cellular pathways. We were further interested to decipher the molecular mechanism
behind this upregulation of the set of genes (in FKBP5 knockdown condition) which are
involved in regulating cellular proliferation. In order to do that, we performed
quantitative real time PCR (qRT-PCR) analyses in FKBP5 knockdown condition as
well as in condition where FKBP5 was re-expressed in knockdown cells.

Knockdown of FKBP5 in different mammalian cell lines enhances the

expression of a set of proliferation related genes.

We performed quantitative real time PCR (qRT-PCR) analyses for multiple
proliferation related genes in FKBP5 knockdown condition in HEK293T cells, that
confirmed upregulation of multiple genes which are primarily involved in regulation of
cellular proliferation. Role of two of these critical genes, CCND1 and C-MYC, which
encodes CyclinD1 and c-Myc proteins respectively, have been extensively studied as
master regulators of expression of global target genes. Along with these to key
regulatory genes, many other key regulatory genes of cellular proliferation including
CDKNI1A, CDKNIB, MDM2, E2F2 have been observed to be upregulated upon FKBP5
knockdown. Upregulation of these genes are specific because, at the same time
exxpression of several other genes like RGS2, MAP2, LDLR failed to show any
significant change in their expression upon FKBP5 knockdown (Figure 4.22A).

Again, to rule out the cell-type specificity of the observed up-regulation of proliferation
related genes upon FKBP5 knockdown, we performed quantitative real time PCR (QRT-
PCR) analyses for most of the above-mentioned genes in FKBP5 knockdown condition
in Prostate Cancer (PC3) cells, which confirmed upregulation of these genes in PC3
cells as well which rules out the cell-type specific effect of FKBP5 knockdown (Figure
4.22B).
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Figure 4.22 FKBP5 knockdown triggers the expression of several p-TEFb
target genes in different cell lines.

(A) The gRT-PCR analysis confirmed a significant increase in mRNA expression of
target genes involved in cellular proliferation in mammalian 293T cells upon
FKBP5 knockdown. Each biological replication has n = 2 biological replicates
and 3 PCR replicates.

(B) The gRT-PCR analysis confirmed a significant increase in mRNA expression of
target genes involved in cellular proliferation in mammalian PC3 cells upon
FKBP5 knockdown. Each biological replication has n = 2 biological replicates
and 3 PCR replicates
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4.1.6.1.2 Re-expression of FKBP5 reverses the effect of FKBP5 knockdown on

expression of target genes.

Subsequently, we wanted to test the specificity of the observed effects on target gene
expression in FKBP5 knockdown condition. | order to do that, in FKBP5 knockdown
cell-line, we re-expressed WT-FKBP5 in one set, and in other set, we re-expressed the
CDKO interaction-deficient FKBP5 mutant (1-157 amino acids). Western blotting was
performed and protein expressions were checked before the RT-PCR analysis (Figure
4.23 A). Interestingly, re-expression of WT- FKBP5 reversed the effect of FKBP5
knockdown as shown for two target genes (CCND1 and E2F2), within 293T cells,
whereas, the CDK9 interaction-deficient FKBP5 mutant (1-157 amino acids) failed to
do so (Figure 4.23 B). These results clearly show that the overall effect of FKBP5
knockdown on increased target gene expression is specific to the FKBP5 mediated

transcriptional control through controlling P-TEFb activity.
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Figure 4.23 Effect of FKBP5 knock-in on target gene expression.

(A) gRT-PCR analysis of the effect of reexpression of full-length and CDK9
interaction-defective FKBP5 proteins on mRNA expression of CCND1 gene in
FKBP5 knockdown cells. Each biological replication has two biological replicates
and three PCR replicates.

(B) gRT-PCR analysis of the effect of reexpression of full-length and CDK9
interaction-defective FKBP5 proteins on mRNA expression of E2F2 gene in
FKBP5 knockdown cells. Each biological replication has two biological replicates
and three PCR replicates.
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4.1.7 Level of CDK9 within HEK293T controls the expression of a

41.7.1

set of proliferation related genes.

To further strengthen and establish hypothesis that overexpression of target gene on
FKBP5 knockdown is specific to the FKBP5-mediated transcriptional control through
controlling P-TEFb activity, we addressed the set of genes that would show alteration
of gene expression upon changes in CDK9 level (i.e., Overall cellular P-TEFb level).

gRT-PCR analysis to test the expression level of mentioned target genes.

Knockdown of CDK9 in HEK293T suppresses the expression of a set

of proliferation related genes.

To further correlate the upregulated target genes (In FKBP5 knockdown condition) with
P-TEFb target genes, we used stable CDK9 knock-down cells (protein level was
checked through western blotting (Figure 4.24A)). We analysed the expression of target
genes through qRT-PCR analysis, which shows a strong correlation (overlap) between
the set of genes upregulated upon FKBP5 knockdown and the set of genes being
downregulated upon CDK9 knockdown (Figure 4.24B). This observation clearly
suggested that the overall negative effect of FKBP5 on expression of P-TEFb-mediated

target genes within mammalian cells.
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Figure 4.24 Effect of CDK9 knockdown on proliferation related target genes.

(A) Immunoblot analysis showing shRNA-mediated knockdown of CDK9 in
mammalian HEK293T.

(B) gRT-PCR analysis of the effect of CDK9 knockdown on the expression of the
target genes indicated. In our work, we employed 18Sr RNA expression as a
control and for normalization. Each biological replicate has a minimum of two
biological replicates and three PCR replicates.

Over-expression of CDK9 in HEK293T enhances the expression of a

set of proliferation related genes.

Further, we also checked whether similar set of genes would also show increased
expression upon over-expression of CDK9. We ectopically over-expressed CDK9 in
HEK293T, which increased the phosphorylation of Pol Il CTD at both Ser2 and Ser5
positions (Figure 4.25A). Subsequent, RNA analysis through qRT-PCR showed a huge
increase in expression of most of the above-mentioned target genes (Figure 4.25B).
This data provides additional evidence supporting a negative role of FKBP5 in
modulating P-TEFb function inside the cell and ultimately resulting in reduced

expression of P-TEFb-dependent target gene.
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Figure 4.25 Global effect of CDK9 overexpression on target gene expression.

(A) Immunoblot analysis showing effect of overexpression of CDK9 on the
phosphorylation of Ser2 and Ser5 residues of polll-CTD.

(B) gRT-PCR analysis of the effect of CDK9 overexpression in mammalian 293T
cells on the expression of the indicated target genes. In our work, we employed
18Sr RNA expression as a control and for normalization. Each biological replicate
has a minimum of two biological replicates and three PCR replicates.

4.1.8 FKBP5 knockdown enhances recruitment of P-TEFb complex at the
target CCND1 and C-MYC genes.

Until now, our results have convincingly demonstrated enough evidences suggesting a
negative role of FKBP5 in regulating P-TEFb function within mammalian cells. If we look
at the established way of P-TEFb-mediated functions inside the cell, it gets recruited to the
promoter proximal region with the help of different recruiting factors, and phosphorylates
Ser2, Ser5 of Pol 1l CTD, NELF complex and DSIF complex which ultimately causes
productive transcription of a target gene. Based on our findings, where it has been shown
that FKBP5 alters the expression of P-TEFb target genes, we presumed that FKBP5 might

be altering P-TEFb recruitment on target genes. Hence, we performed Chromatin
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Immunoprecipitation (ChlP) assay with FKBP5 knockdown cell line to address the change
in P-TEFb recruitment and other related factor’s status on the target genes. For this, we
chose two most relevant target genes and one nontarget gene as control i.e., CCND1, C-
MYC as target genes and RGS2 as nontarget gene. Subsequent, ChlIP along with gRT-PCR
in FKBP5 knockdown cell line clearly showed significantly enhanced P-TEFb (represented
by CDK9) recruitment on the promoter region of target gene when compared with the
control scramble knockdown cell line. Whereas, in similar analysis of nontarget (i.e.,
RGS2) gene promoter, we found opposite result i.e., less recruitment of P-TEFb on RGS2
promoter. Consistent with the established function of P-TEFb, where it is known to
phosphorylate Pol Il CTD at Ser2 and Ser5 residues, these two modifications of Pol 1l were
significantly high on promoter proximal region when compared to the scramble control. As
we know Ser2 and Ser5 phosphorylation triggers the release of promoter proximally paused
Pol 1I, we found a significant decrease in total Pol Il level on promoter proximal region
when compared to the scramble control. Further normalization of increase in
phosphorylated Ser2 and Ser5 form with the total amount of Pol 11, also showed significant
increase in overall phosphorylation of these two key residues upon enhanced P-TEFb
recruitment in the FKBP5 knockdown cells than the control scramble cells (Figure 4.26 A-
C).
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Figure 4.26 ChIP-gPCR revealed increased P-TEFb on TSS of target genes upon
FKBP5 knockdown.

(A) Following FKBP5 knockdown, ChIP analysis revealed increased recruitment of the P-TEFb
complex (using CDK9 as a candidate), resulting in increased Pol 1l CTD Ser2 and Serb
phosphorylation and decreased Pol Il on the promoter proximal area of the CCND1 target
gene.

(B) Following FKBP5 knockdown, ChIP analysis revealed increased recruitment of the P-TEFb
complex (using CDK9 as a candidate), resulting in increased Pol Il CTD Ser2 and Ser5
phosphorylation and decreased Pol Il on the promoter proximal area of the CMYC target
gene.

(C) Following FKBP5 knockdown, ChIP analysis revealed reduced recruitment of the P-TEFb
complex (using CDK9 as a candidate), resulting in decreased/unaffected Pol Il CTD Ser2 and
Ser5 phosphorylation and increased Pol Il on the promoter proximal area of the a non-target
gene (RGS2).
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4.1.8.1 FKBP5 knockdown reduces promoter-proximal pausing of Pol Il on

target genes.

Again, ChIP analysis to address the status of total Pol 1l on gene body of both the target

genes (i.e., CCND1, C-MYC) was done, which were found to be significantly increased.

This finding was consistent with the earlier ChIP analysis where decreased level of Pol

Il was found at the TSS region (Figure 4.27A, B). Finally, pausing index (ration of total

Pol 11 present at promoter proximal region/gene body) was calculated which clearly

shows decreased pausing of Pol Il on promoter proximal region in FKBP5 knockdown

condition (Figure 4.27C).
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Figure 4.27 Impact of FKBP5 on different phosphorylated forms of polll on

(A) ChIP-gPCR showing decreased total polll level on TSS of P-TEFb target genes
(CCND1 and CMYC genes are taken as candidate).

(B) ChIP-gPCR showing increased total polll level in coding region of P-TEFb target
genes (CCND1 and CMYC genes are taken as candidate).

(C) Pausing index analysis showing significant reduction in overall pausing of Pol Il at
TSS region of both the target genes (CCND1 and CMYC) upon FKBP5 knockdown.
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4.1.9 Effect of FKBP5 knockdown on induction of P-TEFb target HIV-LTR-

driven luciferase reporter gene inside the cell.

Through different assays, like RNA expression analysis, chromatin immunoprecipitation
(ChIP) in FKBP5 knockdown condition, we have shown that FKBP5 knockdown causes
more P-TEFb recruitment on target genes resulting in enhanced expression. Further, as
HIV1-LTR promoter driven genes are well known to be regulated by P-TEFb, we
addressed the induction of HIV1-LTR promoter-driven luciferase gene expression upon
FKBP5 knockdown. Here also, in FKBP5 knockdown condition, consistent with our earlier
results, we observed a significant increase in overall expression of reporter gene when

compared with control scramble knockdown cells (Figure 4.28).
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Figure 4.28 Effect of FKBP5 knockdown on P-TEFb target reporter gene
expression.

Luciferase reporter assay confirming the inductive effect of FKBP5 knockdown on HIV LTR
promoter-driven P-TEFb target gene expression. Data represents n=3 biological replicates and 2
technical replicates of each biological replicate.
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4.1.10 Knockdown of FKBP5 enhances cellular proliferation of different

human-cell lines.

As we observed through several assays that upon FKBP5 knockdown in HEK293T and in
PC3 cells, several genes that control cellular proliferation, show enhanced expression
because of more P-TEFb recruitment at promoter proximal regions of these genes. So,
finally we wanted to check the change in proliferation rate of the cells upon FKBP5
knockdown. Consistent with the above observations, where proliferation-related genes were
upregulated upon FKBP5 knockdown, the rate of proliferation was significantly enhanced
upon FKBP5 knockdown when compared with the scramble control in HEK293T (Figure
4.29 A). Further, we also checked the change in proliferation rate of the prostate cancer
(PC3) cells upon FKBP5 knockdown. Here also, we observed enhanced cellular
proliferation rate upon FKBP5 knockdown when compared with the scramble control
(Figure 4.29 B).
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Figure 4.29 Effect of FKBP5 knockdown on proliferation rate.

(A, B) Cell proliferation assay showing increased proliferative rate of mammalian 293T (A) and
mammalian PC3 (B) cells in FKBP5 knockdown condition. Number of scramble cells was
compared with number of FKBP5 knockdown cells at different time points. Data represents n=2
biological replicates and minimum of 3 technical replicates of each biological replicate.
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4.1.11 Strong correlation between downregulation of FKBP5 and upregulation

of proliferation-related genes in several human cancers.

Few earlier studies have indicated a negative correlation between FKBP5 gene expression
and severity of many cancers. Our results as shown in this study also clearly indicate an
antiproliferative role of FKBP5 in controlling cell growth of different cell lines. Based on
these observations, we assumed that the role of FKBP5 may also be important for cancer
pathogenesis and control. To understand role of FKBP5 in cancer progression and related
target gene expression, we analyzed expression level of FKBP5 mRNA in patient cohort
sample of different cancer cases and its correlation with proliferation related genes using
the publicly available TCGA datasets. We observed a significant correlation between
downregulation of FKBP5 and upregulation of proliferation-related genes such as CCND1
and C-MYC as well as CDK9 (Figure 4.30 A-E).

Our present study deciphers a detailed mechanistic understanding of above-mentioned type
of cancer progression and the functional role of FKBP5 in this process through enhanced
expression of key cancer-causing proto-oncogenes such as CCND1 and C-MYC.
Interestingly, we observed the downregulation of FKBP5 and upregulation of related target
genes like CCND1 and C-MYC in several forms of kidney cancers which further strengthen
our observations in HEK293T.

Taken all observations of the present study together, we established a role of FKBP5 as a

tumor suppressor in several forms of cancer.
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Figure 4.30 RNA expression analyses of FKBP5, CDK9, CCND1, and MYC in
multiple types of cancer patient samples.

(A-D) FKBP5, CDK9, CCND1, and MYC mRNA expression in many kinds of cancer patient
samples as shown in The Cancer Genome Atlas (TCGA) datasets (data version 2016_01 28)
held at the Broad Institute of MIT and Harvard TCGA Government Data Analytics Center
(GDAC) (www.gdac.broadinstitute.org). The estimated p values for the examined datasets are
given above each box plot.

(E) Table listing the acronyms and patient cohort sizes for various cancer types as found in
TCGA databases and examined in our research.
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CHAPTER YV

Conclusion



CONCLUSION:
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Our study deciphers another level of functional regulation of P-TEFb complex for
regulation of transcription at the prmoter proximal region through a completely novel way
that involves FKBP5. The available literature shows that FKBP5 expression level is one of
the major drivers of a normal cell to be cancerous. It has been shown through
immunohistochemical analysis that FKBP5 can behave either as an oncogene or as a
tumour suppressor, depending on histological conditions (L. Li, Lou, and Wang 2011).
However, several questions regarding the mode of FKBP5 action, in different histological
conditions, still remained unexplained. Our study gives a possible explanation for the role

of FKBP5 as a tumour suppressor.

Here, in this part of the thesis we have presented the whole findings of this study briefly

under four subheadings.

FKBPS5 interacts strongly with CDK9 component of P-TEFb complex.
Using mass spectrophotometric analysis and immunoprecipitation assays we have identified
FKBP5 as a strong interactor of CDK9. Subsequently, through different in vitro and cell-
based interaction assays, we clearly showed that FKBP5 interacts very specifically with
CDKJ9 component of P-TEFb complex and not with other similar kinases like CDK7 and
CDKa8.

FKBP5 inhibits the kinase activity of P-TEFb complex in vitro and in vivo.
We performed different in vitro and in vivo biochemical assays to understand the functional
importance of FKBP5 interaction with CDK9. Throughin in vitro kinase assay, we showed
that FKBP5 has a great potential to inhibit the kinase activity of P-TEFb complex towards
Pol 1l CTD phosphorylation at Ser2 and Ser5 residues. This effect of FKBP5 on P-TEFb is
not substrate specific, as this effect was also observed for other substrates of P-TEFb like
NELF and DSIF complex in our in vitro kinase assays.To test the scenario inside the cell,
we made stable FKBP5 knockdown cell lines. A significant global increase in
phosphorylation level of P-TEFb substrates, Ser2 and Ser5 residues of heptad repeat
“YSPTSPS” of Pol Il CTD was observed upon knockdown of FKBP5 which further
substantiates our observation. This effect of FKBP5 knockdown was reversed when FKBP5
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was re-expressed in knockdown cells, confirming that the observed effect was mediated by
FKBPS5 only.

FKBP5 level affects P-TEFb target gene expression and their

physiological effects.

In order to find out the FKBP5 target genes, we performed RNA-seq analysis using FKBP5
knockdown cell line and observed significant no. of genes being upregulated and
downregulated. Gene ontology analysis of upregulated gene fraction found out that a
significant number of genes are known to regulate cell proliferation rate and majority of
these genes are known as P-TEFb target genes. We selected some of those target genes and
performed gRT-PCR to test their expression in FKBP5 knockdown condition. gRT-PCR
data also supported the our earlier RNA-seq analysis. When we analysed the data of
different cancer cohorts, we found out a significant correlation that in many cancers where
the level of FKBP5 was down, the expression of CDK9 and some of the P-TEFb target
proliferation-related genes (e.g., CCND1 and C-MYC) was significantly high, which further
supports our RNA-seq and qRT-PCR analysis.We preformed cell-proliferation assay in to
test the effect of FKBP5 knockdown on overall proliferation of cells. We observed that low
level of FKBP5 expression causes enhanced proliferation potential of HEK-293T and PC-3
cell lines.

Our results indicated that these effects on target gene expression and their physiological
effects upon FKBP5 knockdown is probably because of the global increase in recruitment

of P-TEFb on target genes at cognate promoter proximal regions.

FKBP5 negatively regulates P-TEFb recruitment at promoter proximal
regions.

To understand the underlaying mechanism behind the inhibitory functions of FKBP5 on P-
TEFb-mediated target gene expression, we performed ChIP qRT-PCR and addressed P-
TEFb recruitment at the promoter proximal regions of target genes as well as resulting Pol
Il CTD Ser2P and Ser5P status upon FKBP5 knockdown. ChIP qRT-PCR data suggested
that the reduced expression of FKBP5 inside the cell increases the occupancy of CDK9 on
TSS region of target genes and resulting in increased level of Ser2P, and Ser5P

phosphorylation of Pol 1l level along with reduced presence of total Pol Il at the promoter
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proximal region. Finally, pausing index analysis showed a decreased Pol Il pausing upon
FKBP5 knockdown resulting in increased expression of target genes.

FKBPS5 is one of the major regulators for maintaining level of P-TEFb

pool inside the cell.

We deciphered the underlaying mechanism behind the inhibitory action of FKBP5 on P-
TEFb kinase activity. In order to do so, we performed colorimetric phosphatase assay,
autoradiography-based phosphatase assay, both of which ultimately failed to show any
phosphatase activity of FKBP5. Several of our analyses also failed to show any evidence
supporting a substrate blocking mechanism of FKBP5 that could explain its inhibitory
functions towards P-TEFb kinase activity. For this we did interaction analysis of FKBP5
with some of the P-TEFb substrates like NELF-A, NELF-E and Pol Il CTD. We observed
that FKBP5 does not interact with the P-TEFb substrates. Available literature shows that
CyclinT1 interacts with extreme N-terminus of CDK9 (Anshabo et al. 2021). Consistent
with this, we also observed the same result in our domain analysis of CDK9 for interaction
with CyclinT1. Further domain analysis of CDK9 for interaction with FKBP5 clearly
showed that the same domain of CDKO9 is responsible for interaction with FKBP5 and
CyclinT1. This observation led us to hypothesize that there could possibly be competition
between FKBP5 and CyclinT1 to interact with CDK9 inside the cell and this competition
ultimately decides the level of P-TEFb pool within mammalian cells at any given point of
time. In order to address the hypothesis of competition model, we performed in vitro
sequestration assay and we found that FKBP5 has a potential to sequester out CDK9 from
P-TEFb complex and thus causes its dissociation. To rule out the artefacts of in vitro
analyses, we performed cell-based competition assay in HEK-293T cell line. Our analyses
showed upon FKBP5 knockdown and enhanced interaction between CDK9 and CyclinT1
was observed. Further, upon over-expression of FKBP5, we observed that equal pull-down
of FLAG-CDK®9 showed reduced CyclinT1 pulldown with increasing expression of FKBP5
in HEK-293T, whereas in FKBP5 knockdown condition caused increased pulldown of
CyclinT1 by endogenous. These observations further substantiate the competition model
resulting in FKBP5-mediated inhibition of P-TEFb functions.
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Finally, based on our findings, it can be concluded that FKBP5 can affect the global
transcriptional output via affecting the level of active P-TEFb pool inside the cell. Present
study firmly establishes FKBP5 as a transcriptional repressor that involves negative
regulation of P-TEFb functions.

An model depicting functional regulation of transcription by FKBP5 involving maintenance

of P-TEFb pool within mammalian cells is presented (Figure 5.1).
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Figure 5.1 Model depicting mechanism of action of FKBP5 mediated P-TEFb regulation.

Here upper panel shows normal cellular level of FKBP5 where balanced FKBP5 as well as P-TEFb level is
shown. Middle panel shows FKBP5 downregulated cellular condition resulting in enhanced cellular P-TEFb
level causing enhanced transcription of target genes. Lower panel shows normal cellular level of FKBP5
where balanced FKBP5 as well as P-TEFb level is shown. Middle panel shows FKBP5 upregulated cellular
condition resulting in lowered cellular P-TEFb level resultind in reduced transcription of target genes.
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CHAPTER VI

Discussion



Discussion:

The current work elucidates a unique role of FKBP5 demonstrating that it negatively regulates the
P-TEFb function and thus establishing FKBP5 as a negative regulator of transcription. Here we
find that FKBP5 and CyclinT1 share the same binding site on CDK9 for their interaction, hence
they compete with each other to interact with CDK9. This competition determines the overall P-
TEFb pool inside the mammalian cell and, as a result, regulates the expression of P-TEFb-target
genes. This regulatory role of FKBP5 answers many unanswered questions about a variety of
cellular states many of which are linked to several disorders. Here, we have discussed some of the

longstanding questions that can be answered by the findings of this study.

+ Role of FKBP5 in controlling transcriptional events at the promoter-

proximal region and its implications.

Previously, HSP90 chaperone protein was shown to have a function in controlling pausing events
at the promoter-proximal region of global target genes (Sawarkar, Sievers, and Paro 2012). In this
study, HSP90 has been shown to stabilize NELF complex at the promoter proximal region of the
target genes which ultimately helps NELF complex to pause Pol Il at the promoter proximal
region. But this study lacks in providing a deeper understanding of mechanistic insights. Because,
FKBP5 is a cochaperone of the HSP90 chaperone complex and based on the mechanisms
discovered in our study, it's very likely that FKBP5 could play additional roles within the HSP90
chaperone complex for achieving overall pausing through negative regulation of functions of the P-
TEFb complex which is important for releasing the paused Pol Il from the promoter-proximal
region. Further our ChIP study of the target CCND1 and C-MYC genes revealed a substantial drop
in total chromatin-associated Pol Il levels in the promoter-proximal region when FKBP5 was
knocked down. To fully understand this process of global pausing of Pol Il at promoter proximal

region involving HSP90 and FKBP5 inside mammalian cells, further studies would be required.

+« Involvement of FKBP5 mediated transcriptional repression in controlling
cancer progression:
When RNA expression analysis in different cancer cases was done using the data obtained from

The Cancer Genome Atlas (TCGA) database, interestingly we observed a significant correlation

between the downregulation of FKBP5 and increased expression of many genes including CCND1,
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C-MYC, CDKNI1A etc. that are known as protooncogenes and control cellular proliferation rate. In
our present study, we provided the mechanistic understanding of these phenomenon and its
implication in cancer pathogenesis. We showed that reduced expression of FKBP5 enhances the
active pool of P-TEFb inside the cell which ultimately triggers overexpression of most of these
protooncogenes and thus helping in cancer progression. Our overall study establishes FKBP5 as a
strong tumor suppressor protein. Our study provides a mechanistic explanation of this tumor
suppressive role of FKBP5. Earlier reports have shown strong correlation of low level of FKBP5
breast cancer pathogenesis through regulation of AKT activation(L. Li, Lou, and Wang 2011). As
deciphered in our study, the combined role of FKBP5-mediated regulation of AKT and P-TEFb
functions may play a significant role in establishment and progression of cancer which is a subject

for future research.

« Involvement of FKBP5-mediated transcriptional repression in type 2

diabetes pathogenesis.

Earlier it has been reported that FKBP5 is implicated in glucose metabolism and altered level of
FKBP5 has been reported in Type 2 diabetes pathogenesis (Sidibeh CO et al., 2018). In our study,
we also have seen significantly high GLUT1 expression upon FKBP5 knockdown. GLUTL is a
well known glucose transporter. GLUT1 overexpression has earlier been reported in Type 2
diabetes pathogenesis (Mogyor6 and Ziyadeh2 1999). Recently, it has been shown that AKT
signalling pathway is involved in phosphorylation of target AS160 upon insulin stimulation which
facilitates the translocation of GLUT4 glucose uptake protein to the cell-membrane and ultimately
increases the overall glucose uptake leading to homeostasis (Ni WJ et al., 2022). To our interest,
when FKBP5 activities are knocked down or blocked by a pharmacological antagonist, GLUT4
expression rises. Our present study can clearly explain the mechanistic part of above-mentioned
effects where GLUT1 and GLUT4 overexpression has been shown to promote type 2 diabetes.
Here, in this study we have shown that FKBP5 regulates the overall pool of P-TEFb inside a cell. It
is quite possible that overall increased P-TEFb pool upon ablation of FKBP5 stimulates the rate of

transcription of GLUT1 and GLUT4 genes that ultimately promotes type 2 diabetes.
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+ Involvement of FKBP5 mediated transcriptional repression in neuronal
pathogenesis.

FKBP5 has been shown to be highly expressed in the hippocampus and amygdala(Scharf et al.
2011), the two major areas regulating stress-related processes. Other than that, it has also been
shown to be implicated in the pathophysiology of numerous neurological diseases, including
PTSD, by a number of studies (Talarowska 2020). The majority of these research have suggested
that FKBP5 has a role in modulating the glucocorticoid receptor (GR) signalling pathway, in which
FKBP5 competes with glucocorticoids for GR binding and subsequent downstream signalling for
transcriptional activation of target genes. All these mentioned studies suggest an indirect role of
FKBP5 in regulation of transcriptional output. However, no other studies have revealed direct
molecular insights into the role of FKBP5 in transcriptional activity. Thus, our research has the
potential to uncover crucial mechanistic insights into the involvement of FKBP5 and general
neuronal pathophysiology that previous researches have been unable to uncover. Future studies

would be focused on answering some of these crucial questions.

0,

< Involvement of FKBP5 mediated transcriptional repression in
adipogenesis.
There are many studies suggesting a vital role of FKBP5 in adipogenesis. When compared to other
tissues, the highest levels of FKBP5 expression have been found in adipocytes, skeletal muscles,
and lymphocytes (Pereira et al. 2014). Interestingly, FKBP5 functions have been linked to
adipocyte differentiation from white adipose tissue (WAT) to brown adipose tissue (BAT). The
expression of the main adipogenesis regulators UCP1 and PRDM16 has been shown to be
increased when FKBP5 is knocked down (Stechschulte et al. 2016). However, the underlying
mechanisms of this increased expression remained unknown. Our present study where we are
showing FKBP5 as a transcriptional repressor that negatively regulates P-TEFb activity inside the
cell, can provide a mechanistic explanation of this effect of FKBP5 knock down on increased
expression of the main adipogenesis regulators UCP1 and PRDM16. However, in this regard

detailed study needs to be done to establish this role of FKBP5 involvement in adipogenesis.

Overall, the mechanistic insights provided through our present study have the potential to enhance

our understanding of the underlying mechanisms of pathogenesis of several FKBP5-related
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diseases, such as cancer and metabolic disorders, as well as several neuronal disorders that have

remained unanswered by several earlier studies.
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Inhibition of P-TEFb Complex Formation

Dheerendra Pratap Mall,? Subham Basu,? Koushik Ghosh,? Nidhi Kumari,® Abhishake Lahiri,® Sandip Paul,© © Debabrata Biswas®

aLaboratory of Transcription Biology, Molecular Genetics Division, CSIR-Indian Institute of Chemical Biology, Kolkata, India
bStructural Biology and Bioinformatics Division, CSIR-Indian Institute of Chemical Biology, Kolkata, India
<JIS Institute of Advanced Studies and Research, JIS University, Kolkata, India

ABSTRACT Although a large number of recent studies indicate strong association of
FKBP5 (aka FKBP51) functions with various stress-related psychiatric disorders, the overall
mechanisms are poorly understood. Beyond a few studies indicating its functions in reg-
ulating glucocorticoid receptor, and AKT signaling pathways, other functional roles (if
any) are unclear. Here, we report an antiproliferative role of human FKBP5 through
negative regulation of expression of proliferation-related genes. Mechanistically,
we show that, owing to the same region of interaction on cyclin-dependent kinse
9 (CDK9), human FKBP5 directly competes with cyclin T1 for functional positive
transcription elongation factor b (P-TEFb) complex formation. In vitro biochemical
assays, coupled with cell-based assays, showed a strong negative effect of FKBP5
on P-TEFb-mediated phosphorylation of diverse substrates. Consistently, FKBP5 knock-
down showed enhanced P-TEFb complex formation that led to increased global RNA
polymerase Il C-terminal domain (CTD) phosphorylation, expression of proliferation-
related genes, and subsequent proliferation. Thus, our results show an important role
for FKBP5 in negative regulation of P-TEFb functions within mammalian cells.

KEYWORDS CTD phosphorylation, FKBP5, P-TEFb, RNA polymerase Il, transcriptional
regulation

he human FKBP5 is a 51-kDa protein of the immunophilin family that binds to immu-

nosuppressants such as rapamycin and FK506 (1, 2). The functions of this protein have
largely been described in context of the HSP90 cochaperone complex (3). A recent surge
in reports indicates a strong association of FKBP5 functions with several neurological dis-
eases, including posttraumatic stress disorder (PTSD) (4-6). Furthermore, FKBP5 functions
have also been correlated with multiple other diseases and processes, including type 2 dia-
betes, adipogenesis, and fatty acid metabolism, as well as cancers (7). In several cancers, a
strong negative correlation has been observed between FKBP5 expression and severity of
disease (8-11). However, little is known about the molecular mechanisms of function of
this protein and its role in pathogenesis of multiple diseases.

The well-known mechanistic functions of FKBP5 have been described in the context
of AKT and glucocorticoid (GC) signaling pathways (3, 7, 9, 10). FKBP5 has been shown Copyright © 2022 American Society for
to regulate the phosphorylation status of one of the key regulatory residues (Ser473) Microbiology. All Rights Reserved.
of AKT1 through regulating the recruitment of PH domain leucine-rich repeat phos-
phatase (PHLPP) (8). FKBP5 has also been shown to negatively regulate GC signaling
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(15). Besides, numerous other studies have also shown a negative correlation between
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FKBP5 expression and glucose uptake in the plasma membrane (15-17). Reduced lev-
els of FKBP5 have also been strongly correlated with enhanced expression of UCP-1
and PRDM16 genes, the key regulators involved in conversion of white adipose tissue
(WAT) to brown adipose tissue (BAT) during adipogenesis (18). Several aggressive can-
cers, including breast and prostate cancers, also show reduced expression of FKBP5
(19). All of these observations strongly point toward a negative role of FKBP5 in regu-
lating the expression of multiple target genes. However, the underlying mechanism(s)
of this negative regulation is completely unknown.

Among all the positive regulators of transcription, the human positive transcription
elongation factor b (P-TEFb) complex plays an important role in activation of target
gene expression (20-22). The human P-TEFb complex is a heterodimer composed of
the kinase subunit cyclin-dependent kinse 9 (CDK9) and associated cyclin T1/T2 (23,
24). The majority of the human P-TEFb complex remains in the inactive 7SK small nu-
clear RNA (snRNA) complex in association with HEXIM1, LARP7, MePCE2, and 7SK
snRNA (25, 26). During transcriptional activation, upon exposure to external cues such
as stress, the P-TEFb complex dissociates from the inactive 7SK snRNA complex to asso-
ciate with multiple transcriptional activators, including Brd4, p53, ZMYND8, and com-
ponents of the super elongation complex (SEC) (22, 27-31). Upon recruitment at the
target sites by the associated activator proteins at the promoter-proximal region, the
P-TEFb complex has been shown to play a major role in releasing paused RNA poly-
merase Il (Pol Il) into the productive elongation step through phosphorylation of target
NELF and DSIF complexes, as well as conserved Ser2 and Ser5 residues of the C-termi-
nal domain (CTD) of Pol Il (32-35). Therefore, controlling the functions of P-TEFb com-
plex is gradually turning out to be a major paradigm for activation of target gene
expression and associated multiple cellular processes.

In an effort to understand the functional regulation of FKBP5 in negative regulation
of expression of target genes, we were intrigued by our observation of a strong associ-
ation of FKBP5 and CDK9 within mammalian cells. Detailed mechanistic analysis
showed that human FKBP5 directly competes with cyclin T1, thereby regulating the
level of P-TEFb complex formation and thus directly inhibiting P-TEFb complex-de-
pendent phosphorylation of multiple substrates, including Ser2 and Ser5 residues of
the Pol Il CTD. Inhibition of this phosphorylation activity of the P-TEFb complex directly
reduces expression of diverse target genes, including proliferation-related genes such
as CCND1 and C-MYC. Consistent with this observation, FKBP5 knockdown cells show
enhanced expression of these target genes, which results in increased proliferation.
Thus, we describe here a novel transcriptional repression role of human FKBP5 through
negative regulation of functions of the P-TEFb complex within mammalian cells.

RESULTS

FKBP5 is a novel interactor of CDK9. The P-TEFb complex has been shown to posi-
tively regulate transcription through phosphorylation of NELF and DSIF complexes and
the CTD of Pol Il (21, 22, 35-37). Multiple other regulators have been described that
regulate P-TEFb functions either directly or indirectly. Since P-TEFb plays a major role
in activating target gene expression, we initially addressed whether any novel factor,
not previously described, would be involved in the functional regulation of P-TEFb
within mammalian cells. We purified CDK9-associated protein complex using nuclear
extract from a stable cell line expressing FLAG-hemagglutinin (HA)-CDK9 protein (22).
Interestingly, and much to our surprise, subsequent mass spectrometric analysis
showed the presence of FKBP5, along with that of other known CDK9 interactors (see
Fig. STA in the supplemental material). Subsequent immunoprecipitation and blotting
analysis further confirmed CDK9 interaction with FKBP5 along with its known interac-
tors, such as SEC components (Fig. 1A). To address whether a reciprocal interaction
would also be observed, we generated another stable cell line expressing FLAG-HA-
FKBP5 protein (Fig. S1B). Subsequent purification of FKBP5-associated protein complex
showed presence of CDK9 component of the P-TEFb complex only along with its
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FIG 1 Novel interaction between FKBP5 and CDK9. (A) Immunoprecipitation and subsequent Western
blotting showing identification of FKBP5 as a novel CDK9-interacting protein along with other known super
elongation complex (SEC) components. (B) Purification of FKBP5-associated protein complex from a stable
cell line that ectopically expresses FKBP5 as FLAG-hemagglutinin (HA) tagged. Eluted proteins were run on
a 4 to 12% gradient gel and silver stained for visualization. Individual bands were marked based on their
size and subsequent confirmation by Western blotting. A similar parallel immunoprecipitation from a
control cell line shows the absence of these bands. (C) Immunoprecipitation and subsequent Western
blotting showing identification of CDK9 as a novel FKBP5-interacting protein along with its known
interactor HSP90. SEC components failed to show any interaction in this immunoprecipitation assay. (D)
Immunoprecipitation of endogenous FKBP5 using specific antibody and subsequent Western blotting
showing FKBP5 interaction with CDK9 along with HSP90 in endogenous context. (E) Immunoprecipitation
of endogenous CDK9 using specific antibody and subsequent Western blotting showing CDK9 interaction
with FKBP5 along with SEC components in endogenous context. (F) Western blotting showing copresence
of FKBP5 and CDK9 in the nuclear compartment of mammalian 293T cells. As an indicator of this
localization, histone H3 protein is used as a nuclear localization marker, whereas the actin protein acts as a
cytoplasmic localization marker.

known interactor HSP90 (Fig. 1B). Further immunoprecipitation and blotting analyses
confirmed that human FKBP5 associates only with the CDK9 component of the P-TEFb
complex and not with other CDK9 interactors, such as SEC components (Fig. 1C).

To rule out artifacts of protein-protein interactions due to overexpression and to
address FKBP5 and CDK9 interaction in an endogenous context, we immunoprecipi-
tated endogenous FKBP5 using specific antibody and confirmed its interaction with
CDK?9 along with its known interactor HSP90 in 293T cells (Fig. 1D). A reverse immuno-
precipitation of endogenous CDK9 by using specific antibody also confirmed its inter-
action with FKBP5, as well as with SEC components, in mammalian cells (Fig. 1E).
Therefore, we conclude that FKBP5 and CDK9 interact with each other within mamma-
lian cells and that this interaction is independent of the P-TEFb complex and its associ-
ated interactors, such as SEC components. Interestingly, we have observed predomi-
nant presence of both FKBP5 and CDK9 within the nuclear compartment of 293T cells
(Fig. 1F). This evidence further indicates a functional regulation of CDK9 by FKBP5
through its presence within the nucleus of mammalian cells.

The interaction of FKBP5 with CDK9 is direct and specific. In order to address
whether FKBP5 directly interacts with CDK9 or if any other mediator is responsible for
this association, we initially checked their interaction through their expression in heter-
ologous Sf9 cells. We coinfected Sf9 cells with baculoviruses expressing FLAG-FKBP5
and cyclin T1 or CDK9 or both. Subsequent immunoprecipitation analysis confirmed
that FKBP5 specifically interacts with CDK9 but not with the cyclin T1 subunit of the
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FIG 2 The TPR1 domain of FKBP5 is important for its interaction with CDK9. (A) Immunoprecipitation and
subsequent Western blot analysis showing interaction of FKBP5 and CDK9 through their coexpression in
heterologous Sf9 cells. (B) Immunoprecipitation and subsequent Western blot analysis showing failure of cyclin
T1 to interact with FKBP5 when they are coexpressed in heterologous Sf9 cells. (C) Immunoprecipitation and
subsequent Western blot analysis showing specific interaction of FKBP5 with CDK9 through their coexpression
in heterologous Sf9 cells. Even though cyclin T1 is expressed, it fails to show any interaction with FKBP5 in this
heterologous expression-based interaction assays. (D) Domain analysis of FKBP5 for its interaction with CDK9.
(Upper) Cartoon diagram showing the important domains of FKBP5. (Lower) Immunoblots represent FKBP5
domains (as indicated) and their interaction with CDK9 as observed through their expression in heterologous
Sf9 cells. (E) Coimmunoprecipitation analysis showing interaction of ectopically expressed FKBP5 and CDK9
within mammalian 293T cells. (F) Domain analysis of FKBP5 for its interaction with CDK9 within mammalian
293T cells. The immunoblots represent FKBP5 domains (as indicated) and their interaction with CDK9 as

observed through their expression in mammalian 293T cells and subsequent immunoprecipitation and blotting
analyses.

P-TEFb complex (Fig. 2A to C). To further address this interaction in vitro, we purified
CDK9 and FKBP5 through their expression in mammalian cells and bacterial expression
systems, respectively (Fig. S2A and B). Subsequent interaction analysis in vitro using
these purified proteins clearly showed that human FKBP5 directly interacts with CDK9
without the requirement of any other mediator (Fig. S2C).

To further address whether FKBP5 interaction with CDK9 is specific, we tested its
interaction with similar kinases, such as CDK7 and CDK8, through their expression in
Sf9 cells. We coinfected Sf9 cells with baculoviruses expressing FLAG-CDK7 and FLAG-
CDK8 along with FKBP5. Subsequent immunoprecipitation analysis showed that FKBP5
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interacts with neither CDK7 nor CDK8 (Fig. S2D and E). Therefore, based on this evi-
dence, we conclude that human FKBP5 and CDK9 directly interact with each other and
that the interaction of FKBP5 with CDK9 is very specific.

The TPR1 domain of FKBP5 plays the most important role for its interaction with
CDK9 within mammalian cells. Human FKBP5 is a multidomain protein that includes pep-
tidyl prolyl isomerase 1 (PPlase), peptidyl prolyl isomerase-like (PPlase-like), and tetratrico-
peptide repeat 1, 2, and 3 (TPR1 to TPR3) domains (Fig. 2D, upper) (38, 39). To identify the
domain of FKBP5 that plays an important role in the overall interaction between FKBP5
and CDK9, we coinfected Sf9 cells with baculoviruses expressing different FLAG-FKBP5
fragments along with CDK9 (Fig. 2D). Subsequent immunoprecipitation analyses using
FLAG epitope tag showed that while the deletion of TPR3 retained FKBP5 interaction with
CDK9 (Fig. 2D, compare lane 4 with lane 6), further deletion of TPR1 and TPR2 abolished
this interaction (Fig. 2D, compare lane 6 with lane 7), thus suggesting a role for these
domains in the interaction of FKBP5 with CDKO. Consistent with this observation, a C-termi-
nal fragment containing the TPR1 and TPR2 domains (243 to 457, lane 10) fully retained
FKBP5 interaction with CDK9. Interestingly, the presence of additional regions within this
C-terminal fragment (130 to 242) containing the PPlase-like domain drastically reduced this
interaction. This observation thus suggests that while the TPR1 and TPR2 domains are im-
portant for FKBP5 interaction with CDK9, presence of the PPlase-like domain inhibits this
interaction in this heterologous system.

To further substantiate this interaction within mammalian cells, we initially tested inter-
actions of these two proteins through coimmunoprecipitation analysis. As shown in Fig.
2E, cotransfection and subsequent coimmunoprecipitation analysis clearly showed FKBP5
interaction with CDK9 within mammalian 293T cells (lane 4). Subsequent similar coimmu-
noprecipitation analysis using different FKBP5 domains (Fig. 2F, same as that of Fig. 2D) fur-
ther showed that a deletion of the TPR1 domain of FKBP5 completely abolished its interac-
tion with CDK9 within mammalian cells (Fig. 2F, compare lane 7 with lane 8). The deletion
of TPR2 and TPR3 had minimal effect on this interaction. Interestingly, unlike our observa-
tion within Sf9 cells, a deletion of the PPlase-like domain had minimal effect on FKBP5
interaction with CDK9 within mammalian cells. The overall differences in cell types used
and in the experimental setup could explain this discrepancy in our observation.
Nevertheless, a deletion of the TPR1 domain completely abolishes FKBP5 interaction with
CDK9 and clearly suggests an important role of this domain in overall interaction between
these two proteins within mammalian cells.

FKBP5 negatively regulates the phosphorylation activity of P-TEFb in vitro.
Since FKBP5 shows a strong and direct interaction with CDK9 both in vitro and in vivo
within mammalian cells, we subsequently addressed the role of FKBP5 in regulating
functions of the P-TEFb complex. The human P-TEFb complex has been shown to
phosphorylate the NELF and DSIF complexes, as well as the conserved serine residues
present within the heptad repeat (YSPTSPS) sequences of the CTD of Pol Il (21, 32-35).
To address the direct role of FKBP5 in regulation of overall P-TEFb complex-mediated
phosphorylation, we employed in vitro kinase assays. Human DSIF and NELF complexes
were purified through their expression in bacterial and baculoviral expression systems
(Fig. S3A and B) as described previously (34, 40), whereas the recombinant glutathione
S-transferase (GST)-CTD protein was purified through its expression in bacterial system
(Fig. S3Q) (22, 36). Human P-TEFb complex was purified through expression of its subu-
nits in baculovirus-mediated expression in Sf9 cells (Fig. S3D) (22, 36). Our initial analy-
ses showed that the purified P-TEFb complex efficiently phosphorylates its cognate
GST-CTD substrate (Fig. S3E), NELF-A and NELF-E subunits (within the NELF complex),
and the SPT5 subunit (within the DSIF complex) (Fig. S3F).

Next, we addressed the role of FKBP5 in P-TEFb-mediated phosphorylation of vari-
ous substrates. Initial analyses showed that addition of purified recombinant FKBP5 to
the reaction mixture strongly inhibited P-TEFb-mediated phosphorylation of both the
Ser2 and Ser5 residues of Pol Il CTD in a dose-dependent manner (Fig. 3A, compare
lane 3 versus lanes 4 to 7). It is interesting to note that the dominant function of P-
TEFb, Ser2 phosphorylation, is inhibited more strongly than Ser5 phosphorylation in
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FIG 3 FKBP5 strongly inhibits P-TEFb-mediated phosphorylation of diverse substrates in vitro. (A) In vitro phosphorylation and subsequent Western blot
analysis showing inhibition of P-TEFb-mediated phosphorylation of Ser2 and Ser5 residues of the Pol Il C-terminal domain (CTD) by FKBP5. For each
reaction mixture, 30 uM glutathione S-transferase (GST)-CTD, 15 wM P-TEFb in each lane as appropriate, and 30 uM, 60 ©M, 120 uM, and 240 uM (in lanes
4, 5, 6, and 7, respectively) of purified FKBP5 were added. Antibodies specific to phosphorylated Ser2 and Ser5 residues were used in immunoblotting
analyses for identifying P-TEFb-mediated phosphorylation of target serine residues present in GST-CTD substrate. (B) In vitro phosphorylation and
subsequent autoradiography analysis showing inhibition of P-TEFb-mediated phosphorylation of the Spt5 subunit of the DSIF complex by FKBP5 in a dose-
dependent manner. y-32P-ATP was used for labeling the P-TEFb-mediated phosphorylation of Spt5 subunit and subsequently autoradiographed for
detecting phosphorylation events. For each reaction mixture, 40 uM purified recombinant DSIF, 15 M P-TEFb in each lane as appropriate, and 30 uM,
60 uM, 120 uM, and 240 uM (in lanes 4, 5, 6, and 7, respectively) of purified FKBP5 were added. As observed, increasing addition of FKBP5 inhibited P-
TEFb-mediated phosphorylation of Spt5 subunit in a dose-dependent manner. Along with Spt5 phosphorylation, we also observed a strong effect of FKBP5
on the autophosphorylation activity of the P-TEFb complex, predominantly on its CDK9 subunit. “P” denotes the phosphorylated form of indicated proteins
in our assay. (C) In vitro phosphorylation and subsequent autoradiography analysis showing inhibition of P-TEFb-mediated phosphorylation of NELF-A and
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our assays (Fig. 3A, compare the immunoblots using antibodies against Ser2P versus
against Ser5P). To further address whether this inhibition of FKBP5 toward phosphoryl-
ation by the P-TEFb complex is substrate specific, we performed similar analyses using
purified NELF and DSIF complexes. As shown in Fig. 3B and C, similar to its effect on P-
TEFb-mediated phosphorylation of GST-CTD, purified recombinant FKBP5 efficiently
inhibits P-TEFb-mediated phosphorylation of the NELF and DSIF complexes as well.
Therefore, based on all these results, we conclude that human FKBP5 negatively regu-
lates P-TEFb-mediated phosphorylation of diverse substrates in vitro.

To identify the specific domain within FKBP5 required for its overall inhibitory role
in P-TEFb-mediated phosphorylation, we purified several FKBP5 fragments through its
expression in bacterial expression system (Fig. 3D). Subsequent kinase assays showed
that, consistent with our earlier observation, full-length FKBP5 efficiently inhibits
P-TEFb-mediated phosphorylation of GST-CTD substrate in this assay as well (Fig. 3E,
compare lane 4 versus lane 5). Interestingly, a deletion of the C-terminal 385 to 457
amino acid residues further enhanced FKBP5-mediated inhibition of phosphorylation
by the P-TEFb complex, suggesting a role of this domain in antagonizing the overall in-
hibitory effect. Furthermore, and consistent with a role of the TPR1 domain in FKBP5-
CDK9 interaction (Fig. 2F), a deletion of the TPR1 domain that prevents its interaction
with CDK9 significantly reduced the inhibitory effect of FKBP5 on P-TEFb-mediated
CTD phosphorylation compared to deletions of other domains that show maximal inhi-
bition (Fig. 3E, compare lanes 6 to 8 versus lane 9). Consistently, a C-terminal fragment
containing the TPR1 domain showed efficient inhibition of phosphorylation compared
to the fragments without this domain (Fig. 3E, compare lanes 9 and 10 versus lanes 11
and 12). Overall, based on all of these data, we conclude that human FKBP5 efficiently
inhibits P-TEFb-mediated phosphorylation of cognate GST-CTD substrate in vitro.
Furthermore, while the C-terminal domain of FKBP5 (385 to 457 amino acids) nega-
tively regulates this inhibitory function, its TPR1 domain-mediated interaction with
CDK9 is important, at least in part, for efficient inhibition of P-TEFb complex-mediated
phosphorylation of GST-CTD substrate in vitro.

FKBP5 regulates global Pol Il CTD phosphorylation within mammalian cells in
an HSP90-independent manner. Since our in vitro analyses showed a negative role of
FKBP5 in P-TEFb-mediated phosphorylation of GST-CTD substrate (Fig. 3), we wanted
to address whether similar effects would also be observed within mammalian cells. To
address this, we generated short hairpin RNA (shRNA)-mediated stable FKBP5 knock-
down 293T cells (Fig. 4A, left, immunoblots; right, mRNA analysis). Subsequent immu-
noblotting analyses using whole-cell extract clearly showed that upon FKBP5 knock-
down, significant increases in global Pol Il CTD phosphorylation at both Ser2 and Ser5
residues were observed compared to that in control scramble knockdown cells (Fig.
4B; see Fig. S4A for quantitation). Interestingly, in our analyses, we consistently
observed a modest increase in CDK9 level upon FKBP5 knockdown within 293T cells.
This could as well be a result of FKBP5 being a member of the HSP90 chaperone com-
plex, which uses CDK9 as a client protein. Furthermore, global levels of Pol Il were also
increased due to increases in Ser2 and Ser5 phosphorylation that were previously
shown to protect it from ubiquitin proteasome-mediated degradation by cognate E3
ligase Def1 (41). Nevertheless, normalization of Pol Il levels with the levels of phospho-
rylated Ser2 and Ser5 form of Pol Il further confirmed an overall modest but

FIG 3 Legend (Continued)

NELF-E subunits of the NELF complex by FKBP5. y3?P-ATP was used for labeling the P-TEFb-mediated phosphorylation of both these subunits and
subsequently autoradiographed for detecting phosphorylation events. For each reaction mixture, 30 «M purified recombinant NELF, 15 uM P-TEFb in each
lane as appropriate, and 30 uM, 60 uM, 120 uM, and 240 uM (in lanes 4, 5, 6, and 7, respectively) of purified FKBP5 were added. As observed, and in this
case as well, increasing addition of FKBP5 inhibited P-TEFb-mediated phosphorylation of NELF-A and NELF-E subunits in a dose-dependent manner. “P"
denotes the phosphorylated form of indicated proteins in our assay. (D) Purification of recombinant FKBP5 full-length protein and its mutant derivatives
through their expression in a bacterial expression system. Protein bands marked with red-filled dots represent the purified protein bands. Others represent
either degradation or nonspecific proteins. (E) In vitro phosphorylation and subsequent Western blot analysis showing the effect of different domains of
FKBP5 on inhibition of P-TEFb-mediated phosphorylation of Ser2 and Ser5 residues of Pol Il CTD. For each reaction mixture, 30 uM GST-CTD, 15 uM P-TEFb
in each lane as appropriate, and 250 ng of purified FKBP5 (full-length and deletion fragments) were added.
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FIG 4 Global increase in Pol Il CTD Ser2 and Ser5 phosphorylation upon FKBP5 knockdown in various cell lines. (A) Immunoblot analysis
showing short hairpin RNA (shRNA)-mediated stable knockdown of FKBP5 within 293T cells by various target shRNAs (left) and quantitative
real-time PCR (qRT-PCR) analysis showing FKBP5 mRNA levels in knockdown cells (right). (B) Immunoblot analysis showing the effect of
stable FKBP5 knockdown on global levels of various factors (as indicated) within mammalian 293T cells. (C) Immunoblot analysis showing
the effect of stable FKBP5 knockdown on the global levels of various factors (as indicated) within mammalian HCT116 colon carcinoma cells.
(D) Immunoblot analysis showing the effect of stable FKBP5 knockdown on global levels of various factors (as indicated) within mammalian
PC3 prostate cancer cells. (E) Immunoblot analysis showing the effect of reexpression of full-length and CDK9 interaction-defective FKBP5
proteins in FKBP5 knockdown 293T cells on the global levels of various factors, as indicated. (F) Immunoblot analysis showing the effect of
geldanamycin (HSP90 inhibitor) treatment (5 uM final concentration) in FKBP5 knockdown cells on an overall increase in the global level of
Pol Il CTD phosphorylation in 293T cells. The level of CDK9 was used as a control for geldanamycin treatment. (G) Immunoblot analysis
showing the effect of FKBP5 knockdown on interaction between ectopically expressed FLAG-CDK9 and endogenous HSP90 compared to
that in control scramble cells.
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reproducible increase in global levels of Pol Il Ser2 and Ser5 phosphorylation upon
FKBP5 knockdown within 293T cells (Fig. S4B). Similar results were also observed in
both colon carcinoma (HCT116) (Fig. 4C; see Fig. S4C and D for quantitation) and pros-
tate cancer (PC3) cell lines (Fig. 4D; see Fig. S4E and F for quantitation), thus ruling out
an effect of FKBP5 on increasing global Pol Il CTD Ser2 and Ser5 phosphorylation in a
cell type-specific manner.

To further address whether the effect of FKBP5 knockdown on global increases in
Pol Il Ser2 and Ser5 phosphorylation is specific to FKBP5 only and not an indirect effect,
we reexpressed full-length FKBP5 in the knockdown cells. As shown in Fig. 4E, reex-
pression of full-length FKBP5 reversed the effect of FKBP5 knockdown on those phos-
phorylation level (Fig. 4E, compare lane 2 versus lane 3). Further, and more impor-
tantly, an FKBP5 fragment (1 to 157) that failed to interact with CDK9 (Fig. 2D and F)
and show an effect on reducing overall FKBP5-mediated inhibition of CTD phosphoryl-
ation in vitro (Fig. 3E) failed to reverse the effect of FKBP5 knockdown on global
increases in Ser2 and Ser5 phosphorylation (Fig. 4E, compare lane 3 versus lane 4).
Overall, these results further substantiate a negative role of FKBP5 in P-TEFb-mediated
phosphorylation both in vitro and in vivo within mammalian cells. Furthermore, these
results also signify a role of FKBP5-CDK9 interaction in the overall inhibitory effect of
FKBP5 on P-TEFb-mediated phosphorylation of Pol Il CTD.

The functions of FKBP5 have been described in the context of a cochaperone of
HSP90 (3). Furthermore, CDK9 has also been described as an HSP90 client protein (42).
Therefore, it is possible that an FKBP5 knockdown affects the functions of HSP90 to-
ward its client protein such that enhanced folding of the CDK9 protein, leading to
enhanced P-TEFb complex formation, may result in increased Pol Il Ser2 and Ser5 phos-
phorylation, as observed in multiple cell lines. To rule out this possibility and show that
an overall effect of FKBP5 knockdown is independent of HSP90 functions, we treated
the cells with geldanamycin, a known HSP90 inhibitor. As shown in Fig. 4F, although
treatment of cells with geldanamycin results in a reduced level of CDK9 (compare lane
2 versus lane 3), a known effect reported previously (43), it failed to show any effect on
global increases in Pol Il Ser2 and Ser5 phosphorylation levels (compare lane 2 versus
lane 3). Therefore, the observed effect of FKBP5 knockdown on global increases in Pol
Il Ser2 and Ser5 phosphorylation is independent of the functions of HSP90.
Furthermore, in support of this HSP90-independent effect of FKBP5, we also failed to
observe any increase in CDK9 interaction with HSP90 upon FKBP5 knockdown com-
pared to that in control scramble cells (Fig. 4G, compare lane 3 versus lane 4).

FKBP5 and cyclin T1 interact with CDK9 through the same domain. Our earlier
results have shown that the inhibitory effect of FKBP5 on P-TEFb-mediated phosphoryl-
ation activity depends at least in part on its interaction with CDK9 both in vitro and in
vivo within mammalian cells. Towards a deeper mechanistic understanding of this reg-
ulation, we initially addressed the specific region within CDK9 that would interact with
FKBP5. For providing direct evidence, we initially addressed the CDK9 domain that
would interact with FKBP5 through their expression in heterologous Sf9 cells. We gen-
erated several plasmids expressing CDK9 fragments deleted at both N and C termini
and expressed them through baculovirus-mediated infection of Sf9 cells (see Fig. 5A
and B for fragments used). As shown in Fig. 5B, coinfection of these fragments along
with full-length FKBP5 showed that while the full-length CDK9 strongly interacts, a de-
letion of 31 amino acids from the N-terminal end almost abolished CDK9 interaction
with FKBP5 (compare lane 5 versus lane 6). Since the N-terminal half of CDK9 was
reported previously to interact with cyclin T1 (44), we also addressed whether this
amino acid region (1 to 31) of CDK9 would also be required for its interaction with
cyclin T1. As shown in Fig. 5C, immunoprecipitation analyses using extract of Sf9 cells
expressing the indicated CDK9 fragments and cyclin T1 clearly showed dependence on
the same region of CDK9 for its interaction with cyclin T1 within this heterologous sys-
tem (compare lane 5 versus lane 6). Furthermore, we also addressed whether the same
domain of CDK9 would be required for its interaction with both partners within
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FIG 5 FKBP5 and cyclin T1 interact in the same N-terminal region of CDK9. (A) Cartoon diagram representing
various functional domains within CDK9 that are important for its functions. NLD, nuclear localization domain.
Amino acids 26 to 31, ATP-binding site; amino acids 60 to 66, PITALRE; amino acids 1 to 82, p53-binding site.
(B) Domain analysis of CDK9 (using various domains as indicated) for its interaction with FKBP5 through their
baculovirus-mediated expression in Sf9 cells. Sf9 cells were coinfected with the baculoviruses as indicated, and
cell lysates were subjected to immunoprecipitation and subsequent Western blotting for identifying their
interaction within this heterologous system. (C) Domain analysis of CDK9 (using various domains as indicated)
for its interaction with cyclin T1 through their baculovirus-mediated expression in Sf9 cells. Sf9 cells were
coinfected with the baculoviruses as indicated, and cell lysates were subjected to immunoprecipitation and
subsequent Western blotting for identifying their interaction within this heterologous system. (D) Domain
analysis of CDK9 (using various domains as indicated) for its interaction with endogenous FKBP5 and cyclin T1
within mammalian 293T cells. 293T cells were transfected with various CDK9 plasmids as indicated, and cell
lysates were subjected to immunoprecipitation and subsequent Western blotting using factor-specific
antibodies for identifying their interaction within 293T cells.

mammalian cells. We transfected 293T cells expressing the indicated CDK9 fragments
and tested their interaction with endogenous cyclin T1 and FKBP5. As shown in Fig. 5D
and consistent with our observations in heterologous Sf9 cells, we also observed a
strong dependence on the N-terminal 31 amino acids for CDK9 interaction with both
cyclin T1 and FKBP5 (compare lane 10 versus lane 11). Thus, based on all of this evi-
dence, we conclude that the N-terminal 31 amino acids of CDK9 are required for its
interactions with both cyclin T1 and FKBP5. These results also further indicate a possi-
bility of existence of competition between FKBP5 and cyclin T1 for their binding at the
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N terminus of CDK9, thus providing a mechanistic explanation of the negative role of
FKBP5 on P-TEFb-mediated phosphorylation both in vitro and in vivo within mamma-
lian cells.

FKBP5 and cyclin T1 compete with each other for their binding to CDK9. Since
our earlier analyses indicated the presence of competition between FKBP5 and cyclin T1
for their binding to CDK9 owing to their use of the same binding sites (Fig. 5), we subse-
quently addressed this competitive mode of binding between these factors in details
through several experiments. In the initial analysis, we cotransfected 293T cells with plas-
mids expressing CDK9 and increasing concentrations of FKBP5 to test whether its increased
expression and subsequent binding would reduce concomitant CDK9 binding to cyclin T1
within mammalian cells. As shown in Fig. 6A, ectopically expressed CDK9 efficiently bound
endogenous cyclin T1 (lane 3). Interestingly, and consistent with our hypothesis of a com-
petition model, increased expression, and thus increased binding, of FKBP5 concomitantly
reduced CDK?9 interaction with endogenous cyclin T1 (Fig. 6A, compare lane 3 versus lanes
4 and 5). Furthermore, this reduction in interaction requires FKBP5 binding to CDKO9, since
an FKBP5 fragment (1 to 157 amino acids) that failed to show an interaction with CDK9
(Fig. 2D and F), also failed to show an effect on CDK9 binding with endogenous cyclin T1
(Fig. 6B, compare cyclin T1 binding between lanes 3 and4 versus 5 and 6). In a reverse
experiment, increased expression of ectopic cyclin T1 and its increased binding to CDK9
resulted in concomitant reduced binding of FKBP5 as well (Fig. 6C, compare lane 3 versus
lanes 4 and 5) within mammalian cells.

For providing direct evidence of this competitive binding, we performed in vitro
interaction analyses with purified FKBP5, CDK9, and cyclin T1 proteins (Fig. S2A and B
and Fig. 6D). The cyclin T1 protein was purified through its expression in a bacterial
system. Our initial analysis with purified CDK9 and cyclin T1 clearly showed their direct
interaction in vitro (Fig. 6E, lane 4). Interestingly, addition of purified FKBP5 to this
interaction assay clearly showed reduced cyclin T1 binding to CDK9 upon concomitant
increased binding of FKBP5 (Fig. 6F, compare cyclin T1 binding to CDK9 in lane 2 ver-
sus lane 4 and 5). In a reciprocal experiment, increased addition of cyclin T1 and its
increased binding also reduced concomitant FKBP5 binding to CDK9 (Fig. 6G, compare
FKBP5 binding to CDK9 in lane 2 versus lanes 4 to 5).

To provide further evidence of this model of competitive binding in an endogenous con-
text, we used FKBP5 knockdown cells (Fig. 4A). Immunoprecipitation of endogenous CDK9
clearly showed enhanced CDK9 binding with endogenous cyclin T1 upon FKBP5 knockdown
compared to that upon control scramble knockdown (Fig. 6H, compare lane 2 versus lane 3).
For providing further mechanistic evidence of these functional regulations, we used purified
preformed P-TEFb complex (FLAG-CDK9 plus GST-cyclin T1) in our in vitro dissociation assay
(see Materials and Methods). As shown in Fig. 6l, addition of purified recombinant FKBP5 effi-
ciently dissociated cyclin T1 from the preformed P-TEFb complex such that its overall amount
in the supernatant increased with increasing concentration of added FKBP5 (compare lane 5
with lanes 6 to 8). Consistent with this, cyclin T1 bound to FLAG-CDK9 also concomitantly
decreased with increasing addition of FKBP5 (Fig. 6l, lane 1 versus lanes 2 to 4). Furthermore,
FKBP5 could also efficiently dissociate cyclin T1 from immunoprecipitated P-TEFb complex
from mammalian cells upon its binding with CDK9 (Fig. S5A). These data provide evidence of
FKBP5 directly modulating cyclin T1 association with CDK9 that can have implications in
overall P-TEFb-mediated functional regulations both in vitro (Fig. 3) and in vivo within mam-
malian cells (Fig. 4). Based on all of this evidence, we conclude that human FKBP5 and cyclin
T1 compete with each other for their binding to CDK9 (Fig. S5B).

FKBP5 regulates expression of diverse sets of genes. Based on our mechanistic
understanding of the role of FKBP5 in negative regulation of P-TEFb functions, we were fur-
ther interested in understanding the implication of this regulation on expression of global
target genes. We performed transcriptome sequencing (RNA-Seq) analysis for identifying
genes that would be affected upon FKBP5 knockdown (GEO accession no. GSE169461). For
the purpose of control scramble cells, we used data sets that were reported in our earlier
study (37) (SRA accession no. PRINA512165), since all of these experiments were per-
formed at the same time. Transcriptome analysis revealed a rather small set of genes (a
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total of 219) showing significant (P < 0.05) upregulation of expression (log, fold change
[log,FC] > 1.5) and a similar number of genes (a total of 145) being downregulated upon
FKBP5 knockdown. A heatmap representing expression of some of these genes is shown
in Fig. 7A. Interestingly, subsequent gene ontology analyses showed a strong association
of some of these upregulated genes with multiple cellular processes, such as Pol Il-medi-
ated transcriptional regulation, as well as in cellular differentiation and proliferation-related
events (Fig. 7B). In contrast, the downregulated genes showed a strong association with
regulation of multiple metabolic processes. The overall effect of FKBP5 knockdown on
global target gene expression further indicates a role for FKBP5 in regulation of Pol [I-medi-
ated transcriptional processes for expression of genes that are important for regulation of
cellular proliferation and differentiation.

Knockdown of FKBP5 enhances expression of proliferation-related genes. Based
on our RNA-Seq analysis and an indication of involvement of a subset of these upregu-
lated genes in controlling cellular proliferation, we were interested in identifying mo-
lecular mechanism of the upregulation of expression upon FKBP5 knockdown.
Subsequent quantitative real-time PCR (qRT-PCR) analyses confirmed significant upreg-
ulation of genes that are widely involved in regulation of cellular proliferation upon
FKBP5 knockdown (Fig. 7C). Expression of two of these critical genes, CCNDT and C-
MYC, encoding cyclin D1 and c-Myc proteins, respectively, have been widely studied
for their role as master regulators of expression of global target genes. Along with
these two critical regulators, we also observed upregulation of other key regulators of
cellular proliferation, including CDKNTA, CDKN1B, and MDM?2, among others. This up-
regulation is specific, since in the same assay, we failed to observe any effect of FKBP5
knockdown on expression of nontarget genes such as RGS2, MAP2, and LDLR. Similar
effects are also observed upon FKBP5 knockdown on target gene expression in a pros-
tate cancer cell line (PC3) (Fig. S6A), which thus rules out an effect of FKBP5 knock-
down on increasing expression of proliferation-related genes in a cell type-specific
manner. The overall effect of FKBP5 knockdown in increasing the expression of target
genes is specific, since reexpression of full-length FKBP5 reversed the effect, as shown
for two target genes (CCNDT and E2F2), within 293T cells, whereas the CDK9 interac-
tion-deficient FKBP5 mutant (1 to 157 amino acids) failed to do so (Fig. 7D). To further
corroborate the overall effect, we tested the expression level of these target genes in
CDK9 knockdown cells (Fig. S6B). As shown in Fig. S6C, the majority of these target
genes are also downregulated upon CDK9 knockdown, indeed suggesting the overall
effect of FKBP5 knockdown on target gene expression through modulation of P-TEFb

FIG 6 Legend (Continued)

were cotransfected with the indicated plasmids, and cell lysates were subjected to immunoprecipitation using epitope tag-specific agarose beads and
to subsequent Western blotting using factor-specific antibodies for identifying their interactions. (B) Immunoblotting analysis showing effect of
expression of full-length (FL) and CDK9 interaction-defective (1 to 157 amino acids) FKBP5 proteins in 293T cells on association of ectopically expressed
CDK9 with endogenous cyclin T1. 293T cells were cotransfected with the indicated plasmids, and cell lysates were subjected to immunoprecipitation
using epitope tag-specific agarose beads and to subsequent Western blotting using factor-specific antibodies for identifying their interactions. (C)
Immunoblotting analysis showing effect of increasing expression of cyclin T1 on association of ectopically expressed CDK9 with endogenous FKBP5.
293T cells were cotransfected with the indicated plasmids, and cell lysates were subjected to immunoprecipitation using epitope tag-specific agarose
beads and to subsequent Western blotting using factor-specific antibodies for identifying their interaction. (D) SDS-PAGE Coomassie staining showing
purification of GST-cyclin T1 used in panels E to G. A filled red dot indicates the target protein band, whereas others represent either degradation or
nonspecific proteins. (E) Immunoblotting analysis showing direct interaction of CDK9 with cyclin T1. Purified recombinant CDK9 and cyclin T1 proteins
were used and added as indicated in the in vitro interaction assays. (F) Immunoblotting analysis showing effect of increasing addition of FKBP5 on
association of CDK9 with cyclin T1 in vitro. Purified recombinant CDK9, cyclin T1, and FKBP5 proteins were used and added as indicated in the in vitro
interaction assays for identifying the effect of increasing addition of FKBP5 on CDK9 association with cyclin T1 in vitro. For each reaction mixture, 60
uM purified FLAG-CDK9, 50 uM GST-cyclin T1 in each lane as appropriate, and 100 uM, 100 ©M, and 200 uM (in lanes 3, 4, and 5, respectively)
purified FKBP5 were added. (G) Immunoblotting analysis showing the effect of increasing addition of cyclin T1 on association of CDK9 with FKBP5 in
vitro. Purified recombinant CDK9, cyclin T1, and FKBP5 proteins were used and added as indicated in the in vitro interaction assays for identifying the
effect of increasing addition of cyclin T1 on CDK9 association with FKBP5 in vitro. For each reaction mixture, 60 uM purified FLAG-CDK9, 50 uM His-
FKBP5 in each lane as appropriate, and 50 uM, 50 M, and 100 uM (in lanes 3, 4, and 5, respectively) purified GST-cyclin T1 were added. (H)
Immunoblotting analysis showing effect of FKBP5 knockdown on association of endogenous CDK9 with cyclin T1. Endogenous CDK9 was
immunoprecipitated using specific antibody, and its association with endogenous cyclin T1 was assessed by Western blot analysis. (I) (Left)
Experimental strategy that was employed for our assay as shown in the right subpanel. (Right) In vitro dissociation assay demonstrating the effect of
addition of purified recombinant FKBP5 in dissociating cyclin T1 from preformed P-TEFb complex obtained through recombinant expression of FLAG-
CDK9 and GST-cyclin T1. It can be observed that purified FKBP5 efficiently dissociates cyclin T1 from CDK9, and thus the level of cyclin T1 is increased
in the supernatant and is decreased with bead-bound CDK9.
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FIG 7 FKBP5 knockdown enhances expression of proliferation-related genes. (A) Heatmap showing the effect of FKBP5 knockdown on expression
of selected target genes compared to that in control scramble cells. Log,FC represents fold change on a log, scale. (B) Gene ontology (GO)
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activity. Furthermore, overexpression of CDK9 that increased Pol Il CTD phosphoryla-
tion (Fig. S6D) also caused significant increases in expression of all these target genes
(Fig. S6E) and provided additional evidence of functional effect of FKBP5 in modulating
P-TEFb-dependent target gene expression within mammalian cells. Also, consistent
with a role of P-TEFb in stimulating transcriptional activation of HIV long terminal
repeat (LTR) promoter-driven genes, we also observed an increase in the overall
expression of HIV LTR promoter-driven luciferase reporter gene upon FKBP5 knock-
down compared to that in control scramble cells (Fig. S6F).

FKBP5 knockdown enhances recruitment of P-TEFb complex at the target
CCND1 and C-MYC genes. Once we established CCNDT and C-MYC genes as key targets
whose expressions are regulated by FKBP5, we were interested in further mechanistic
understanding of this regulation. Both of these genes have been shown to be key targets
for P-TEFb complex-containing SEC for transcriptional activation (37, 45). Since FKBP5 nega-
tively regulates P-TEFb level and its functions within the cellular system, we wondered
whether enhanced recruitment of the P-TEFb complex upon FKBP5 knockdown would cor-
relate with enhanced expression of these genes. As shown in Fig. 7E, our chromatin immu-
noprecipitation (ChIP) analysis showed a significant increase in CDK9 (representing P-TEFb
complex) recruitment at the promoter-proximal region of these target genes. An increase
in P-TEFb complex recruitment also results in increased presence of Pol Il CTD Ser2 and
Ser5 phosphorylation (Fig. 7E), whereas similar analyses with the control RGS2 gene failed
to show any effect. Consistent with a role for P-TEFb-mediated phosphorylation in releas-
ing paused Pol Il from the promoter-proximal region, we also observed a significant
decrease in the overall level of total Pol Il at the promoter-proximal region of these genes.
Enhanced P-TEFb recruitment in the FKBP5 knockdown cells compared to that in the con-
trol scramble cells (Fig. 7F). Consistent with decreases in Pol Il levels at the transcriptional
start site (TSS) region, we also observed an increased presence of Pol Il in the coding region
of both of these genes (Fig. 7G). Pausing index analysis clearly showed significant reduction
in overall pausing of Pol Il at both of these target genes upon FKBP5 knockdown (Fig.
S6G). Therefore, based on all of this evidence, we conclude that human FKBP5 negatively
regulates the overall level of the P-TEFb complex within mammalian cells for regulating
expression of key proliferation-related target genes such as CCNDT and C-MYC. These
results also point out to an antiproliferative role of FKBP5 in regulating cell growth.

Knockdown of FKBP5 enhances cellular proliferation. Since our study has shown
a negative role of FKBP5 in P-TEFb-mediated expression of proliferation-related genes, we
anticipated that reduced expression of FKBP5 might enhance overall cellular proliferation.
Indeed, consistent with this hypothesis, knockdown of FKBP5 significantly enhanced prolif-
eration of 293T cells compared to control scramble knockdown (Fig. S6H). Consistent with
a similar effect of FKBP5 knockdown on expression of proliferation-related genes in the
PC3 prostate cancer cell line (Fig. S6A), we also observed enhanced cellular proliferation of
the PC3 cell line upon FKBP5 knockdown (Fig. S6él), thus ruling out an overall effect of
FKBPS5 in controlling proliferation in a cell-type-specific manner.

Strong association of downregulation of expression of FKBP5 and upregulation of
expression of proliferation-related genes in several human cancers. Since our results
clearly indicated an antiproliferative role of FKBP5 in controlling cell growth, we

FIG 7 Legend (Continued)

analysis predicting association of upregulated and downregulated genes upon FKBP5 knockdown with various biological processes. (C) qRT-PCR
analysis confirming upregulation of mRNA expression of target genes that are involved in cellular proliferation in 293T cells upon FKBP5
knockdown. Data represent n = 2 biological replicates and 3 PCR replicates of each biological replicate. (D) gRT-PCR analysis showing effect of
reexpression of full-length and CDK9 interaction-defective FKBP5 proteins in FKBP5 knockdown cells on mRNA expression of indicated target
genes. Data represent n = 2 biological replicates and 3 PCR replicates of each biological replicate. (E) Chromatin immunoprecipitation (ChIP)
analysis showing enhanced recruitment of the P-TEFb complex (using CDK9 as the candidate) upon FKBP5 knockdown resulting in enhanced level
of Pol Il CTD Ser2 and Ser5 phosphorylation and reduced levels of Pol Il in the promoter-proximal region of CCND1 and C-MYC target genes. Data
represent n = 2 biological replicates and 3 PCR replicates of each biological replicate. (F) Quantitation of relative enrichment of Pol Il CTD Ser2
and Ser5 phosphorylation normalized with the amount of total Pol Il being present on the promoter-proximal regions of target CCND1 and C-MYC
genes. Data represent n = 2 biological replicates and 3 PCR replicates of each biological replicate. (G) ChIP analysis showing enhanced presence of
Pol Il at the indicated coding regions of target CCND1 and C-MYC genes. Data represent n = 2 biological replicates and a minimum of 3 PCR
replicates of each biological replicate. In all of our assays, statistical analyses were performed using a one-tailed Student’s t test for obtaining
statistical significance of our data. *, P = 0.05; **, P = 0.01; ***; P = 0.001; ns, not significant.
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assumed that similar functional significance would also be important for cancer patho-
genesis. It is of note that a few earlier studies have indicated a negative correlation
between FKBP5 expression and severity of cancers (8, 19). To address FKBP5 functions
and target gene expression in cancer pathogenesis, we analyzed mRNA expression of
FKBP5 and its correlation with expression of proliferation-related genes in patient
cohort samples of multiple cancer types available in The Cancer Genome Atlas (TCGA)
data sets. We were intrigued by our observation of significant correlation between
downregulation of FKBP5 expression and the increased expression of proliferation-
related genes such as CCND1, and C-MYC (Fig. S7A to E). Thus, based on mechanistic
understanding of the functional role of FKBP5 as deciphered by our study, downregu-
lation of FKBP5 expression could play an essential role in overall cancer pathogenesis
through enhanced expression of key cancer-causing protooncogenes such as CCNDT
and C-MYC. Furthermore, it is interesting to note that several forms of kidney cancer
show strong correlations between downregulation of FKBP5 expressions and upregula-
tion of CCND1 and C-MYC genes, which further substantiates our observation in 293T
cells. Our observation that FKBP5 downregulation enhances cell proliferation through
enhancement of expression of proliferation-related genes further supports the overall
role of FKBP5 as a tumor suppressor in these types of cancers.

DISCUSSION

One of the key findings of our study is to decipher a novel function of human FKBP5 in
regulation of Pol Il-mediated transcription through regulation of P-TEFb levels within mam-
malian cells. Owing to having the same binding sites on CDK9, FKBP5 competes with cyclin
T1 for their interaction and thus regulates the level of P-TEFb complex formation through
regulation of cyclin T1 association with CDK9 for transcriptional activation. Consistent with
this model, overexpression of FKBP5 reduces CDK9 association with cyclin T1 and transcrip-
tional activation, whereas knockdown of FKBP5 expression increases CDK9-cyclin T1 associ-
ation and causes transcriptional activation. A working model, as deciphered by our studies,
is presented in Fig. S8 in the supplemental material.

Potential implication of role of FKBP5 in regulating pausing events at the
promoter-proximal region. An earlier study reported a role for the HSP90 chaperone
protein in regulating pausing events at the promoter-proximal region of global target
genes (46). This study indicated a role for HSP90 interaction with the NELF complex in
overall regulation of pausing without providing deeper mechanistic insights. Since
FKBP5 plays a key role as a cochaperone of the HSP90 chaperone compley, it is highly
likely that, through the mechanisms as deciphered in our study, FKBP5 could also play
additional roles within the HSP90 chaperone complex for attaining overall pausing
event through negative regulation of functions of the P-TEFb complex which is impor-
tant for releasing the paused Pol Il from the promoter-proximal region. Consistent with
this hypothesis, our ChIP analysis of target CCND1 and C-MYC genes showed a signifi-
cant decrease in overall Pol Il levels upon knockdown of FKBP5 at the promoter-proxi-
mal region (Fig. 7E). Further studies are needed for detailed understanding of this
mechanism of global pausing event involving FKBP5 within mammalian cells.

FKBP5-mediated transcriptional downregulation and cancer pathogenesis. It is
quite interesting to note that in our study, significant number of cancers show a strong
correlation between downregulation of FKBP5 and increased expression of key prolifer-
ation-related genes (see Fig. S4 in the supplemental material). Mechanistic understand-
ing obtained from our study provides a paradigm for this overall observation, in which
enhanced activation of P-TEFb functions upon reduced FKBP5 expression causes up-
regulation of expression of protooncogenes such as C-MYC, CCND1, etc. Overactivation
of AKT functions is also implicated in breast cancer pathogenesis (8). A strong correla-
tion between downregulation of FKBP5 expression and enhanced expression key pro-
liferation-related genes in multiple cancers further provides a functional role of FKBP5
as a tumor suppressor in multiple types of cancers. The combined role of FKBP5-medi-
ated AKT and P-TEFb functions in overall cancer pathogenesis is a subject for future
studies to come.
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Transcriptional downregulation by FKBP5 and type 2 diabetes pathogenesis. The
human FKBP5 has also been implicated in glucose metabolism and associated type 2
diabetes pathogenesis. FKBP5 knockout mice show improved glucose tolerance associ-
ated with leaner body weight when fed with normal chow diet (47, 48). Interestingly, a
recent study has shown a role for the AKT signaling pathway, upon insulin stimulation,
in phosphorylation of target AS160, which helps in translocation of the GLUT4 glucose
uptake protein to the plasma membrane and thus facilitates overall glucose uptake
and homeostasis (15). Interestingly, the same study also observed an increase in
GLUT4 expression upon ablation of FKBP5 functions by its knockdown or pharmaco-
logical antagonist. The results, as deciphered in our study, provide a new mechanistic
insight into this overall regulation. It is quite possible that upon FKBP5 knockdown, the
overall increase in P-TEFb functions results in increased transcription of GLUT4, leading
to its increased expression. Whether pharmacological inhibition would also result in a
similar increase in P-TEFb functions remains to be studied. Nevertheless, the important
mechanistic insight on functional regulation of FKBP5 would provide a basis for patho-
genesis of multiple diseases, including that of type 2 diabetes.

Transcriptional downregulation by FKBP5 and adipogenesis. Few studies have
implicated a role for FKBP5 in regulation of adipogenesis. The maximum amount of FKBP5
expression has been reported in adipocytes, as well as in skeletal muscles and lympho-
cytes, compared to that in other tissues (49). Therefore, not surprisingly, FKBP5 functions
have been correlated with adipocyte differentiation from white adipose tissue (WAT) to
brown adipose tissue (BAT) (18). FKBP5 knockdown has been shown to increase in expres-
sion of the key regulators of adipogenesis UCP1 and PRDM16 (18). However, the underly-
ing mechanisms of this increase are completely unknown. The overall role of FKBP5 in tran-
scriptional regulation through negative regulation of functions of the P-TEFb complex
certainly provides a mechanistic explanation of this overall regulation. Functions of the P-
TEFb complex have been shown to be involved in regulation of expression of multiple key
genes during WAT to BAT differentiation. In this context, whether FKBP5 downregulation
and its implication in an increase in P-TEFb-mediated transcriptional upregulation of key
UCP1 and PRDM16 genes, as well as others, plays an important role in overall adipogenesis
would be a subject for detailed studies.

Functions of FKBP5 and neuronal pathogenesis. Consistent with its high expres-
sion in the hippocampus and amygdala (50), the two key regions regulating stress-related
functions, FKBP5 has been implicated in controlling the pathogenesis of several neuronal
disorders, including PTSD, by a significant number of studies (4-6). The majority of these
studies have implicated a role for FKBP5 in regulating the glucocorticoid receptor (GR) sig-
naling pathway, in which FKBP5 competes with glucocorticoids for their binding to the GR
and subsequent downstream signal transduction for transcriptional activation of target
genes. However, no other studies have provided direct mechanistic insights into the func-
tional role of FKBP5 in transcription. Thus, our study has the potential to decipher impor-
tant mechanistic insights into the role of FKBP5 and overall neuronal pathogenesis that
studies have failed to explore until now. Further future studies would be directed toward
addressing some of these key questions.

Overall, the mechanistic insights obtained from our study have the potential to
increase understanding of underlying mechanisms of pathogenesis of several FKBP5-
associated diseases, including cancer and metabolic disorders, as well as several neuro-
nal disorders that studies until now have not been able to address.

MATERIALS AND METHODS

Cell culture. For this study, mammalian cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) with high glucose (Gibco, USA), supplemented with 10% fetal bovine serum (FBS; Gibco) and
100 U/mL penicillin-streptomycin (Gibco). Mammalian cells were maintained in a 5% CO, incubator at
37°C while maintaining proper humid conditions. All insect cell (Sf9) culturing in this study was done in
Grace’s insect medium (HiMedia, India) supplemented with 10% FBS (Gibco) and 7 wg/mL gentamycin.
Sf9 cells were maintained in a bio-oxygen demand (BOD) incubator at 26°C.

Transfection of mammalian and Sf9 cells. Transfection of mammalian cells were done using FuGene
transfection reagent and following the manufacturer’s protocol. Unless otherwise mentioned, cells were
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harvested 48 h after transfection for subsequent assays. To generate baculoviruses for expression of
recombinant proteins, Sf9 cells were transfected using Cellfectin Il reagent (Invitrogen) per the manufac-
turer’s protocol. Virus particles (supernatant) were collected 72 h posttransfection.

Plasmids, primers, and antibodies. All the plasmids used for this study, primers used for RNA anal-
yses, ChIP analyses, construction of shRNAs, and antibodies used for various experiments are mentioned
in Tables 1 to 5.

Construction of plasmids used in this study. We obtained pCMVSPORT6 vector, with the FKBP5
gene cloned into it, from Open Biosystems. The construct was sequenced in its entirety before being
used for downstream cloning experiments. Full-length as well as derivatives of different FKBP5 con-
structs were cloned in multiple expression vectors, including pcDNA5/FRT/TO, pFASTBac, pET-28a(+),
and pGEX. Similarly, CDK9, cyclin T1, CDK7, CDK8, Pol Il CTD, and other required factors and their frag-
ments were PCR amplified and cloned in different vectors for their expression with epitope tags and in
mammalian, 59, and bacterial cells. The details of cloning information for any given construct are avail-
able through the corresponding author of this study.

Immunoprecipitation analysis. To test the interaction between FKBP5 and CDK9 in an endogenous
context, nuclear extracts were prepared from a confluent 10-cm dish of 293T cells. Subsequently, this
extract was precleared using protein A-agarose beads for 2 h at 4°C. The precleared extract was subse-
quently used for overnight immunoprecipitation with 2 ug of indicated antibody. Antibody-bound pro-
teins were pulled down using protein A-agarose beads by incubating for 4 h. After rigorous washing,
bound proteins were eluted by boiling in 1x SDS loading dye for 10 min at 95°C. The sample was ana-
lyzed by Western blotting using the indicated antibodies.

For all other exogenously expressed epitope-tagged mammalian target proteins, cells were har-
vested after 48 h of transfection and lysed for 2 h at 4°C by rotating at 16 rpm in BC300 buffer (20 mM
Tris-Cl [pH 8.0], 300 mM KCl, 2 mM EDTA, and 20% glycerol) containing 0.1% NP-40 and protease inhibi-
tor cocktail. From the whole-cell extract, target proteins were pulled down using tag-specific-antibody-
coated agarose beads. Subsequently, after overnight incubation, the beads were washed three times
(10 min each at 4°C) using washing buffer containing BC300 plus 0.1% NP-40 to remove nonspecific
interactors. Subsequently, bead-bound proteins were eluted in 1x SDS loading dye by incubating at 95°
C for 10 min. The eluted proteins thus obtained were subsequently used for Western blotting.

Generation of stable cells. In this study, we used two different stable cell lines expressing FLAG-
HA-tagged FKBP5 and CDK9 proteins. Generation of a CDK9 stable cell line was already been reported in
our earlier study (22). To generate a FLAG-HA-FKBP5-expressing stable line, we used the Flp-In method
(Invitrogen) following the manufacturer’s protocol. Flp-In 293T cells were transfected with the appropri-
ate pCND5-FRT-TO vector containing the FKBP5 open reading frame (ORF). The transfected cells were
subjected to hygromycin (200 wg/mL) selection for several weeks to obtain the positive colonies.
Individual colonies were picked up, expended, and further screened for the expression of the FLAG-HA-
FKBP5 protein by Western blotting using FLAG tag-specific antibody.

Generation of stable knockdown cells. Stable knockdown of FKBP5 in mammalian cell lines was
obtained through lentivirus-mediated stable integration of target shRNA sequences against FKBP5 and
CDK9. To produce specific lentiviruses, target sequences were first cloned in lentiviral pLKO.1 puro vec-
tor. Subsequently we cotransfected the shRNA construct along with psPAX2 (lentivirus packaging plas-
mid) and pMD2.G (lentivirus envelope plasmid) in 293T cells. Lentivirus particles were produced and col-
lected after 72 to 96 h of transfection. Collected lentivirus particles were used with Polybrene (8 ug/mL)
for transduction. Subsequently, transduced cells were selected using puromycin (3 wg/mL), and knock-
down efficiency was measured at both RNA and protein levels.

Baculovirus expression-based reconstitution and purification. To reconstitute and purify proteins
or protein complex from insect cells, we used a baculoviral expression system. For the purification of
expressed proteins/complexes, baculovirus particles were used directly to the 90% confluent Sf9 cells ei-
ther alone or in combination, per experimental requirement. Cells were harvested after 48 h of infection.
Cell lysate was prepared in BC300 buffer (20 mM Tris-Cl, 200 mM KCl, 2 mM EDTA, and 20% glycerol),
containing 0.1% Nonidet P-40, 0.7 uL/mL B-mercaptoethanol, and 1x protease inhibitor cocktail for 2 h
at 4°C. To get rid of cell debris, cell lysate was centrifuged at 12,000 rpm for 20 min at 4°C. Subsequently,
immunoprecipitation was performed using epitope-tag-specific agarose beads to pull down protein-pro-
tein complex. After overnight binding, beads were washed three times (10 min each at 4°C) with wash-
ing buffer containing BC300 plus 0.1% NP-40. This bead-bound protein-protein complex was either used
directly or eluted by competitive elution using epitope-tag-specific peptide.

Baculovirus expression-based interaction analysis. For baculovirus expression-based interaction
analysis, Sf9 cells were coinfected with the combination of viruses as indicated. Cells were harvested
with phosphate-buffered saline (PBS) after 48 h of infection. Subsequently, cell lysate was prepared
using BC300 buffer containing 0.1% Nonidet P-40, 0.7 uL/mL B-mercaptoethanol, and 1x protease in-
hibitor cocktail for 2 h at 4°C. The prepared lysate was subjected to immunoprecipitation overnight at 4°
C using antibody-coated agarose beads. Protein-bound beads were washed three times (10 min each at
4°C) with washing buffer containing BC300 plus 0.1% NP-40. The bound proteins were eluted by incu-
bating at 95°C for 10 min in 1x SDS loading dye. To identify the interactors, Western blot analyses were
performed with specific antibodies.

In vitro protein-protein interaction assay. For direct in vitro protein-protein interaction assay, we
used purified recombinant target factors, as mentioned, either bound to agarose beads or added exoge-
nously. Purified proteins were incubated in a binding buffer containing 20 mM Tris (pH 8.0), 20% glycerol,
2 mM EDTA, 150 mM KCl, 0.1% Nonidet P-40, and 20 to 80 ng/uL bovine serum albumin (BSA) and incubated
for overnight at 4°C. Subsequently, protein-bound beads were washed three times (10 min each at 4°C) with
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TABLE 1 List of plasmids used in this study

Plasmid name Description

M219 HA-tagged NELF-A gene cloned into FLAG-pFASTBAC vector

M220 Myc-tagged NELF-B gene cloned into FLAG-pFASTBAC vector

M221 VSVG-tagged NELF-C gene cloned into FLAG-pFASTBAC vector
M222 FLAG-tagged NELF-E gene cloned into FLAG-pFASTBAC vector
M250 CDKO9 cloned into FLAG-HA pCDNAS5-FRT-TO vector

M384 FKBP5 gene cloned in pCMVSPORT6 vector

M250 CDKO9 cloned into FLAG-HA pCDNA5-FRT-TO vector

M452 FKBP5 cloned into FLAG-HA pCDNA5-FRT-TO vector

M493 FKBP5 cloned into 6-His pET-11d vector

M494 FKBP5 cloned into pFASTBAC vector plasmid containing FLAG tag
M495 FKBP5 cloned into pFASTBAC vector plasmid containing Non tag
M502 RNA Pol Il CTD cloned into pGEX vector

M503 FKBP5 cloned into FLAG-tagged pcDNA5-FRT-TO vector

M504 FKBP5 cloned into HA-tagged pcDNA5-FRT-TO vector

M619 CDK9 cloned into FLAG-tagged pcDNA5-FRT-TO vector

M620 CDK9 cloned into HA-tagged pcDNA5-FRT-TO vector

M661 FKBP5 (1-384) fragment cloned into FLAG pCDNAS5-FRT-TO vector
M662 FKBP5 (1-351) fragment cloned into FLAG pCDNA5-FRT-TO vector
M663 FKBP5 (1-317) fragment cloned into FLAG pCDNA5-FRT-TO vector
M664 FKBP5 (1-268) fragment cloned into FLAG pCDNAS5-FRT-TO vector
M665 FKBP5 (1-157) fragment cloned into FLAG pCDNA5-FRT-TO vector
M666 FKBP5 (130-452) fragment cloned into FLAG pCDNA5-FRT-TO vector
M667 FKBP5 (243-452) fragment cloned into FLAG pCDNA5-FRT-TO vector
M411 CDK9 cloned into FLAG-pFASTBAC vector

M251 CDKO9 cloned into Non tag pFASTBAC vector

M296 psPAX2 lentivirus packaging plasmid from Addgene

M297 pMD2.G lentivirus envelope plasmid from Addgene

M298 Lentiviral pLKO.1 vector containing scramble sequence

M562 Cyclin T1 cloned into pGEX vector

M669 FKBP5 gene cloned into Gal-DBD pM vector

M781 FKBP5 (1-384) fragment cloned into FLAG-pFASTBAC vector

M782 FKBP5 (1-351) fragment cloned into FLAG-pFASTBAC vector

M783 FKBP5 (1-268) fragment cloned into FLAG-pFASTBAC vector

M784 FKBP5 (1-157) fragment cloned into FLAG-pFASTBAC vector

M785 FKBP5 (130-452) fragment cloned into FLAG-pFASTBAC vector
M786 FKBP5 (243-452) fragment cloned into FLAG-pFASTBAC vector
M808 Human CDK7 gene cloned into FLAG-pFASTBAC vector

M809 Human CDK8 gene cloned into FLAG-pFASTBAC vector

M916 CDK9 (1-276) fragment cloned into FLAG-pFASTBAC vector

M917 CDK9 (32-276) fragment cloned into FLAG-pFASTBAC vector

M918 CDK9 (67-276) fragment cloned into FLAG-pFASTBAC vector

M919 CDK9 (100-276) fragment cloned into FLAG-pFASTBAC vector

M920 CDK9 (150-276) fragment cloned into FLAG-pFASTBAC vector

M928 FKBP5 (1-384) fragment cloned into 6-His pET-11d vector

M929 FKBP5 (1-351) fragment cloned into 6-His pET-11d vector

M930 FKBP5 (1-317) fragment cloned into 6-His pET-11d vector

M931 FKBP5 (1-268) fragment cloned into 6-His pET-11d vector

M932 FKBP5 (1-157) fragment cloned into 6-His pET-11d vector

M933 FKBP5 (130-452) fragment cloned into 6-His pET-11d vector

M934 FKBP5 (243-452) fragment cloned into 6-His pET-11d vector

M935 CDK9 (1-276) fragment cloned into FLAG-tagged pcDNA5-FRT-TO vector
M936 CDK9 (32-276) fragment cloned into FLAG-tagged pcDNA5-FRT-TO vector
M937 CDK9 (67-276) fragment cloned into FLAG-tagged pcDNA5-FRT-TO vector
M938 CDK9 (100-276) fragment cloned into FLAG-tagged pcDNA5-FRT-TO vector
M939 CDK9 (150-276) fragment cloned into FLAG-tagged pcDNA5-FRT-TO vector
M341 PRL-TK-internal Renilla luciferase control plasmid

M1008 pLTR-Luc (with HIV LTR promoter) in pGL3 basic vector

S110 shRNA construct cloned into pLKO.1 for human FKBP5 no. 1

S111 shRNA construct cloned into pLKO.1 for human FKBP5 no. 2

S142 shRNA construct cloned into pLKO.1 for human CDK9 no. 1
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TABLE 2 List of primers used for RNA analysis

Gene name 5' forward primer 3’ reverse primer

FKBP5 TCCTTGCTGCCTTTCTG CTTTCTCAAAGTCACCCTTG
CDK9 GCATCATGGCAGAGATGTG GTTGTCCACGTTTGGCC
CCND1 CAAACACGCGCAGACCTTC GATCACTCTGGAGAGGAAGCG
c-mycC GCTTGTACCTGCAGGATC GACTCCGTCGAGGAGAG
CDKN1A GGACAGCAGAGGAAGACCATG CTGTCATGCTGGTCTGCC
CDKN1B CGACGATTCTTCTACTCAA TTACGTTTGACGTCTTCTG
CDKN1C GCTGCACTCGGGGATTTC GGACATCGCCCGACGACT
CDC25B GGCACATCAAGACTGCGG GGTAGTCGTTGACAGCACG
ATF2 GTACCAGGCCCATTTCCTCTTC GAACGAGTGGGACTGCAGCTG
E2F2 GGAGCCGGACAGTCCTTC GCTGTCAGTAGCCTCCAAG
MAP2 AATAGACCTAAGCCATGTGACATCC AGAACCAACTTTAGCTTGGGCC
TAF4 GACGACAGATATGAGCAGG GTTGCTGCATCTCCTTTG
PTPRS AACACAGAAGTGCCCGCAC GTGACGTGTGGGCCTTGGAG
CDK6 GGAGTGTTGGCTGCATATTTG CGATATCTGTTACAAACTTC
T™M2D2 GGACACTACTTCATAACCAC AATAAGGTCAACAAACCACC
MDM2 TTGGATCAGGATTCAGTTTC GAGAGTTCTTGTCCTTCTTC
TEF GCTCTTCCACAGCATCC GCACACTGGAGAGCAC

LDLR CTGGAAATTGCGCTGGAC GTCTTGGCACTGGAACTCGT
GAPDH CATCACCATCTTCCAGGAG GTTCACACCCATGACGAAC
18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
RGS2 AAGATTGGAAGACCCGTTTGAG GCAAGACCATATTTGCTGGCT
STIPT GAGAAAATCCTGAAGGAGCAAG ATGCTTCATGGCCTGGGGATA
GLUTT GAAGTGTCACCCACAGCCCTTC GGGCCACAGGTCCTTGTTGC
CRABP2 CCCTACACCAACAAAGAGG CCCTCAAGTCCCCTTTAG

binding buffer. The bound proteins were eluted by incubating at 95°C for 10 min in 1x SDS loading dye. To
identify the interactors, Western blot analyses were performed with specific antibodies as indicated.

In vitro kinase assay. In vitro kinase assays were performed to test the effect of FKBP5 on P-TEFb-medi-
ated phosphorylation of its substrates Pol Il CTD, DSIF complex, and NELF complex. Phosphorylation reactions
were carried out in 1x kinase assay buffer (50 mM Tris-Cl [pH 8.0], 2 mM MgCl,, and 500 M ATP) at 30°C for
2 h. After completion of phosphorylation reactions, protein phosphorylation was assessed by Western blot
analysis using specific antibodies (for GST-CTD phosphorylation) or by autoradiography (for NELF and DSIF
complexes). For the purpose of phosphorylation assay of DSIF and NELF complexes, along with the 500 uM
ATP, 0.2 M 32P-ATP was used additionally.

In vitro competitive binding assay. For the in vitro competitive binding assay, we used purified
bead-immobilized FLAG-CDK9 along with exogenously added GST-cyclin T1 and His-FKBP5. We used a
constant amount (0.5 ug) of bait protein (immobilized FLAG-CDK9) along with a constant amount of
one of the proteins (GST-cyclin T1/His-FKBP5), with the other competitor (His-FKBP5/GST-cyclin T1)
being added in a gradient fashion. The binding reaction was carried out overnight at 4°C in a binding
buffer containing 20 mM Tris (pH 8.0), 20% glycerol, 2 mM EDTA, 100 mM KCl, 0.1% Nonidet P-40, and
80 ng/ulL BSA. After overnight incubation, the beads were washed in binding buffer rigorously. Bead-
bound proteins were eluted by incubating at 95°C for 10 min in 1 x SDS loading dye. To identify the
interactors, Western blots were performed with specific antibodies, as mentioned.

In vitro dissociation assay. For the in vitro dissociation assay, we used purified bead-immobilized pre-
formed P-TEFb complex composed of FLAG-CDK9 plus GST-cyclin T1. Both of these proteins were individually
purified and assembled into the P-TEFb complex by adding them together in assembly buffer (20 mM Tris
[pH 8.0], 20% glycerol, 2 mM EDTA, 300 mM KCl, and 0.1% Nonidet P-40) and incubating overnight at 4°C.
Bead-bound FLAG-CDK9 was incubated with an excess amount of purified GST-cyclin T1 for fully saturating
FLAG-CDK9 binding with GST-cyclin T1. The excess unbound GST-cyclin T1 was removed by extensive wash-
ing. This immobilized P-TEFb complex was then used in the reaction setup, along with increasing concentra-
tions of purified FKBP5 protein, as mentioned, in reaction buffer (20 mM Tris [pH 8.0], 20% glycerol, 2 mM
EDTA, 100 mM KCl, 0.1% Nonidet P-40, and 80 ng/uL BSA) and then incubated overnight at 4°C. The reaction
mixtures were subjected to brief centrifugation, and the supernatant fraction was collected. The bead-bound

TABLE 3 List of primers used in ChIP analyses

Gene name 5’ forward primer 3’ reverse primer

CCND1 (TSS) CGGGCTTTGATCTTTGCTTA CTGCTGCTCGCTGCTACT
C-MYC (TSS) TCCTCTCTCGCTAATCTCCGC GGGTCCTCAGCCGTCCAGAC
RGS2 (TSS) CGAGGCCTCATAAATGCTG CTCTTGTCCATGGGTCTG

CCND1 (~2 kb downstream)  CTG GATCTGGGATTGCGTGT ~ CACCTCCGGCTCAGAGCACTG
C-MYC (~3 kb downstream) GACTCTGGTAAGCGAAGC TCCAGATCTGCTATCTCTCC
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TABLE 4 Oligonucleotide sequences for generation of shRNA constructs

Sequence

Gene Upper Lower

FKBP5 sh#1 CCGGACCTAATGCTGAGCTTATATACTCGAGTATATAAGCT AATTCAAAAAACCTAATGCTGAGCTTATATACTCGAGTATAT
CAGCATTAGGTTTTTTG AAGCTCAGCATTAGGT

FKBP5 shi#2 CCGGCGAAGGAGCAACAGTAGAAATCTCGAGATTTCT AATTCAAAAACGAAGGAGCAACAGTAGAAATCTCGAGATTT
ACTGTTGCTCCTTCGTTTTTG CTACTGTTGCTCCTTCG

CDK9 sh#1 CCGGCCGCTGCAAGGGTAGTATATACTCGAGTATATAC AATTCAAAAACCGCTGCAAGGGTAGTATATACTCGAGTATA
TACCCTTGCAGCGGTTTTTG TACTACCCTTGCAGCGG

proteins were washed twice with reaction buffer before eluting in 1x SDS loading dye by incubating them
at 95°C for 10 min and were treated as bead-bound fraction. Both the supernatant and bead-bound fractions
were loaded in parallel for comparing the amount of target proteins present in both fractions by Western
blot analyses with specific antibodies, as mentioned. For immunoprecipitated P-TEFb complex, similar experi-
mental approach was used with bead-bound P-TEFb complex immunoprecipitated from whole-cell extract
from mammalian cells along with purified FKBP5 protein.

Dual luciferase assay. To perform this assay, 50,000 cells of both scramble and stable FKBP5-KD cell
lines were seeded into a 24-well dish. The next day, we transfected HIV1-LTR-luciferase (firefly) construct in
three different concentrations along with equal amount of Renilla luciferase construct (as an internal control
for transfection) in both of the cell lines. After 40 h of transfection, cells were harvested and proceeded for lu-
ciferase assay using the dual-luciferase assay kit from Promega and following the manufacturer’s protocol.
The firefly luciferase data obtained were normalized with the internal control, Renilla luciferase.

qRT-PCR analysis for RNA expression. To perform qRT-PCR analysis for mRNA expression of target
genes, total MRNA extraction was done using TRIzol reagent (Invitrogen, Inc.) following the manufac-
turer's protocol. Subsequently, 1T g of extracted mRNA was used to synthesize cDNA using the Verso
cDNA synthesis kit (Thermo Scientific) by following the manufacturer’s protocol. Synthesized cDNA was
diluted 50x before being used for qRT-PCR analysis. qRT-PCR analysis was performed using iTaq
Universal SYBR green supermix (Bio-Rad) and target gene-specific primers. qRT-PCR data were analyzed
using CFX96 real-time PCR system software using GAPDH as an internal control for normalization.

Chromatin immunoprecipitation analysis. ChIP analysis was performed essentially following a pre-
viously described protocol (37). Briefly, cells were cross-linked with 1% formaldehyde (Sigma) for 10 min
at room temperature, followed by incubation with 125 mM glycine for 5 min to stop the cross-linking.
The cross-linked cells were washed three times with ice-cold PBS. Nuclear extract was prepared using
these cells for downstream immunoprecipitation analysis by resuspending the cells in ChIP lysis buffer
(0.5% NP-40, 1% Triton X-100, 300 mM NaCl, 20 mM Tris [pH 7.5], 2 mM EDTA, and protease inhibitor
cocktail) and incubating on ice for 30 min. After syringe passage 8 times through a 23-gauge needle, the
lysate was spun down at 5,000 rpm for 10 min at 4°C. The obtained nuclear pellet was resuspended with

TABLE 5 List of antibodies used in this study

Antibody Source(s)

FKBP5 Bethyl Laboratories, Cell Signaling Technology
CDK9 Santa Cruz Biotechnology

ELL Bethyl Laboratories, Cell Signaling Technology
CCNT1 Santa Cruz Biotechnology

AFF1 Abcam

NELF-A Bethyl Laboratories

NELF-E Bethyl Laboratories

AF9 Bethyl Laboratories

B-Actin Santa Cruz Biotechnology

Phospho-Rpb1 CTD (Ser2)

Phospho-Rpb1 CTD (Ser5)

Rpb1

FLAG epitope

HA epitope

His epitope

GST epitope

Normal rabbit IgG

Normal mouse IgG

HRP-conjugated secondary antibody (rabbit)
HRP-conjugated secondary antibody (mouse)
HSP903

Histone H3

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Bio-Rad

Cell Signaling Technology
Bio-Rad

Cell Signaling Technology
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ChIP sonication buffer (1% SDS, 50 mM Tris [pH 8.0], 10 mM EDTA, and 1x protease inhibitor cocktail).
The resuspended nuclear pellet was subsequently sonicated at high efficiency using a Bioruptor UCD-
200 instrument for 20 min. The sonicated samples were spun down at 15,000 rpm for 20 min. The
obtained supernatant was precleared using 20 ulL protein A-agarose beads in 65 g of sonicated DNA
sample for 30 min at 4°C. The precleared lysate was diluted 10 times using ChIP dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.1 mM EDTA, 20 mM Tris-Cl [pH 8.0], and 167 mM NaCl). Immunoprecipitation
was carried out overnight at 4°C with 2 ug of target antibody for each immunoprecipitation sample,
while 1gG was used as a negative control. In a parallel reaction, protein G magnetic beads were blocked
using 50 g of salmon sperm DNA for overnight. The next day, 25 uL of preblocked protein G magnetic
beads were further added with the immunoprecipitated sample and incubated for 1 h at 4°C. After a
short spin at 3,000 rpm, magnetic beads bound to antibody-protein-DNA complex were successively
washed twice with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl [pH 8.0],
150 mM NaCl, and protease inhibitor cocktail), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-Cl [pH 8.0], 500 mM NaCl, and protease inhibitor cocktail), and lithium chloride buffer (0.5 M
LiCl, 1% NP-40, 1% deoxycholate, 20 mM Tris-Cl [pH 8.0], and T mM EDTA). The immunoprecipitated pro-
tein-DNA complexes were eluted by incubating for 30 min with elution buffer (1% SDS and 0.1 M
NaHCO,) at room temperature. The eluted DNA-protein complex was incubated with 190 mM NaCl at
65°C for de-cross-linking. The remaining proteins were digested by using proteinase K for 45 min at 45°
C. The eluted DNA was further purified using the Qiagen PCR purification kit following the manufac-
turer’s protocol. The purified eluted DNA was subsequently used in qRT-PCR analysis using primers spe-
cific to the target gene locus.

Cell proliferation assay. To perform the cell proliferation assay, 6 x 10* FKBP5 knockdown and con-
trol cells were seeded in a 6-well plate. Cell numbers were counted using a hemocytometer on the 3rd,
4th, and 5th days after seeding of cells. Scramble knockdown cells were used as control.

RNA-Seq analysis. For the purpose of analysis of differential expression of genes between control
(scramble) and FKBP5 knockdown cells, raw data were generated following the same protocol mentioned in
our earlier study (37). The data obtained in the previously reported control sample (37) were used for reana-
lyzing the effect of FKBP5 knockdown, reported here, since all these experiments were performed at the
same time. For differential gene expression analysis, the raw FASTQ sequences of all 4 samples (as obtained)
were mapped to the Homo sapiens GRCh38 genome using STAR (v2.27.2b) to create BAM files (51, 52). The
BAM files were then processed using the Rsamtools, Rsubread, and GenomicAlignments R packages, and
abundance tables were created from the alignments (53, 54). The abundance tables were further normalized
and differentially abundant genes were identified using the DESeq2 R package (55). Genes with a log, fold
change (log,FC) of 1.5-fold or more, having a P value of <0.05 and an adjusted P value of <0.05 were consid-
ered significantly differentiated gene expression. The heatmap of the selected genes was generated using
counts-per-million normalization from raw counts by implementing the edgeR package, and subsequent vis-
ualization was done with “pheatmap” R function (56).

Gene ontology analysis. Gene ontology (GO) analysis for the identification and classification of biologi-
cal processes was performed as described previously (37). Functional classification of differentially regulated
genes identified from the RNA-Seq data was done utilizing the Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.8 (57). GO terms with P values of >0.05 as determined by the EASE score, a
modified Fisher's exact P value test integrated into the DAVID workflow, were considered significant.

RNA expression analysis using TCGA data sets. Gene expression data were obtained from The
Cancer Genome Atlas (TCGA) database (data version 2016_01_28) stored as part of the Broad Institute of
MIT and Harvard TCGA Government Data Analytics Center (GDAC) (www.gdac.broadinstitute.org). mRNA
levels of indicated genes in 11 cancers were obtained from a TCGA database of 38 different cancer
cohorts containing more than 14,000 sequencing samples. For easy data retrieval and analysis, the
Firehose analysis pipeline developed by the Broad Institute itself was utilized through its Java-depend-
ent web application FireBrowse (http://firebrowse.org/) (58). Cohort-specific mRNA abundance was rep-
resented as log, RNA-Seq by expectation maximization (RSEM) for greater accuracy in quantification
(59). Statistical analysis was performed using a one-tailed Student’s t test, defining a P value of <0.05 as
significant.

Data availability. The full set of mass spectrometry data for identifying FLAG-HA-CDK9-associated pro-
teins purified from mammalian 293T cells can be obtained from Mendeley Data at https://data.mendeley.com/
datasets/sxndp9wphbx/1. Original raw images of Western blots used for making the figures shown in this study
can also be accessed from Mendeley Data repository at https://data.mendeley.com/datasets/3c9vdxrf3n/1.
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