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1 Introduction 

1.1 Exogenous retroviruses 

1.1.1 Overview 

Retroviruses are a diverse family of RNA viruses that have co-evolved with their hosts 

for millions of years, leaving a lasting impact on both viral evolution and host genomes. 

They are broadly classified into exogenous and endogenous retroviruses [1-3]. 

Exogenous retroviruses spread through horizontal transmission, infecting new hosts via 

direct contact, bodily fluids, or other transmission routes [4]. Among these, the 

Orthoretrovirinae subfamily includes several clinically significant human pathogens, 

such as the human immunodeficiency viruses (HIV-1 and HIV-2) and the human T-cell 

leukemia viruses (HTLV-1 and HTLV-2) [5]. HIV-1 is responsible for the global AIDS 

pandemic due to its high transmission efficiency and ability to weaken the immune 

system by targeting CD4+ T cells [6, 7]. In contrast, HIV-2 has a lower transmission rate 

and is primarily confined to West Africa [8, 9]. HTLV-1, though less widely known, is 

linked to aggressive leukemias and neurological disorders, particularly in endemic 

regions such as Japan, the Caribbean, and parts of Africa [10]. These exogenous 

retroviruses continue to pose significant public health challenges, requiring ongoing 

research into treatment, prevention, and epidemiology. 

1.1.2 Epidemiology of HIV 

Despite advances in antiretroviral therapy (ART), retroviral infections remain a major 

public health challenge. In 2023, approximately 39.9 million people were living with HIV 

globally, with 1.3 million new infections and 630,000 AIDS-related deaths [11]. While 

antiretroviral therapy improves survival, it is not a cure, and access remains unequal 

[12]. The high mutation rate and immune evasion of HIV complicate vaccine 

development and treatment [13].  

1.1.3 HIV proteins 

HIV-1 and HIV-2 encode several structural, accessory, and regulatory proteins that play 

crucial roles in viral replication, immune evasion, and pathogenesis [14]. The structural 

proteins include Gag, Pol, and Env, which form the viral core, enzymes, and envelope, 

respectively (Fig. 1.1) [15]. Gag is responsible for assembling the viral particle and 

includes components such as matrix (MA), capsid (CA), and nucleocapsid (NC) [16]. pol 

encodes the viral enzymes reverse transcriptase (RT), integrase (IN), and protease (PR), 
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which are required for viral replication [17]. Env, the envelope glycoprotein, is crucial 

for viral entry into host cells. In HIV-1, it consists of the Gp120 and Gp41 subunits [18], 

while in HIV-2, it comprises Gp125 (which is functionally similar to Gp120) and Gp36 

[19]. 

In addition to structural proteins, HIV-1 and HIV-2 encode the regulatory proteins Tat 

and Rev [20]. Tat enhances transcription from the viral long terminal repeat (LTR), while 

Rev facilitates the export of incompletely spliced transcripts from the nucleus to the 

cytoplasm, allowing for the synthesis of structural and enzymatic proteins [21]. 

HIV also produces the accessory proteins Nef, Vif, Vpu (in HIV-1) or Vpx (in HIV-2), and 

Vpr, which modulate host cell functions to enhance viral replication and immune 

evasion [22-25]. Nef downregulates CD4 and MHC class I molecules to escape immune 

detection [26, 27], Vif counteracts the antiviral effects of the host APOBEC3G enzyme 

[28], Vpu (in HIV-1) inhibits the host restriction factor tetherin and degrades CD4 [27, 

29, 30], and Vpx (in HIV-2) enhances viral replication by degrading the restriction factor 

SAMHD1 [31]. Vpr contributes to cell cycle arrest and enhances viral replication in non-

dividing cells [32]. 

 

Figure 1.1: HIV-1 virion (Created with BioRender.com): The HIV-1 virion is a complex 

retrovirus characterized by an outer lipid envelope embedded with Env glycoproteins, 

GP120 (Surface) and GP41 (Transmembrane), crucial for host cell attachment and entry. 

Encased within this envelope is a conical capsid, primarily composed of Gag proteins 
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such as the p24 Capsid (CA) and Matrix (MA), which encloses the viral core. This core 

houses two copies of the single-stranded RNA (ssRNA) genome along with essential Pol 

enzymes: reverse transcriptase (RT) for converting RNA to DNA, protease (PR) for viral 

protein processing, and integrase (IN) for viral DNA integration.  

1.1.4 Cell tropism of HIV-1 

The Envelope (Env) protein is the only viral protein exposed on the lipid membrane of 

HIV-1, functioning as a transmembrane protein. Synthesized in the rough ER as a type I 

integral membrane protein, it undergoes cleavage to form a heavily glycosylated Gp160 

precursor. This precursor trimerizes and is processed in the ER and Golgi, where a furin-

like protease or furin itself cleaves it into Gp120 and Gp41 [33]. Gp120, the Surface (SU) 

protein, mediates receptor and coreceptor binding, while Gp41, the Transmembrane 

(TM) protein, facilitates membrane fusion during viral entry. The Gp120/Gp41 complex 

remains a trimer, first on the host cell and later in the mature virions. Extensive 

glycosylation on Gp120 shields key epitopes from neutralizing antibodies [33-35]. 

HIV-1 entry is mediated by the CD4 receptor, which was identified as essential when 

antibodies against it were found to block infection [36]. CD4 is primarily expressed on T 

helper cells and plays a key role in stabilizing T cell receptor (TCR) and MHC class II 

interactions [37]. HIV-1 predominantly targets CD4+ T cells due to the high affinity of its 

envelope glycoprotein (Env) for CD4, leading to the progressive depletion of these cells 

during infection [38, 39]. For successful entry, the virus also requires a coreceptor, most 

commonly CCR5. The transmitted and most prevalent form of HIV-1 is CCR5-tropic (R5) 

and infects CD4+ memory T cells with high CD4 expression. These R5 viruses are typically 

found in blood and lymphoid tissues and are responsible for reactivation from latency 

[40]. 

When CD4+CCR5+ T cells become limited, such as in specific tissue environments, HIV-1 

adapts by evolving to infect alternative cell types. In the central nervous system (CNS), 

the virus may target macrophages or microglial cells, which express lower levels of CD4 

but still use CCR5 [41]. This variant is referred to as macrophage-tropic (M-tropic). In 

late-stage disease, a coreceptor switch often occurs from CCR5 to CXCR4, allowing the 

virus to infect a different subset of CD4+ T cells. These are known as CXCR4-tropic (X4) 

viruses. Thus, HIV-1 displays remarkable flexibility in coreceptor usage to sustain 

replication in diverse tissue environments. Its entry phenotypes are classified as R5 T 
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cell-tropic, X4 T cell-tropic, and M-tropic. While X4 viruses remain distinct, most viruses 

previously classified as M-tropic are now recognized as R5 T cell-tropic, with truly 

macrophage-tropic strains being relatively rare [42]. 

1.1.5 AIDS 

HIV-1 and HIV-2 progressively weaken the immune system, and if untreated, lead to 

AIDS, a condition marked by severe immunodeficiency, recurrent opportunistic 

infections, malignancies, and systemic complications [43]. 

Beyond its impact on immune function, chronic HIV infection, even before progression 

to AIDS, has been increasingly recognized as a driver of accelerated aging. Persistent 

viral replication, chronic immune activation, and inflammation (often termed 

inflammaging) contribute to premature cellular senescence, telomere shortening, 

mitochondrial dysfunction, and dysregulated repair pathways [44-46]. These biological 

changes mirror those observed in natural aging, but occur at a younger age in people 

living with HIV (PLWH). 

As a result, PLWH, especially those with a history of advanced immunodeficiency, face 

an elevated risk of aging-associated diseases such as cardiovascular disorders, 

neurocognitive decline, osteoporosis, frailty, and certain cancers, even when viral 

replication is controlled with antiretroviral therapy [47-49]. The chronic immune 

activation and reduced immune surveillance in AIDS further accelerate these age-

related pathologies by allowing latent infections and cellular stress responses to persist 

unchecked [49]. 

1.1.6 Accelerated Aging under ART 

Although ART has successfully transformed HIV infection from a fatal illness into a 

manageable chronic condition, PLWH continue to experience signs of premature aging 

such as cardiovascular disease, bone density loss, metabolic disorders, and 

neurocognitive decline [49, 50]. Despite effective viral suppression, ART does not fully 

restore immune health or prevent the onset of metabolic and mitochondrial 

dysfunctions, which are central to the aging process in this population [51, 52]. 

A key factor driving aging in ART treated individuals is mitochondrial dysfunction. Both 

HIV infection and long-term ART impair mitochondrial integrity by disrupting 

mitochondrial DNA (mtDNA) maintenance, inhibiting polymerase gamma (Pol-γ) 
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activity, and increasing oxidative stress. These disruptions lead to reduced ATP 

production, deregulated respiration, and accumulation of mtDNA mutations. Unlike 

nuclear DNA, mtDNA lacks protective histones and efficient repair mechanisms, making 

it particularly susceptible to damage. Over time, this results in impaired energy 

metabolism and contributes to hallmarks of aging such as cellular senescence and 

systemic inflammation [51, 53, 54]. 

Moreover, chronic immune activation persists even under ART, leading to 

immunosenescence, where immune cells such as T cells lose their functional capacity 

[55, 56]. This is exacerbated by mitochondrial defects in immune cells, which further 

compromise their energy-dependent functions such as proliferation and cytokine 

production [57]. The interplay between mitochondrial damage, telomere shortening, 

and p53 activation establishes a cycle of cellular stress and aging. 

Therefore, while ART remains indispensable for managing HIV, the persistent chronic 

inflammation and immune activation driven by the HIV infection itself, even under ART, 

along with some indirect effects of ART, inadvertently contribute to aging-related 

complications. Understanding these mechanisms is essential for developing adjunct 

therapies that protect mitochondrial health and improve long-term outcomes and 

quality of life for PLWH [58, 59]. 

1.2 Endogenous retroviruses 

1.2.1 Overview 

Transposable elements (TEs), commonly known as "jumping genes", are mobile DNA 

sequences capable of moving or copying themselves to different locations within the 

genome. These elements are ubiquitous across all forms of life and make up a 

substantial fraction of many genomes. In mammals, TEs account for nearly 50% of the 

genome, while in some plant species they can constitute up to 90% of the genetic 

material [60, 61]. In humans, about 48% of the genome is composed of TEs, highlighting 

their evolutionary and functional significance (Fig. 1.2) [62, 63]. TEs are broadly classified 

into two major categories based on their mode of transposition: DNA transposons and 

retrotransposons. DNA transposons move through a "cut and paste" mechanism and 

were once active during early primate evolution but lost mobility in the human genome 

around 37 million years ago [64]. In contrast, retrotransposons operate via a "copy and 

paste" mechanism involving an RNA intermediate that is reverse-transcribed into DNA 



6  Introduction 
 

and inserted into new genomic locations. Retrotransposons are further divided into long 

terminal repeat (LTR) retrotransposons and non-LTR retrotransposons based on 

structural features [65]. Non-LTR retrotransposons are composed of LINEs (Long 

Interspersed Nuclear Elements) and SINEs (Short Interspersed Nuclear Elements). 

 

Figure 1.2: Transposable elements are key components of the human genome 

(Created with BioRender.com): This pie chart illustrates the composition of the human 

genome, revealing that around 50% is comprised of "jumping genes" known as 

transposable elements (TEs). Specifically, it breaks down these mobile genetic segments 

into approximately 22% LINEs (Long Interspersed Nuclear Elements), 13% SINEs (Short 

Interspersed Nuclear Elements), 8% HERVs (Human Endogenous Retroviruses), 2% DNA 

transposons, and 4% other repeats. The gray slice depicts the non-repeat DNA, including 

protein-coding sequences [66]. 

Among LTR retrotransposons, human endogenous retroviruses (HERVs) represent a 

significant component of the human genome. HERVs are remnants of ancient retroviral 

infections that became permanently integrated into the germline DNA of our ancestors 

[67]. While many HERV families are indeed ancient, some, such as the HERV-K (HML-2) 

family, are much younger, with evidence of integrations occurring as recently as a few 

million years ago, and even polymorphic insertions in modern humans [68]. These 

sequences, passed down through generations, now comprise approximately 8% of the 
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human genome [67, 69]. While all HERVs have lost their ability to produce infectious 

particles due to mutations and deletions, they are not biologically silent [70]. Some HERV 

elements have been co-opted for beneficial host functions such as immune regulation 

and placental development. For instance, syncytins, proteins encoded by ERV-derived 

envelope genes, play a vital role in the fusion of placental cells during pregnancy [71]. 

HERVs may also contribute to host defense by interfering with exogenous retroviral 

infections, acting as natural antiviral elements [3, 72]. However, when their expression 

becomes dysregulated due to aging, infection, inflammation, or epigenetic changes, 

HERVs can exert pathogenic effects. Aberrant HERV activity has been implicated in a 

range of diseases including cancers, autoimmune disorders, and neurodegenerative 

conditions such as multiple sclerosis and amyotrophic lateral sclerosis [73, 74]. 

The dual nature of HERVs as both genomic relics with functional utility and potential 

drivers of disease makes them an important subject of study. Understanding the 

mechanisms that regulate HERV activity, such as DNA methylation, histone modification, 

and small RNA pathways, is critical for unraveling their complex roles in human health 

and disease [75, 76]. 

1.2.2 Origin and evolution 

HERVs (human endogenous retroviruses) are grouped into three main classes based on 

phylogenetic analysis of their pol genes, reflecting distinct origins and evolutionary 

paths [77, 78].  

Class I includes elements related to gammaretroviruses and comprises families such as 

HERVW, HERVH, HERV-FRD, and HERVF [78]. These HERVs are some of the most studied 

due to their presence in key regulatory regions and their occasional expression in tissues 

such as the placenta and the brain [79].  

Class II consists primarily of the HERV-K (HML-2) family, which remains among the most 

biologically active and evolutionarily recent HERV groups, with evidence of integrations 

occurring within the last few million years and even polymorphic insertions observed in 

modern human populations [80, 81]. Some HERV-K elements are transcriptionally active 

in human tissues and have been associated with diseases including cancer and 

neurodegeneration [80].  
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Class III includes more ancient elements such as HERVL and HSERVIII, which share 

similarities with spumaviruses (foamy viruses). These elements are thought to represent 

some of the earliest retroviral integrations in the human lineage [80, 81]. 

The origin of HERVs can be traced to exogenous retroviruses that infected the germline 

of primate ancestors, leading to their initial integration into the host genome [78]. Once 

integrated and fixed in the human genome, these sequences were inherited in a 

Mendelian fashion and gradually accumulated mutations, insertions, deletions, and 

recombination events. Many of these processes resulted in the loss of protein coding 

potential and the formation of solo-LTRs, remnants of full length HERVs left behind after 

internal sequence deletions (Fig. 1.3) [82]. 

 

Figure 1.3: Evolution of human endogenous retroviruses (HERVs) and solo-LTR 

formation (Created with BioRender.com):  HERVs are ancient retroviral remnants, 

comprising ~8% of the human genome, originating from germline integrations. Initially, 

full-length HERVs possessed LTRs (Long Terminal Repeats) flanking their gag, pol, and 

env genes, along with other viral sequences such as the packaging signal (Ψ). Each LTR 

is further subdivided into three regions: U3 (Unique 3'), R (Repeat), and U5 (Unique 5'). 

Over time, these sequences progressively accumulate mutations and deletions. As 

illustrated, internal gene loss often leads to the formation of "solo-LTRs," leaving only 

the flanking repeat sequences. While no longer infectious, these genomic fossils reflect 

significant evolutionary processes impacting host genome architecture.  

Despite widespread inactivation, certain HERV elements have been co-opted by the host 

for beneficial functions, notably in placental development where syncytins, derived 
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from HERV env genes, are essential for cell fusion, and also in modulating immune 

responses or regulating nearby gene expression [83]. 

Among these, the ERV9/LTR12 family notable for its high copy (~5,000 LTR12 elements) 

and significant transcriptional activity across various human tissues [84]. These LTRs, 

particularly subtypes such as LTR12C, are frequently co-opted as cis-regulatory 

elements, acting as alternative promoters or enhancers for host genes [72, 85, 86]. 

LTR12 elements contain recurrent binding sites for various transcription factors, 

including NF-Y and GATA-2, which contribute to their tissue-specific expression patterns 

[85]. Furthermore, ERV9/LTR12 can initiate the transcription of long non-coding RNAs 

(lncRNAs) that act in cis to modulate the activity of downstream genes, including 

erythroid genes [87]. The epigenetic regulation of LTR12 activity is also a critical area of 

study, as their transcriptional states can be influenced by factors such as histone 

deacetylase inhibitors, highlighting their dynamic regulatory potential [88]. This 

widespread regulatory capacity underscores their importance in shaping human gene 

expression networks and their potential involvement in various physiological and 

pathological processes [89]. 

The evolutionary trajectory of HERVs reflects a dynamic interplay between retroviral 

invasion, host genomic defense mechanisms, and natural selection. Understanding the 

classification and evolutionary history of HERVs offers critical insight into how these 

once pathogenic elements have shaped and continue to influence human biology [90]. 

1.2.3 Co-option of HERVs as regulatory elements and their activation upon 
HIV-1 infection 

Human endogenous retroviruses (HERVs) are typically silenced in the germline. 

However, during early embryonic development, particularly around the zygotic genome 

activation phase, there is a period of global epigenetic reprogramming where 

transposable elements, including some HERVs, are de-repressed, before being re-

silenced in somatic lineages [91, 92]. This tight control is essential for preserving 

genomic stability and preventing harmful consequences of HERV activation in 

differentiated cells. Nevertheless, certain cellular stressors, such as infections by 

exogenous viruses, can disrupt this regulation and trigger HERV expression [93, 94]. 

Several viral infections, including those caused by human immunodeficiency virus type 

1 (HIV-1), Influenza A virus (IAV), Dengue virus (DENV), Hepatitis B virus (HBV), SARS-
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CoV-2 and Epstein-Barr virus (EBV), have been linked to the reactivation of endogenous 

retroviruses (ERVs), including families and subfamilies such as ERV-9 (LTR12C), HERV-K 

(ERV1, ERV3, ERVMER61), HERVW, LTR69_Dup69 [95-100]. However, it remains unclear 

whether this upregulation actively contributes to pathogenesis or if it is merely a 

secondary consequence of broader dysregulation. 

In the context of HIV-1 infection, multiple mechanisms have been proposed to explain 

HERV activation, including direct transcriptional activation by viral proteins, modulation 

of immune signaling pathways, and epigenetic modifications [72, 101]. HIV-1 is 

particularly well studied for its ability to induce HERV expression [72, 102, 103]. HIV-1 

infection has been shown to trigger both transcription and translation of HERV-K loci, 

the youngest and most transcriptionally active ERV family in the human genome [102, 

104]. One mechanism behind this activation involves the HIV-1 Rev protein interacting 

with the HERV-K regulatory element RcRE, promoting the nuclear export of HERV-K 

transcripts [105]. 

Notably, HIV-1 infection directly impacts the expression of other HERV families, 

including the highly abundant ERV9/LTR12 elements [72]. Our research has 

demonstrated that HIV-1 infection specifically upregulates LTR12-driven transcription. 

For instance, RNA sequencing of ex vivo HIV-infected CD4+ T cells revealed a significant 

upregulation of various transposable elements (TEs), including LINE1 elements and 

several hundred endogenous retrovirus (ERV) loci. Notably, members of the ERV9 

lineage, such as LTR12C and LTR12D, exhibited elevated expression levels, indicating 

that HIV-1 infection broadly influences the transcriptional activity of TEs, irrespective of 

viral subtype [72]. This induction of LTR12 elements is particularly relevant given their 

widespread distribution in the human genome and their established roles as cis-

regulatory elements influencing the expression of adjacent host genes [72]. Specific 

studies have detailed how LTR12 activation can lead to changes in gene expression 

profiles in HIV-1 infected cells, potentially contributing to altered cellular physiology or 

immune responses [84, 85]. 

One key epigenetic regulatory mechanism contributing to HERV silencing involves DNA 

methylation, which plays a fundamental role in maintaining proviral silencing. Both HIV-

1 proviruses and HERV elements, including HERV-K (HML-2) and LTR12, are normally 

suppressed through CpG methylation, primarily maintained by DNA methyltransferase 

1 (DNMT1) [106-108]. Loss of this methylation can lead to activation. However, whether 
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HIV-1 actively influences the methylation status of proviral DNA remains an open 

question [109-111]. If HIV-1 was capable of reducing methylation levels, this could lead 

to enhanced HERV expression in infected cells, potentially altering cellular physiology 

and immune responses. Additionally, more complex regulatory mechanisms such as 

transcriptional interference may also contribute to the control of HERV expression [109, 

112]. 

Given the intricate interplay between host epigenetic regulation, immune responses, 

and viral infections, further research is needed to delineate the precise mechanisms 

governing HERV reactivation and its implications for disease progression. Understanding 

the factors influencing HERV expression in the context of viral infections could have 

significant implications for both basic virology and therapeutic interventions. Targeting 

pathways that regulate HERV activation may provide novel insights into viral 

pathogenesis and potential strategies for mitigating associated diseases. Specifically, the 

derepression of HERV elements, particularly solo-LTRs such as LTR12, can contribute to 

cellular stress, genomic instability, and chronic inflammation, all of which are hallmarks 

of cellular senescence and premature aging in the context of chronic infections with 

viruses such as HIV-1 [84, 93]. 

1.3 Cellular senescence 

1.3.1 Definition  

Cellular senescence is a complex stress-response program characterized by an 

irreversible cell cycle arrest, distinct morphological changes, and often the acquisition 

of a pro-inflammatory senescence-associated secretory phenotype (SASP). Senescence 

is triggered when cells encounter significant stressors such as DNA damage, oxidative 

stress, oncogenic signaling, or telomere attrition [113, 114]. As highlighted in the 

preceding section (1.2.3), the aberrant transcriptional activity originating from 

derepressed HERVs, including LTR12, can contribute to this cellular stress and chronic 

inflammatory environment, thereby acting as a significant inducer of senescence. While 

critical in processes such as embryonic development, wound healing, and tumor 

suppression, the persistent accumulation of senescent cells contribute to aging and age-

related pathologies [114]. 

Cellular senescence is a fundamental biological process wherein cells permanently exit 

the cell cycle while maintaining metabolic activity [114]. Unlike temporary cell cycle 
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arrest, which can be reversed when conditions improve, senescence represents a stable 

and irreversible state. This mechanism evolved as a protective strategy to prevent the 

propagation of damaged or dysfunctional cells, particularly those with compromised 

genomic integrity. In doing so, senescence functions as an intrinsic barrier against 

uncontrolled cell proliferation and tumor formation [115]. While initially beneficial, the 

long-term accumulation of senescent cells can become detrimental, disrupting tissue 

homeostasis and contributing to age-associated diseases [116]. 

To appreciate how senescence unfolds, it is essential to understand the cell cycle. The 

cycle is divided into distinct phases: G1 (cell growth), S (DNA replication), G2 

(preparation for division), and M (mitosis). Cells may also enter a resting state called G0, 

where they are quiescent but capable of re-entering the cycle if needed [117]. The 

progression through these phases is tightly regulated by cyclins, cyclin-dependent 

kinases (CDKs), and their inhibitors, with critical checkpoints at G1/S and G2/M ensuring 

that only cells with intact and properly replicated DNA proceed to divide [118]. 

Senescence is triggered when cells encounter significant stressors such as DNA damage, 

oxidative stress, oncogenic signaling, or telomere attrition [119]. These stress signals 

activate tumor suppressor pathways, most notably those governed by p53 and 

retinoblastoma protein (pRb). Upon DNA damage, p53 becomes stabilized and induces 

the expression of p21, a potent inhibitor of CDKs. The inhibition of CDKs prevents the 

phosphorylation of pRb, which in its hypophosphorylated form suppresses E2F 

transcription factors, thereby halting the transcription of genes essential for DNA 

synthesis and cell cycle progression [120, 121]. The outcome is a stable cell cycle arrest, 

primarily at the G1 phase, that cannot be reversed even in the presence of growth 

stimuli [122]. 

Although senescent cells no longer divide, they undergo significant phenotypic changes. 

They typically become enlarged and flattened, display increased lysosomal activity, and 

exhibit altered chromatin architecture [123]. A defining feature of senescent cells is the 

persistent activation of DNA damage responses, particularly at telomeres, which 

reinforces their arrested state [124]. Another crucial hallmark is the senescence-

associated secretory phenotype (SASP), a complex mixture of cytokines, chemokines, 

proteases, and growth factors secreted by senescent cells. These secretions can 

influence the surrounding tissue environment and neighboring cells [115, 125, 126]. 
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The SASP has both beneficial and harmful consequences. In the short term, it can 

promote wound healing, tissue regeneration, and the recruitment of immune cells to 

clear senescent cells [126]. However, when senescent cells accumulate and persist, 

particularly with age or in chronically inflamed tissues, the continuous release of SASP 

factors leads to sustained low-grade inflammation. This inflammatory milieu, often 

termed inflammaging, contributes to the progression of a wide range of pathologies 

including neurodegeneration, cardiovascular disease, osteoporosis, and certain cancers 

[127-130]. Thus, while the initial induction of senescence acts as a tumor-suppressive 

mechanism, its chronic presence may create a tissue environment that paradoxically 

promotes malignancy [131]. 

In conclusion, cellular senescence is a dynamic and multifaceted process rooted in cell 

cycle regulation and stress response. It plays a vital role in early life and tissue 

maintenance by preventing the division of damaged cells. However, the long-term 

accumulation of senescent cells, coupled with their pro-inflammatory secretory profile, 

can have deleterious effects on tissue function and organismal aging. Understanding the 

fine balance between the protective and pathological aspects of senescence is crucial, 

especially in the context of developing therapies aimed at promoting healthy aging and 

mitigating age-related diseases [132-135]. 

1.3.2 Senescence-Associated Secretory Phenotype (SASP) 

As discussed earlier in section 1.3.1, the senescence-associated secretory phenotype 

(SASP) is a key hallmark of senescent cells. It involves the secretion of a wide range of 

bioactive molecules that allow these cells to interact with their surrounding 

microenvironment, thereby influencing numerous physiological and pathological 

processes. [125, 136, 137] 

Transcriptional regulation plays a pivotal role in SASP expression, with transcription 

factors such as NF-κB and C/EBPβ serving as central regulators. NF-κB, in particular, 

governs the expression of key SASP components such as IL-1α, IL-6, and IL-8, establishing 

a positive feedback loop that amplifies its own activity [138]. The SASP composition is 

highly context-dependent, influenced by factors such as the nature of the senescence-

inducing stimulus, cell type, and duration of senescence [139]. For instance, during 

oncogene-induced senescence, fluctuations in NOTCH1 signaling can shift the SASP from 
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an early TGF-β-rich immunosuppressive profile to a more pro-inflammatory state [140, 

141]. 

Classical SASP factors include cytokines (e.g., IL-6, IL-8), chemokines (e.g., MCPs, GROs), 

and extracellular matrix (ECM) modulators (e.g., MMPs, TIMPs) [125]. These factors are 

secreted into the extracellular space, exerting autocrine and paracrine effects. 

Additionally, many SASP components are released via ectodomain shedding or packaged 

into extracellular vesicles such as microvesicles and exosomes, which deliver proteins, 

lipids, noncoding RNAs, and nucleotides to neighbouring cells [142, 143].  

Identifying senescent cells is a key to understand the impact of the SASP on tissue 

microenvironments. Among various senescence markers, Senescence-Associated β-

galactosidase (SA-β-gal) remains one of the most widely used. Unlike endogenous 

lysosomal β-galactosidase, which functions optimally at pH 4.0-4.5, SA-β-gal activity is 

detectable at pH 6.0-a feature linked to increased lysosomal content in senescent cells 

[144]. This pH-dependent distinction allows selective detection of senescent cells and 

has become a standard tool for studying SASP-producing populations in vitro and in vivo. 

Functionally, the SASP has a dual role. Beneficially, it supports tissue repair, 

regeneration, and immune surveillance by recruiting immune cells such as NK cells, 

macrophages, and T cells to clear senescent cells [139, 145, 146]. During embryonic 

development and wound healing, the SASP contributes to tissue remodeling and stem 

cell activation [139]. Furthermore, the SASP reinforces senescence-associated growth 

arrest through autocrine signaling, supporting tumor suppression by creating an anti-

proliferative microenvironment [147]. Conversely, chronic SASP production can be 

detrimental, particularly in aging tissues. Persistent SASP secretion leads to chronic low-

grade inflammation, termed "inflammaging," contributing to age-related pathologies 

such as cancer, cardiovascular diseases, fibrosis, and neurodegeneration [148-150]. 

Certain SASP factors promote angiogenesis, tissue invasion, and epithelial-to-

mesenchymal transition, facilitating tumor progression. Moreover, SASP-mediated 

paracrine signaling can induce secondary senescence in neighbouring cells via pathways 

like NOTCH1 and JAK2/STAT3, amplifying cellular dysfunction [151, 152]. 

Despite stable growth arrest, senescent cells evade apoptosis by activating senescent 

cell anti-apoptotic pathways (SCAPs), including BCL-2 family proteins, HSP90, PI3K/AKT, 

and HIF-1α [153]. These pathways protect senescent cells from the deleterious effects 
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of their own SASP factors. Given their role in senescent cell survival, SCAPs have 

emerged as therapeutic targets. Inhibiting SCAPs can selectively eliminate senescent 

cells while sparing healthy cells [154]. 

This understanding has led to the development of senotherapeutics, comprising 

senolytics and senomorphics. Senolytics, such as dasatinib combined with quercetin and 

navitoclax, target SCAPs to induce senescent cell apoptosis, reducing SASP output [155, 

156]. Senomorphics, like the JAK1/2 inhibitor ruxolitinib, suppress SASP production 

without eliminating senescent cells, mitigating age-related disorders such as 

osteoporosis [157, 158]. 

In summary, the SASP is a central feature of cellular senescence, exerting significant 

influence on tissue homeostasis, aging, and disease. Its composition and effects are 

highly variable and temporally regulated, reflecting the complexity of senescent cell 

behaviour. Elucidating the regulation of the SASP and its interaction with survival 

pathways like SCAPs offers promising avenues for therapeutic interventions aimed at 

promoting healthy aging and combating chronic diseases. 

1.3.3 p53/p21WAF1/CIP1 and p16INK4A/pRB 

Cellular senescence is a critical mechanism for tumor suppression and tissue 

homeostasis, primarily driven by the p53/p21WAF1/CIP1 and p16INK4A/pRB pathways [159, 

160]. These pathways are interconnected, contributing to the irreversible arrest of the 

cell cycle in response to various stress signals such as DNA damage, telomere shortening, 

and oxidative stress. The activation of p53 serves as one of the earliest and most 

important responses to cellular stress. Upon sensing DNA damage or oncogenic stress, 

p53 is stabilized and activated through various post-translational modifications, such as 

phosphorylation by ATM kinase [159]. Activated p53 induces the expression of several 

key target genes, including p21WAF1/CIP1, which directly inhibits cyclin-dependent kinases 

(CDKs), halting the progression of the cell cycle at the G1 phase [161]. This cell cycle 

arrest is a critical first step in initiating senescence, ensuring that cells with damaged 

DNA do not proliferate. p53 can also induce apoptosis if the damage is irreparable, 

contributing to cell death under extreme stress conditions. Thus, p53 functions as a 

central hub, regulating both the induction of senescence and apoptosis depending on 

the severity of the damage and the cellular context [161]. 
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p21WAF1/CIP1, a downstream target of p53, is crucial for the initiation of senescence. It 

inhibits the kinase activity of CDK4/6 and prevents the phosphorylation of the 

retinoblastoma (pRB) protein, which is necessary for the transition from G1 to S phase 

[162]. By inhibiting CDK4/6, p21 ensures the maintenance of pRB in its active, 

unphosphorylated form, preventing the release of E2F transcription factors, which are 

necessary for cell cycle progression. While p21 plays a vital role in the initiation of 

senescence, its function is complex and context-dependent. At high levels, p21 acts as a 

potent cyclin-dependent kinase inhibitor (CDKI), enforcing cell cycle arrest and 

promoting senescence [163]. However, at lower levels, p21 can promote cell cycle 

progression by facilitating the assembly of cyclin D/CDK4/6 complexes, highlighting its 

dual role in regulating cell proliferation. Therefore, the precise level and location of p21 

within the cell determine whether it functions as a cell cycle inhibitor or promoter, 

further complicating the regulation of senescence [162]. Interestingly, while p21 is 

essential for the initiation of senescence, its expression does not persist in senescent 

cells [164]. Instead, its role is primarily confined to the early stages of senescence 

induction, after which other pathways, such as p16INK4A, play a more prominent role in 

maintaining the senescent state [165, 166]. 

Unlike p21, which is required for the initiation of senescence, p16 acts as a permanent 

cell cycle inhibitor, primarily by inhibiting CDK4/6. This leads to the stabilization of pRB 

and the formation of repressive complexes with E2F, ultimately ensuring persistence of 

the cell cycle arrest in the G1 phase (Fig. 1.4) [165, 167, 168]. p16 is often considered 

the key player in maintaining the senescent phenotype, especially in response to 

prolonged or chronic stress. The expression of p16 increases with age, and it is 

commonly associated with senescence in aged tissues and certain precancerous lesions 

[169]. In addition to its role in maintaining cell cycle arrest, p16INK4A and p21 have been 

implicated in regulating the senescence-associated secretory phenotype (SASP) that 

influence the local microenvironment and contribute to tissue remodeling, aging, and 

cancer progression. In this way, p16 (and p21) not only plays a role in sustaining the 

senescent state but also mediates the paracrine effects of senescence, further 

reinforcing the non-proliferative state of the affected cells [166]. 
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Figure 1.4: Cell cycle regulation and deregulation (Created with BioRender.com): This 

diagram illustrates the key regulatory points within the cell cycle and how specific 

proteins, such as p21 and p16, govern progression or arrest. Cell cycle transitions, 

particularly from G1 to S phase, are driven by cyclin-dependent kinase (CDK) complexes 

(e.g., CDK4/6-Cyclin D, CDK2-Cyclin E), but these can be inhibited by p21 and p16. P21, 

a protein induced by p53, is essential for initiating cell cycle arrest and triggering 

senescence by inhibiting CDKs. Concurrently, p16 acts as a specific inhibitor of CDK4/6, 

which is vital for maintaining a sustained G1 phase arrest and preserving the senescent 

state. If these crucial regulatory mechanisms are compromised, leading to an 

"acceleration through checkpoints", the result can be uncontrolled cell proliferation. 

In addition to the p53/p21/p16 axis, other factors also contribute to the regulation of 

senescence. The mTOR pathway, for example, plays an important role in the regulation 

of senescence and the SASP. Inhibition of mTOR can suppress senescence and reduce 

the inflammatory secretome [170]. FOXO4, a member of the FOXO family of 

transcription factors, also plays a key role in regulating senescence by interacting with 

p53 and modulating its activity during cellular stress [171]. Sirtuins, a family of NAD+-

dependent deacetylases, also influence the senescence process by modulating 

chromatin structure and DNA repair mechanisms [172]. The accumulation of reactive 

oxygen species (ROS) during mitochondrial dysfunction is another factor that reinforces 

the senescent state by promoting oxidative stress [173]. Together, these additional 

pathways form an integrated network that governs the onset, maintenance, and 
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eventual resolution of senescence, highlighting the multifaceted nature of this process 

in both aging and tumor suppression. 

Thus, p53, p21, and p16 are integral to the regulation of senescence, each performing 

distinct but complementary roles in initiating, maintaining, and reinforcing cell cycle 

arrest, while additional pathways contribute to the overall dynamics of senescence, 

influencing both cellular behaviour and the surrounding microenvironment. 

1.3.4 DHRS2 

The intricate regulation of senescence, encompassing the initiation, maintenance, and 

reinforcement of cell cycle arrest by p53, p21, and p16, is further influenced by a 

network of additional upstream components. A particularly compelling example is 

Dehydrogenase/Reductase 2 (DHRS2), which functions as an integral upstream 

component of the canonical p53-p21 senescence pathway itself. DHRS2 exhibits unique 

subcellular dynamics, particularly its ability to translocate from the mitochondria to the 

nucleus in response to cellular stress [174]. Under oxidative stress or DNA damage 

conditions, DHRS2 migrates from its mitochondrial localization into the nucleus, where 

it interacts directly with MDM2, the principal E3 ubiquitin ligase responsible for 

regulating the stability of the tumor suppressor protein p53 [175]. MDM2 typically binds 

to p53 and targets it for ubiquitination and proteasomal degradation, thus maintaining 

low levels of p53 under normal conditions [176]. However, DHRS2 disrupts this 

interaction by binding to MDM2 and inhibiting its E3 ligase activity. This inhibition 

prevents MDM2 from targeting p53 for degradation, thereby stabilizing and activating 

p53 [176, 177]. 

Once stabilized, p53 accumulates in the nucleus and transactivates several downstream 

genes, including CDKN1A, which encodes the cyclin-dependent kinase inhibitor 

p21WAF1/CIP1. Elevated p21 levels lead to the inhibition of CDK2 and CDK4/6 activity, 

resulting in the dephosphorylation and activation of the retinoblastoma protein (pRB), 

which in turn blocks E2F-mediated transcription and arrests the cell cycle at the G1 

phase. This chain of events not only halts cellular proliferation but also sets the stage for 

the establishment of cellular senescence (Fig. 1.5) [162, 178]. 

The short-chain dehydrogenase/reductase (SDR) superfamily represents a large and 

diverse group of NAD(P)(H)-dependent oxidoreductases that play crucial roles in lipid 

metabolism, redox sensing, and cellular detoxification [179, 180]. Members of this 
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family function not only as oxidoreductases but also as lyases and isomerases, enabling 

them to catalyse a broad range of substrates such as steroids, retinoids, lipids, polyols, 

ribonucleotides, and xenobiotics [181]. By mediating the conversion between active and 

inactive states of these signaling molecules, SDR enzymes are central to maintaining 

cellular homeostasis and responding to metabolic and oxidative stress. One such 

member, Dehydrogenase/Reductase member 2 (DHRS2), also known as Hep27, is an 

NADH/NADPH-dependent SDR enzyme that has garnered increasing attention for its 

role in both metabolic regulation and tumor suppression [182-184]. 

In recent years, DHRS2 has emerged as a significant player in cancer biology. The gene 

encoding DHRS2 is located on chromosome 14q11.2, a region that is frequently deleted 

in a variety of malignancies, including esophageal, nasopharyngeal, and ovarian cancers 

[182, 185]. This chromosomal loss hints at a potential tumor-suppressive function of 

DHRS2. Indeed, numerous studies have demonstrated that DHRS2 expression is 

significantly downregulated in several types of tumors when compared to 

corresponding normal tissues. The loss or reduced expression of DHRS2 has been shown 

to correlate with increased cancer cell proliferation, invasion, migration, and resistance 

to chemotherapeutic agents [182]. For instance, in esophageal squamous cell carcinoma 

(ESCC), DHRS2 is consistently found to be under-expressed, with low levels negatively 

correlating with clinical parameters such as tumor invasion depth, lymph node 

metastasis, and overall disease stage [186]. Functionally, re-expression of DHRS2 in ESCC 

cells results in decreased cellular reactive oxygen species (ROS) levels and alters the 

NADP/NADPH redox balance, thereby suppressing activation of the p38 MAPK pathway 

and reducing matrix metalloproteinase 2 (MMP2) expression, factors essential for 

cancer cell motility and invasiveness [186]. 

In nasopharyngeal carcinoma, overexpression of DHRS2 has been reported to inhibit cell 

proliferation through the disruption of intracellular lipid homeostasis [177]. 

Additionally, in ovarian cancer, treatment with histone deacetylase inhibitors (HDACi) 

has been shown to induce DHRS2 expression [187]. Interestingly, cancer cells with 

higher DHRS2 levels exhibited increased sensitivity to HDACi, suggesting that DHRS2 

may act as a sensitizing factor in epigenetic therapy. Despite these findings, the precise 

molecular mechanisms by which DHRS2 exerts its tumor-suppressive effects have only 

recently begun to be elucidated. 



20  Introduction 
 

 

Figure 1.5: DHRS2-mediated p53 stabilization leading to senescence (Created with 

BioRender.com): This diagram illustrates how DHRS2 regulates the p53 pathway, 

culminating in cellular senescence. Under cellular stress, DHRS2 translocates into the 

nucleus, where it directly interacts with MDM2, the E3 ubiquitin ligase typically 

responsible for degrading the tumor suppressor p53. DHRS2 inhibits the activity of 

MDM2, thereby preventing p53 ubiquitination and degradation, leading to p53 

stabilization and accumulation. This stabilized p53 then transactivates the gene 

encoding p21, which in turn inhibits cyclin-dependent kinases (CDK2 and CDK4/6). The 

inhibition of CDKs activates the retinoblastoma protein (Rb), ultimately blocking cell 

cycle progression and inducing senescence. 

Furthermore, the regulation of redox homeostasis by DHRS2 adds another layer to its 

tumor-suppressive role. By reducing intracellular ROS and modulating the 

NADP+/NADPH ratio, DHRS2 may fine-tune redox-sensitive signaling pathways such as 

p38 MAPK and NF-κB, which are often aberrantly activated in cancer [188, 189]. In this 

way, DHRS2 coordinates both metabolic and cell cycle checkpoints to maintain cellular 

integrity under stress. 

In conclusion, DHRS2 represents a multifaceted tumor suppressor whose functions span 

from redox regulation and lipid metabolism to the activation of nuclear senescence 

pathways via p53 stabilization. Its ability to translocate to the nucleus and inhibit MDM2 

directly links mitochondrial redox sensing to nuclear cell fate decisions. The 

downregulation or loss of DHRS2 in multiple cancers underscores its importance in 

maintaining normal cellular physiology, and its modulation may hold therapeutic 
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promise for reactivating senescence programs in tumors where p53 remains wild-type 

but is functionally suppressed. 

1.3.5 Different types of senescence 

The type of senescence a cell undergoes largely depends on the nature, duration, and 

intensity of the inducing signal, as well as the cellular context. Stress-induced premature 

senescence (SIPS) occurs independently of telomere shortening and is initiated by a wide 

array of stimuli, including oxidative stress, endoplasmic reticulum (ER) stress, 

mitochondrial dysfunction, oncogene activation, and exposure to chemotherapeutic 

agents. These stressors can push cells into a stable, irreversible growth arrest 

characterized by a senescent phenotype [115, 190-194]. 

One of the most extensively studied inducers of senescence is oxidative stress. Reactive 

oxygen species (ROS), such as hydrogen peroxide (H₂O₂), inflict damage on cellular 

components including DNA, proteins, and lipids, thereby activating the DNA damage 

response (DDR) and triggering senescence [195-197]. In vitro, H₂O₂ is commonly used to 

model oxidative stress-induced senescence, particularly in fibroblasts. Prolonged 

oxidative stress not only damages nuclear DNA but also impairs mitochondrial function, 

resulting in a subtype known as mitochondrial dysfunction-associated senescence 

(MiDAS) [198, 199]. MiDAS is marked by disrupted NAD⁺ metabolism, persistent 

activation of p53, and a distinct SASP that is less inflammatory and instead enriched in 

metabolic regulators [200]. 

Endoplasmic reticulum stress is another potent inducer of senescence. Pharmacological 

agents such as thapsigargin, which inhibits the ER calcium ATPase and disrupts calcium 

homeostasis, induce ER stress by causing accumulation of misfolded proteins [201, 202]. 

This stress activates the unfolded protein response (UPR), which, if unresolved, can 

trigger senescence through p53-p21 or p16-pRB pathways [203]. Similarly, treatment 

with staurosporine, a broad-spectrum kinase inhibitor known to induce apoptosis at 

high concentrations, can initiate a senescence-like state at sublethal doses, particularly 

through mitochondrial and ER stress pathways [204]. 

Nutlin-3a-induced senescence serves as a prominent and well-established model for 

p53-dependent senescence, functioning by stabilizing p53. Nutlin-3a acts as an MDM2 

antagonist, which prevents the degradation of p53. This leads to the accumulation of 

p53 and the subsequent transcriptional activation of p21, a cyclin-dependent kinase 
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inhibitor [205, 206]. This p53-p21 axis halts the cell cycle at the G1 phase, and sustained 

activation leads to a senescent phenotype [207]. This model is especially valuable in cells 

with wild-type p53, such as primary human fibroblasts [208]. 

Oncogene-induced senescence (OIS) is another well-studied form of premature 

senescence. Activation of oncogenes such as hRASG12V in normal primary or BJ fibroblast 

cells leads to a hyperproliferative burst followed by a strong DDR and stable cell cycle 

arrest [209, 210]. This mechanism serves as a safeguard against malignant 

transformation. OIS is characterized by robust activation of both p16INK4a and p53 

pathways, as well as the formation of senescence-associated heterochromatin foci 

(SAHF), which contribute to the silencing of proliferation-promoting genes [211-213]. 

A unique and recently explored form of senescence is syncytia-mediated senescence, 

particularly observed in trophoblast cells [214]. Fusion of cells into multinucleated 

syncytia, as seen in BeWo choriocarcinoma cells or primary human trophoblasts, can 

trigger cellular senescence [215]. This type of senescence is relevant to placental 

biology, where controlled syncytialization is essential for normal placental function 

[216]. However, abnormal syncytium formation or stress during this process may lead 

to premature senescence, potentially contributing to pregnancy-related complications 

[217]. 

Therapy-induced senescence (TIS) is another category wherein genotoxic agents, 

ionizing radiation, or certain chemotherapeutic drugs trigger senescence in tumor cells 

as a defense mechanism. While TIS can suppress tumor growth temporarily, the 

persistence of senescent cancer cells and their SASP output can also promote relapse, 

therapy resistance, or inflammation in the tumor microenvironment [218]. 

In summary, senescence is not a one-size-fits-all process but rather a highly context-

dependent cellular fate that can be induced by diverse signals, including oxidative stress, 

ER and mitochondrial dysfunction, DNA damage, oncogene activation, and cell fusion. 

These distinct triggers lead to overlapping yet unique molecular signatures of 

senescence, typically involving activation of the p53-p21 or p16-pRB pathways, DDR 

signaling, and the SASP. Understanding the nuanced pathways of these senescence 

types is critical for designing targeted interventions in aging, cancer, and regenerative 

medicine. 
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1.4 Preliminary data 

Building upon the observation that HIV infection upregulates specific ERV9/LTR12 

elements (as detailed in Section 1.2.3), preliminary investigations of my host laboratory 

have explored the functional consequences of this activation, particularly regarding one 

specific LTR12D element (hg38 chr14:23636315-23636374) and its potential role in 

cellular senescence. This LTR12D element drives the expression of the adjacent cellular 

gene, DHRS2 (Dehydrogenase/Reductase member 2). As detailed in Section 1.3.4, 

DHRS2 is an enzyme involved in redox reactions [219] and has been implicated in 

activating the p53 pathway by stabilizing p53 via inhibition of MDM2 [176, 189], thereby 

promoting cellular senescence [174, 220].  

RNA-seq data revealed that upon HIV-1 infection, transcripts containing LTR12D 

sequences fused to DHRS2 were significantly increased (Fig. 1.6A, 1.6B). Subsequent 

experiments confirmed that the LTR element acts as a bona fide promoter driving DHRS2 

expression (Fig. 1.6C) [221]. Further validation using q-RTPCR and flow cytometry (Fig. 

1.7A) demonstrated a concomitant increase in LTR12D-DHRS2 transcript levels, 

accompanied by the upregulation of p53 and CDKN1A (p21) (Fig. 1.7B, 1.7C, 1.7D). 

Moreover, HIV-1-infected cells also showed hallmarks of senescence, including 

increased senescence-associated β-galactosidase activity (Fig. 1.7E) and elevated levels 

of key SASP components, such as pro-inflammatory cytokines and chemokines, including 

CCL5, CCL17, IL-6, IL-8, CXCL10 (IP-10), and TNF-α (Fig. 1.8A, 1.8B). These findings 

collectively support the activation of an LTR12D-DHRS2-p53-p21 pathway in HIV-1-

induced cellular senescence. 
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Figure 1.6: LTR12D-mediated DHRS2 expression in response to HIV-1 infection. (A) 

Upon HIV-1 infection, transcripts containing LTR12D sequences fused to DHRS2 are 

significantly increased, suggesting a link between infection and DHRS2 regulation. (B-C) 

HEK293T cells were transfected with reporter plasmid expressing (B) blue fluorescent 

protein (BFP) under the control of the LTR12D repeat alone. Vectors lacking the LTR12D 

repeat served as negative control. Two days post transfection, cells were harvested, and 

(C) reporter gene expression was analyzed by flow cytometry. All data are presented as 

mean ± standard error of the mean (SEM) from three independent experiments. One-

way ANOVA was used to determine statistical significance, with p<0.05(∗) indicating 

significant differences compared to mock-infected controls. (Dr. Smitha Srinivasachar 

Badarinarayan generated the plasmid shown in panel B and performed the experiment 

shown in panel C). 
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Figure 1.7: Activation of an LTR12D-DHRS2-p53-p21 pathway in HIV-1-induced cellular 

senescence. (A) Illustration of the proposed pathway: Upon HIV-1 infection, 

LTR12D_DHRS2 is activated. DHRS2 then binds to MDM2, causing p53 stabilization, 

leading to increased CDKN1A transcription, an increase in senescence-associated β-

galactosidase (SA-β-gal) activity, and ultimately cellular senescence. (B-E) To 

experimentally validate this pathway, primary CD4+ T cells were infected with HIV-1 

clones STCO1 or CH077. The levels of (B) LTR12D_DHRS2 transcripts (n-fold induction), 

(C) p53 protein (normalized to p24- cells), and (D) CDKN1A mRNA (n-fold induction), 

which encodes p21, were determined by q-RTPCR and flow cytometry. (E) Senescence-

associated β-galactosidase activity (normalized to p24- cells) was measured by flow 

cytometry. All data are presented as mean ± standard error of the mean (SEM) from 

three independent experiments. Statistical significance was determined using one-way 

ANOVA, with p<0.05(∗) and p<0.01(∗∗) indicating significant differences compared to 

mock-infected controls. (Experiments in B-E were conducted by Dr. Smitha Srinivasachar 

Badarinarayan.) 

 

Figure 1.8: HIV-1-induced senescence and cytokine release. (A) Primary CD4+ T cells 

were either mock-infected or infected with HIV-1 clones STCO1 and CH077. This panel 

displays representative semi-quantitative cytokine array blots from the supernatants, 
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showing the release of various cytokines and chemokines into the supernatant. Key pro-

inflammatory cytokines and chemokines, such as CCL5, CCL17, IL-6, IL-8, CXCL10 (IP-10), 

and TNF-α, are highlighted, demonstrating their induction upon HIV-1 infection. (B) 

Heatmap illustrating the results obtained in (A). Numerous cytokines, particularly those 

associated with a SASP, appeared elevated in supernatants of HIV-1-infected cells 

compared to mock controls (observed visually). Elevated levels of IL-6 and TNF-α were 

observed. These factors are recognized components of the senescence-associated 

secretory phenotype (SASP). 
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2 Scientific aims 

Human endogenous retroviruses (HERVs), comprising ~8% of the human genome, are 

germline-integrated remnants of once infectious exogenous retroviruses. While many 

of them are often epigenetically silenced, some can be transcriptionally reactivated by 

various stimuli [222, 223]. Intriguingly, some HERV-derived LTRs exert important 

regulatory functions, acting as cis-regulatory elements for cellular genes [223, 224]. For 

instance, several MER41 LTRs contain STAT1 binding sites, and upregulate the 

expression of immune factors (e.g., AIM2, IFI6) in response to IFN-γ stimulation [225]. 

Similarly, the HERV-W LTR functions as a promoter for HERVW-1, a critical gene for 

human placental syncytiotrophoblast formation [79]. 

Exogenous viruses such as HIV-1 induce specific patterns of HERV activity, potentially 

contributing to chronic immune activation and cellular dysfunction [226]. Prior work of 

our research group revealed that HIV-1 infection activates a specific host response 

mediated by an endogenous retroviral LTR12D element located on chromosome 14 

(hg38: chr14:23636315–23636374) [72]. In primary CD4⁺ T cells, activation of this 

LTR12D element leads to upregulation of the adjacent DHRS2 gene [72]. DHRS2 

stabilizes p53 by preventing its degradation via MDM2, thereby enhancing p53-

dependent transcription of CDKN1A and inducing cellular senescence [174, 186]. 

This project aims to precisely delineate how LTR12D-driven DHRS2-p53-p21 signaling 

contributes to cellular senescence in HIV infection and other cellular stress contexts. 

Specifically, I aim to: 

1. characterize the LTR12D-DHRS2-p53-p21 cascade in HIV infection: To this end, I 

will investigate its activation and downstream effects on primary cells such as 

CD4+ T cells, macrophages, as well as immortalized cell lines such as SupT1 and 

Jurkat during HIV-1 and HIV-2 infection (Chapters 1-4). 

2. delineate the role of DHRS2 in senescence: Using over-expression and depletion 

approaches, I will determine if DHRS2 is sufficient and/or required for the 

induction of cellular senescence (Chapters 5-7). 
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3. identify upstream regulators of the LTR12D-DHRS2 cascade: I will uncover and 

characterize factors governing the activation of LTR12D and its impact on DHRS2 

expression (Chapters 8-9). 

4. evaluate LTR12D-DHRS2-induced signaling in non-viral senescence: By 

comparing different stressors, I will assess the contribution of this cascade to 

senescence in the absence of viral infection (Chapter 10). 

These investigations will advance our understanding of TE-driven gene regulation in 

cellular senescence, with implications for HIV-associated comorbidities and age-related 

pathologies. 
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3 Materials and methods  

3.1 Material 

3.1.1 Cell culture 

3.1.1.1 Eukaryotic cell lines 

Cell line Description 

HEK293T Human embryonic kidney 293 large T antigen cells are based on a 

human renal epithelial cell line derived from a female fetus. Cells 

were transformed by human adenovirus type 5 and stably express 

the simian virus 40 (SV40) large T antigen [227]. The cell line was 

obtained via the ATCC (#CRL- 3216). 

SupT1 This T lymphoblast cell line was derived from malignant cells 

collected from the malignant pleural effusion of an 8-year-old child 

with T-Cell Lymphoblastic Lymphoma. The cell line was obtained 

via the ATCC (#CRL-1942). 

Jurkat Jurkat, Clone E6-1 is a clone of the Jurkat-FHCRC cell line, a 

derivative of the Jurkat cell line, which was established from the 

peripheral blood of a 14-year-old, male, acute T-cell leukemia 

patient. This cell line can be used in immune system disorder 

research and immunology and immuno-oncology research and was 

obtained via the ATCC (#TIB-152). 

BeWo BeWo cells are a placental cell line that has been widely used as an 

in vitro model for the placenta. The cell line was obtained via the 

ATCC (#CCL-98). 

Immortalized 

BJ hRASG12V 

Immortalized BJ cells are derivatives of human primary BJ fibroblast 

cells, established through hTERT transgenesis and subsequently 

transformed by the stepwise expression of the oncogene hRASG12V. 

 

3.1.1.2 Primary cells 

Cells Origin 

CD4+ T 

lymphocytes 

Buffy coats of healthy donors were obtained from the German Red 

Cross Blood Donor Service Baden-Württemberg at the University 

Hospital Tübingen. CD4+ T cells were negatively isolated using the 

RosetteSepTM Human CD4+ T Cell Enrichment Cocktail (STEMCELL 
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Cells Origin 

Technologies #15061) and Pancoll Separating Solution (PAN 

Biotech #P04-69600). 

Monocyte-

derived 

macrophages 

Buffy coats of healthy donors were obtained from the German Red 

Cross Blood Donor Service Baden Württemberg at Tübingen 

University Hospital. PBMCs were isolated from buffy coats by 

density gradient centrifugation using Pancoll separating solution 

(PAN Biotech #P04-69600). Monocytes were allowed to adhere to 

plastic for 3 days in macrophage differentiation medium. 

 

3.1.1.3 Bacteria 

Strain Description Source/company 

Escherichia 

coli XL-2 blue 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ 

proAB lacIqZΔM15 Tn10 (Tetr)  

Agilent 

Escherichia 

coli XL-2 blue 

MRF’ 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ 

proAB lacIqZΔM15 Tn10 (Tetr) McrA-, McrCB-, 

McrF-, Mrr-, HsdR 

Agilent 

 

3.1.2 Media 

3.1.2.1 Eukaryotic cell culture 

Medium Manufacturer/composition Source/company 

DMEM Dulbecco’s Modified Eagle Medium Gibco/Life Technologies 

RPMI-1640 Roswell Park Memorial Institute 

Medium 

Gibco/Life Technologies 

 

3.1.2.2 Bacterial culture 

Medium Composition Manufacture 

LB 

medium 

Lysogeny broth (LB) medium; 10 g/l Bacto 

Tryptone, 5 g/l Bacto Yeast Extract, 10 g/l 

NaCl in distilled water; supplemented with 

ampicillin (100 µg/ml) or kanamycin (50 

µg/ml) 

Sigma-Aldrich 
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Medium Composition Manufacture 

LB agar 16 g/l Bacto Agar in LB medium; 

supplemented with ampicillin (100 µg/ml) or 

kanamycin (50 µg/ml) 

Sigma-Aldrich 

S.O.C. 

Medium 

Super Optimal broth with Catabolite 

repression 

Thermo Fisher Scientific 

 

3.1.3 Nucleic acids 

3.1.3.1 Expression vectors and proviral constructs 

All plasmids used contain an ampicillin or kanamycin resistance gene for selection in 

bacteria. 

Vector Description 

pCG_hum HSF1 C-HA IRES 

eGFP  

Expression vector based on the human 

cytomegalovirus (CMV) immediate early (IE) 

promoter [228]. Unique XbaI and MluI restriction 

sites were used to insert the open reading frame 

(ORF) encoding C-terminally HA-tagged human 

HSF1. The unique restriction site BamHI was used 

to insert an internal ribosome entry site (IRES) 

together with the ORF encoding eGFP. 

pHIT-G VSV-G CMV promoter-based vector expressing the 

envelope glycoprotein of Vesicular stomatitis virus 

[229] 

pBR322 STCOr1 Vector expressing the infectious molecular clone of 

HIV-1 M subtype B STCOr1 [230] 

pCR-XL-Topo CH077_TF1 Vector expressing the infectious molecular clone of 

HIV-1 M subtype B CH077_TF1 [231] 

pHIV-1 AD8 Vector expressing the infectious molecular clone of 

HIV-1 M subtype B AD8. [232] 

pCR-XL TOPO-HIV1-YU2C Vector expressing the infectious molecular clone of 

HIV-1 M subtype B YU2C [232-235] 

HIV-2 ROD10 Vector expressing the infectious molecular clone of 

HIV-2 A ROD10 [236-238] 
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Vector Description 

SNAG (pblueskript_ HIV-2 AB 

7312A) 

Vector expressing the infectious molecular clone of 

HIV-2 CRF01_AB 7312A [239] 

pUC19_HIV-2 A GH123 Vector expressing the infectious molecular clone of 

HIV-2 A GH123 [240] 

pCSC-SP-PW-GFP (aka: pBOB-

GFP) 

pCSC-SP-PW-GFP, also known as pBOB-GFP, is a 

lentiviral expression plasmid that expresses Green 

Fluorescent Protein (GFP) in mammalian cells for 

visualization and tracking, and carries an ampicillin 

resistance gene for bacterial selection (Addgene 

#12337) [241] 

psPAX2 2nd generation lentiviral packaging plasmid from 

the Trono lab expressing the HIV-1 gag, pol, rev, 

and tat genes. It can be used with 2nd or 3rd 

generation lentiviral vectors and an envelope 

expressing plasmid, such as pMD2.G (Addgene 

#12260) [242]. 

pMD2.G  CMV promoter-based vector expressing the 

envelope glycoprotein of HIV-1 (Addgene #12259) 

[242] 

pRSV rev 3rd generation lentiviral packaging plasmid from 

the Trono lab containing the HIV-1 rev gene 

(Addgene #12253) [242] 

pMDLg/pRRE 3rd generation lentiviral packaging plasmid from 

the Trono lab containing the HIV-1 gag and pol 

genes (Addgene #12251) [242] 

pHAGE EF1α dCas9-VP64 Constitutive dCas9-VP64 lentiviral expression 

vector (Addgene #50918) [243] 

pLKO.1-puro U6 gRNA BfuAI 

stuffer 

U6-driven gRNA expression vector where guide 

sequences can be inserted between BfuAI sites; 

used as empty vector control (Addgene #50920) 

[244] 

pLKO.1-puro U6 gRNA CAG pLKO.1 plasmid with an oligonucleotide cloning 

site containing two BfuAI sites for inserting guide 

sequences via 4-bp 5′ overhangs (ACCG and AAAC) 
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Vector Description 

into the gRNA sequence (scaffold gRNA) (Addgene 

#50927) [243] 

pLKO.1-puro U6 gRNA BfuAI 

DHRS2 gRNA1 

U6-driven gRNA cloning vector where DHRS2-

specific guide RNA sequence gRNA1 was inserted 

between BfuAI sites 

pLKO.1-puro U6 gRNA BfuAI 

DHRS2 gRNA2 

U6-driven gRNA cloning vector where DHRS2-

specific guide RNA gRNA2 was inserted between 

BfuAI sites 

pLKO.1-puro U6 gRNA BfuAI 

DHRS2 gRNA3 

U6-driven gRNA cloning vector where DHRS2-

specific guide RNA gRNA3 was inserted between 

BfuAI sites 

pLKO.1-puro U6 gRNA BfuAI 

DHRS2 gRNA4 

U6-driven gRNA cloning vector where DHRS2-

specific guide RNA gRNA4 was inserted between 

BfuAI sites  

pTAL-Firefly Luciferase Control vector expressing firefly luciferase under 

the control of the TATA-like promoter (pTAL) 

region of the herpes simplex virus thymidine 

kinase promoter (Clontech #631909) 

pGL4.32 Firefly luciferase (no 

promoter) 

Derived from pGL4.32 [luc2P/NF-κB-RE/Hygro] 

vector (Promega # 9PIE849); base pairs 33 to 176, 

which contain the NF-κB response element and the 

minimal promoter region, were removed. A stop 

codon was introduced after the luciferase gene to 

terminate translation to ensure that luciferase 

expression is entirely dependent on the 

introduction of an external promoter by the user, 

making it ideal for promoter functional studies. 

pGluc-MiniTK2 LTR12D 

(DHRS2) 

LTR12D (Hg38 chr14:23635627-23636652) was 

inserted via KpnI and BamHI restriction sites into 

pGluc-MiniTK2 [72]. 

pGluc-MiniTK2 + LTR12C 

(GBP2) 

LTR12C (Hg38 chr1:89127019-89128609) was 

inserted via XhoI and HindIII restriction sites into 

pGluc-MiniTK2 [72]. 
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Vector Description 

LentiCRISPRV2 This 3rd generation lentiviral transfer vector from 

the Zhang lab is used to deliver Cas9 and a gRNA of 

interest into mammalian cells [245]. 

LentiCRISPRV2_NT gRNA U6-driven gRNA transfer vector expressing Cas9 

where non-targeting guide sequence NT gRNA was 

inserted between BsmBI sites.  

LentiCRISPRV2_gRNA DHRS2 

ko 

U6-driven gRNA transfer vector expressing Cas9 

where DHRS2-targeting guide sequence DHRS2 

gRNA was inserted between BsmBI sites.  

 

3.1.3.2 Primers used for cloning and qPCR 

Primers used for 

Cloning 

Primer 

name 

Primer sequence (5’-3’) 

pCG_HSF-1_C-HA 

tag 

fwd CCTCTAGAGCCACCATGGATCTGCCCGTGGGCCCC

GG 

  rev GGACGCGTTTAAGCGTAATCTGGAACATCGTATG

GGTAGGAGACAGTGGGGTCCT 

DHRS2 CRISPRa 

gRNA1 

upper ACCGGAACTTGCATCCTGCAGAC 

  lower AAACGTCTGCAGGATGCAAGTTC 

DHRS2 CRISPRa 

gRNA2 

upper ACCGGTGAGTGCCCTGTACAGTG 

 
lower AAACCACTGTACAGGGCACTCAC 

DHRS2 CRISPRa 

gRNA3 

upper ACCGCACACACTGCAGGACTTTG 

  lower AAACCAAAGTCCTGCAGTGTGTG 

DHRS2 CRISPRa 

gRNA4 

upper ACCGTGGGCCGGCCGGTGCCAGC 

  lower AAACGCTGGCACCGGCCGGCCCA 

DHRS2 ko gRNA 

(electroporation) 

 CCGGCTGCTGATGACCACGT 
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Primers used for 

Cloning 

Primer 

name 

Primer sequence (5’-3’) 

Non-targeting 

gRNA 

(electroporation) 

 ACGGAGGCTAAGCGTCGCAA 

LentiCRISPRv2 fwd GGTACCGAGGGCCTATTTCCC 

  rev ATGTCCAGGCCGATGCTGTACTTC 

LentiCRISPRv2_DH

RS2 ko gRNA 

upper CACCGCCGGCTGCTGATGACCACGT 

lower AAACACGTGGTCATCAGCAGCCGGC 

LentiCRISPRv2_no

n-targeting gRNA 

upper CACCGCCCCAAACCCGGGGGGTTTT 

lower AAACAAAACCCCCCGGGTTTGGGGC 

 

Primers used for 

qPCR 

Fwd/rev Primer sequence (5´-3´) 

DHRS2 fwd CACCAAGCGGTGAGACTATCAC 

  rev CGGGCAACTGCTGACAGCATAG 

GAPDH fwd TGCACCACCAACTGCTTAGC 

  rev GGCATGGACTGTGGTCATGAG 

  lower AAACGCTGGCACCGGCCGGCCCA 

dCAS9 fwd TCGGATCTGCTACCTGCAGGAGATCTTT AG  

  rev CAGCCTTATCAGTACTGTCTACCAGCT TCT 

p53 fwd GCCCCTCCTCAGCATCTTATC 

  rev TGATGATGGTGAGGATGGGC 

MDM2 fwd GTATCAGGCAGGGGAGAGTG 

  rev GAAGCCAATTCTCACGAAGG 

IL6 fwd CTGTTCTGGAGGTACTCTAGGT 

  rev CAAAGATGGCTGAAAAAGATGGA 

CCL5 fwd CCTGCTGCTTTGCCTACATTGC 

  rev ACACACTTGGCGGTTCTTTCGG 

CXCL10 fwd GGTGAGAAGAGATGTCTGAATCC 
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Primers used for 

qPCR 

Fwd/rev Primer sequence (5´-3´) 

  rev GTCCATCCTTGGAAGCACTGCA 

TNF fwd CTCTTCTGCCTGCTGCACTTTG 

  rev ATGGGCTACAGGCTTGTCACTC 

CCL17 fwd TTCTCTGCAGCACATCCACGCA 

  rev CTGGAGCAGTCCTCAGATGTCT 

TIMP-1 fwd GGAGAGTGTCTGCGGATACTTC 

  rev GCAGGTAGTGATGTGCAAGAGTC 

TIMP-2 fwd ACCCTCTGTGACTTCATCGTGC 

  rev GGAGATGTAGCACGGGATCATG 

 

3.1.3.3 TaqMan qPCR primer probes 

Target Species Dye Quencher Manufacturer Unique Identifier 

GAPDH Human VIC MGB Thermo Fisher 

Scientific 

4448489 # 

Hs02786624_g1  

CDKN1A Human FAM MGB Thermo Fisher 

Scientific 

4453320 # 

Hs00355782_m1  

CDKN2A Human FAM MGB Thermo Fisher 

Scientific 

4331182 # 

Hs00923894_m1 

 

3.1.4 Kits and reagents 

Kit Manufacturer 

DNA-free DNA Removal Kit  Thermo Fisher 

DNA Ligation Kit Ver 2.1 Takara Bio Inc. 

laboratories FIX&PERM Cell Fixation and 

Permeabilization Kit  

Nordic-MUbio 

Human T Cell NucleofectorTM Kit Lonza 

Luciferase Assay System 10-pack  Promega 

Mini DNA Preparation Kit Qiagen 
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Kit Manufacturer 

Monarch® DNA Gel Extraction Kit  New England BioLabs 

Phire High-Fidelity DNA Polymerase New England BioLabs 

RNeasy Plus Mini Kit  Qiagen 

PrimeScript RT Reagent Kit  TAKARA 

TaqMan™ Fast Universal PCR Master Mix ThermoFisher 

SuperScript III Reverse Transcriptase Kit  Invitrogen/Life Technologies 

QIAGEN Plasmid Midi Kit  Qiagen 

Wizard Plus Midi DNA Preparation Kit Promega Corporation 

Cellular Senescence Detection Kit - SPiDER-

βGal 

Dojindo 

Human Cytokine Array C5  RayBiotech 

 

Reagent Manufacturer 

1,4-diazabicyclo-(2,2,2)-octane (DABCO) Carl Roth GmbH & Co. KG 

4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid 

(HEPES) 

Sigma-Aldrich 

Accutase Sigma-Aldrich 

Agarose Sigma-Aldrich 

Ampicillin Ratiopharm 

Bacto Tryptone BD Biosciences 

Bacto Yeast Extract BD Biosciences 

BlueStar Prestained Protein Marker Nippon genetics Co. Ltd. 

Bovine serum albumin (BSA) KPL 

Calcium chloride (CaCl2) dihydrate Sigma-Aldrich 

Coelenterazine pjk 

Complete ULTRA Tablets, Mini EDTA-free Roche 

Diethylaminoethyl (DEAE)-dextran Sigma-Aldrich 

Disodium phosphate (Na2HPO4 ) AppliChem GmbH 

https://www.raybiotech.com/human-cytokine-array-c5-aah-cyt-5
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Reagent Manufacturer 

Dulbecco’s phosphate buffered saline 

(DPBS)[-]CaCl2 [-]MgCl2 

Gibco/Life Technologies 

Ethanol Dispensary 

Ethidium bromide AppliChem GmbH 

Ethylendiaminetetraacetate (EDTA) Biochrom GmbH 

FACS Flow Solution BD Biosciences 

FACS Shutdown Solution BD Biosciences 

Fetal calf serum (FCS) Gibco/Life Technologies 

Fluorescence-activated Cell Sorting (FACS) 

Clean 

Solution 

BD Biosciences 

Glucose Carl Roth GmbH & Co. KG 

Glycerol Sigma-Aldrich 

Glycine AppliChem GmbH 

Human Interferon-α 2a (IFN-α 2a) PBL Assay Science 

Human Interferon-γ (IFN-γ) Sigma-Aldrich 

Human Interleukin-2 (IL-2) Miltenyi Biotec GmbH 

Human Serum Sigma-Aldrich 

Isopropanol Dispensary 

Kanamycin Invitrogen/Life Technologies 

L-glutamine Gibco/Life Technologies PAN-

Biotech 

Loading dye Carl Roth GmbH & Co. KG 

Luciferase Assay System Promega 

Luciferase Cell Culture Lysis 5x Reagent Promega 

Methanol Sigma-Aldrich 

Molecular weight size marker ‘1KB plus DNA 

ladder’ 

Invitrogen/Life Technologies 

NEBuffers New England BioLabs Inc. 

Non-Essential Amino Acids (NEAA) Solution Thermo Fisher 
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Reagent Manufacturer 

Nonidet P-40 USB 

NuPAGE MES SDS Running Buffer (20x) Invitrogen/Life Technologies 

Nutlin-3a Selleckchem 

Pancoll Separating Solution Biochrom GmbH 

Paraformaldehyde (PFA) Merck Millipore 

Penicillin-Streptomycin Gibco/Life Technologies PAN-

Biotech 

Polyethylenimine Polysciences 

Poly-L-lysine (PLL) Sigma-Aldrich 

Potassium chloride (KCl) AppliChem GmbH 

Potassium dihydrogenphosphate (KH2PO4) AppliChem GmbH 

Protein Loading Buffer (4x) LI-COR 

RosetteSep Human CD4+ T Cell Enrichment 

Cocktail 

STEMCELL Technologies 

Skimmed milk powder Fluka 

Sodium chloride (NaCl) Fluka 

Sodium dodecyl sulfate (SDS) Fluka 

Sodium pyruvate (C3H3NaO3) Thermo Fisher 

Staurosporine Sigma-Aldrich 

Sucrose Sigma-Aldrich 

Sulfuric acid (H2SO4) 0.5 M Sigma-Aldrich 

Thapsigargin Sigma-Aldrich 

Tris AppliChem GmbH 

Tris-acetate-EDTA (TAE) buffer (50x) Carl Roth GmbH & Co. KG 

Triton X-100 Sigma-Aldrich 

Tween-20 Sigma-Aldrich 

β-mercaptoethanol Sigma-Aldrich 
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3.1.5 Enzymes 

Enzyme Manufacturer 

Restriction endonucleases New England BioLabs Inc. 

Trypsin/EDTA PAN-Biotech 

Trypsin/EDTA (10x) Gibco/Life Technologies 

 

3.1.6 Solutions and buffers 

Solution/buffer Composition 

HEPES buffered saline (HBS) 

(2x) 

5.94% HEPES (w/v), 8.18% NaCl (w/v), 0.25% 

Na2HPO4 x 2H2O (w/v) in distilled water for 10x 

HBS; for 2x HBS, the 10x stock was diluted in 

distilled water, pH 7.12, sterilized by filtration 

2 M CaCl2 solution 2 M CaCl2 in distilled water, sterilized by filtration 

FACS buffer 1% FCS (v/v) in DPBS 

FACS fixing solution 2% PFA (v/v) in DPBS 

FACS permeabilizing agent Ice chilled 90% methanol 

Western Blot running buffer 1x NuPAGE MES SDS Running Buffer in distilled 

water 

Western Blot transfer buffer 47.9 mM Tris, 38.6 mM glycine, 1.3 mM SDS, 20% 

methanol (v/v) in distilled water, pH 8.3 

Western Blot blocking buffer 5% skimmed milk powder (w/v) in PBS 

Western Blot antibody buffer 1% skimmed milk powder (w/v), 0.2% Tween-20 

(v/v) in PBS or Hikari solution A/B 

(primary/secondary antibody) 

Western Blot washing buffer 0.2% Tween-20 (v/v) in PBS 

5x PBS 140 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, 

1.5 mM KH2PO4 in distilled water, pH 7 

10x Poly-L-lysine (PLL) stock 0.1 mg/ml (w/v) in DPBS 
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3.1.7 Antibodies 

Antibody and final concentration Manufacturer 

For Western Blot  

Mouse monoclonal anti-HA tag, 1µg/ml Abcam (#ab18181) 

Rat monoclonal anti-GAPDH, 0.5 µg/ml BioLegend (#607902) 

IRDye 680RD Goat anti-Mouse IgG (H + L), 

25 ng/ml 

LI-COR (#926-68070) 

IRDye 680RD Goat anti-Rat IgG (H + L), 25 

ng/ml 

LI-COR (#926-68076) 

IRDye 800CW Goat anti-Mouse IgG (H + L), 

25 ng/ml 

LI-COR (#926-32210) 

IRDye 800RD Goat anti-Rat IgG (H + L), 25 

ng/ml 

LI-COR (#925-32219) 

For flow cytometry  

Rabbit monoclonal anti-β-catenin, PE-

conjugated, 40 µg/ml 

Cell signaling technology (#14903) 

Mouse monoclonal anti-DHRS2, 0.1 mg/ml Santa Cruz (#sc-517054) 

Mouse monoclonal anti-HSF1, Alexa Fluor 

647-conjugated, 4 µg/ml 

Santa Cruz (#sc-13516) 

Rabbit monoclonal Anti-HSF1 (phospho 

S303 + S307) antibody, 17.44 µg/ml 

Abcam (#ab81281) 

Mouse monoclonal HIV-1 core antigen-RD1, 

KC57, 1 µg/ml 

Beckman coulter (#6604667) 

Mouse monoclonal HIV-1 core antigen-

FITC, KC57, 1 µg/ml 

Beckman coulter (#6604665) 

Mouse mAb IgG2a κ isotype control BioLegend (#400220) 

Mouse mAb IgG1 isotype control, Alexa 

Fluor 647 conjugated 

Santa Cruz (#sc-24636) 

Rabbit mAb IgG XP® Isotype Control, PE-

conjugated  

Cell signaling technology (#5742) 

Goat anti-Rabbit IgG (H+L) cross-adsorbed 

secondary antibody, Alexa Fluor 555 

Thermo Fisher Scientific (#A-21428) 

Rabbit mAb IgG isotype control Abcam (#ab37415) 
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3.1.8 Consumables 

Consumable Manufacturer 

C-Chip Disposable Hemocytometer, 

Neubauer Improved 

Nano EnTek Inc 

Cell culture flasks Sarstedt AG & Co. KG 

Cell culture plates Sarstedt AG & Co. KG 

Combitips plus/advanced Eppendorf AG 

96-well Multiply fast PCR plate Sarstedt AG & Co. KG 

Filter tips (10, 1000 µl) Nerbe plus GmbH 

Filter tips (20, 200 µl) Sarstedt AG & Co. KG 

Filtropur V50 0.45 µm Vacuum Filter Sarstedt AG & Co. KG 

Gel loading tips Santa Cruz Biotechnology, Inc. 

Immobilon-FL Transfer Membrane Merck Millipore 

Nunc Cell-Culture Treated Multidishes VWR 

Nunc white polystyrene 96-well Microwell 

plates 

Nunclon/Thermo Scientific 

NuPAGE Novex Bis-Tris gels Invitrogen/Life Technologies 

Polystyrene 5 ml round-bottom tubes Falcon/Corning, Inc. 

Reaction tubes (0.25, 1.5, 2 ml) Sarstedt AG & Co. KG 

Sealing tape Thermo Scientific 

Serological pipettes (5, 10, 25 ml) Sarstedt AG & Co. KG 

Stericup & Steritop 0.45 µm Merck Millipore 

Tubes (15, 50 ml) Sarstedt AG & Co. KG 

Whatman chromatography paper 2 mm 

CHR 

GE Healthcare 

 

3.1.9 Equipment 

Equipment Manufacturer 

Bacteria incubator BD 720 BINDER 

Bacteria incubator Certomat IS Sartorius AG 
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Equipment Manufacturer 

Bacteria incubator RS 422 BINDER 

Centrifuge 5417C Eppendorf AG 

Centrifuge 5417R Eppendorf AG 

Centrifuge 5427R Eppendorf AG 

Centrifuge 5430 Eppendorf AG 

Centrifuge 5810R Eppendorf AG 

CO2 incubator HERAcell 240 Heraeus 

CO2 incubator Steri-Cult 3311 Thermo Scientific 

Flow cytometer Miltenyi biotec MACSQuant 

Flex cycler Analytik Jena AG 

Fluorescence Microscope DM IL LED Fluo Leica Camera AG 

Gel Doc XR+ Bio-Rad Laboratories GmbH 

LI-COR Odyssey Imager LI-COR Biosciences GmbH 

Model 200/2.0 Power Supply Bio-Rad Laboratories GmbH 

NanoDrop 2000 Thermo Scientific 

Nucleofector I Amaxa Biosystems 

Orbital shaker GFL 

Power Pac HC Bio-Rad Laboratories GmbH 

Rotary Tube Mixer RSM7 Ratek Instruments Pty Ltd 

StepOnePlus Real-Time PCR System Applied Biosystems 

Stuart tube roller mixer SRT6D Sigma-Aldrich 

Thermomixer compact/comfort Eppendorf AG 

Trans-Blot SD Semi-Dry Transfer Cell Bio-Rad Laboratories GmbH 

XCell SureLock Electrophoresis cell Thermo Scientific 

XCell4 SureLock Midi-Cell Thermo Scientific 
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3.1.10  Software 

Software Provider 

Benchling https://benchling.com  

FlowLogic Inivai technologies 

Extended Nucleic Acid Sequence Massager https://biomodel.uah.es/en/lab/cybe

rtory/analysis/massager.htm 

CorelDRAW 2017 Corel Corporation 

GraphPad Prism 8.4.2 GraphPad Software, Inc. 

Image Lab 5.2.1 Bio-Rad Laboratories GmbH 

Image Studio Lite Ver 4.0 LI-COR Biosciences GmbH 

Microsoft Office 2016 Microsoft Corporation 

Multalin http://multalin.toulouse.inra.fr [246] 

NEBaseChanger® v. 1.2.9 https://nebasechanger.neb.com/ 

Nanodrop 2000 Thermo Scientific 

Odyssey Image Studio LI-COR Biosciences GmbH 

LightCycler Software 3.5 Informer technologies 

 

3.1.11  External facilities 

Company Services provided 

Metabion DNA oligo synthesis 

Metabion DNA sequencing 

Microsynth AG SeqLab DNA sequencing 

 

3.2 Methods 

3.2.1 Identification of promoter regions and genomic features 

3.2.1.1 UCSC genome browser 

The UCSC Genome Browser (https://genome.ucsc.edu) was used to visualize genomic 

loci and identify promoter regions associated with target genes. The human genome 

assembly GRCh38/hg38 was used as the reference. Genomic coordinates of interest 

were located using gene names or precise chromosomal positions. To identify potential 

https://benchling.com/
http://multalin.toulouse.inra.fr/
https://genome.ucsc.edu/
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promoter elements derived from transposable elements, including long terminal 

repeats (LTRs), the RepeatMasker track was enabled. This track shows the annotation 

of repetitive elements and allowed detection of specific LTR subfamilies (e.g., LTR12C or 

LTR12D) overlapping with transcription start sites (TSSs). The RefSeq Genes and 

GENCODE tracks were used to determine the location of gene exons and annotated 

TSSs. By comparing the position of LTR elements with the TSS, candidate LTR-driven 

promoters were identified. Additional features such as conservation scores and 

regulatory marks (e.g., DNase hypersensitivity, histone modifications) were optionally 

inspected to support functional relevance of the identified LTRs. 

3.2.1.2 WashU epigenome browser 

Epigenomic datasets were visualized using the WashU Epigenome Browser 

(https://epigenomegateway.wustl.edu/), an interactive web-based platform that 

enables exploration and comparison of genomic and epigenomic annotations. Genomic 

coordinates of interest were uploaded in BED format, and relevant public datasets, 

including histone modifications, transcription factor binding sites, and chromatin 

accessibility profiles, were integrated from ENCODE and other available repositories. 

The browser’s track configuration features were employed to overlay and align multiple 

data tracks for comparative analysis. Screenshots were generated for representative 

regions to highlight specific epigenetic features. 

 

3.2.2 Transcription factor binding site analysis 

3.2.2.1 Cistrome toolkit: 

To investigate transcription factor (TF) binding at specific genomic loci and promoter 

regions, we utilized the Cistrome Data Browser Toolkit (http://dbtoolkit.cistrome.org), 

which integrates public ChIP-seq datasets to provide experimentally determined TF-DNA 

interactions. 

a) Promoter-Associated Transcription Factor Profiling: To identify potential regulatory 

transcription factors for a specific gene, we used the “What factors regulate your gene 

of interest?” query option in the Cistrome Toolkit. The gene name was entered along 

with a defined search window (±10 kb) surrounding the TSS to capture promoter and 

nearby regulatory elements. Output included a ranked list of transcription factors based 

on regulatory potential scores derived from ChIP-seq signal intensity and peak proximity 

https://epigenomegateway.wustl.edu/
http://dbtoolkit.cistrome.org/
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to the TSS. Results were visualized both as tables and figures, and source-specific 

datasets (cell lines or tissue types) were selectively included for context-specific analysis. 

b) Binding Site Analysis in Genomic Intervals: To assess TF binding at defined genomic 

intervals, we used the “What factors bind in your interval?” function. The genomic 

region of interest was input in the format chr: start-end, based on genomic coordinates 

from the human reference genome (GRCh38/hg38). Upon submission, the toolkit 

generated results in both tabular and graphical formats, listing transcription factors with 

ChIP-seq peaks overlapping the queried region. The results were filtered based on 

specific transcription factors and cell types relevant to the study. Data visualization and 

further inspection of ChIP-seq peaks were carried out using the WashU Epigenome 

Browser interface, which allowed high-resolution exploration of TF occupancy and 

overlap with regulatory features, including transcription start sites (TSS). 

This approach enabled the identification of candidate transcription factors with 

experimental evidence of binding to either transposable element-derived regulatory 

regions or canonical gene promoters, supporting downstream functional hypotheses. 

3.2.2.2 JASPAR database 

Transcription factor binding motif analysis was performed using the JASPAR database 

(https://jaspar.genereg.net), which provides curated, non-redundant transcription 

factor binding profiles derived from experimental data. Transcription factors of interest 

were selected based on prior knowledge or complementary experimental datasets. 

Corresponding position frequency matrices (PFMs) were added to the analysis 

workspace. DNA sequences of interest, typically from regulatory regions such as long 

terminal repeats (LTRs) or gene promoters, were entered in FASTA format. Using the 

"Scan" function, input sequences were searched for potential transcription factor 

binding sites based on motif similarity. The output included predicted binding sites with 

associated scores and positions within the input sequence, facilitating comparison with 

experimental binding data and enabling identification of candidate regulatory 

interactions. 

3.2.2.3 HOCOMOCO database 

To identify putative transcription factor binding sites (TFBS) within the LTR12D element 

and its upstream region (~1 kb), we used the MoLoTool (Motif Locator Tool), a web-

https://jaspar.genereg.net/
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based sequence scanning tool integrated with the HOmo sapiens COmprehensive 

MOdel COllection (HOCOMOCO) v11. HOCOMOCO v11 provides curated transcription 

factor (TF) binding models for 680 human and 453 mouse TFs, including both 

mononucleotide and dinucleotide position weight matrices (PWMs), which are derived 

from ChIP-Seq datasets. All PWMs were generated using the ChIPMunk and diChIPMunk 

motif discovery tools and benchmarked through cross-validation. The underlying ChIP-

Seq data were obtained from the Gene Transcription Regulation Database (GTRD) on 

the BioUML platform. The HOCOMOCO v11 database and tools are publicly available at 

https://hocomoco11.autosome.org/. 

Sequence analysis was performed using the MoLoTool with a default P-value threshold 

of 1e-4 to identify statistically significant TFBS hits. Following motif identification, the 

predicted binding sites were further validated using SPRY-SARUS, a command-line motif 

scanner included in the HOCOMOCO toolkit. SPRY-SARUS applies the PWMs to a given 

sequence set to efficiently and accurately map motif occurrences. This two-step 

approach ensured robust prediction and validation of TF binding motifs in our sequences 

of interest. 

3.2.3 Cloning 

3.2.3.1 Polymerase chain reaction 

Polymerase chain reaction (PCR) was carried out using either the Phire™ Hot Start II DNA 

Polymerase (Thermo Fisher Scientific), according to the manufacturer’s instructions. A 

total of 35 thermal cycles per PCR were performed in a VeritiTM 96-Well Thermal Cycler 

(Applied Biosystems) in a total volume of 50 µl. To validate the reaction, 20 µl of the PCR 

product were separated in agarose gels (1% agarose (w/v) in 1x TAE buffer) with the 

addition of ethidium bromide (0.2 µg/ml). After 50 minutes of electrophoresis at 110 V, 

DNA bands were visualized using the Gel Doc XR+ (Bio-Rad Laboratories GmbH) 

detection system. 

3.2.3.2 Restriction digest 

DNA digestion was performed using NEB enzymes and buffers according to the 

manufacturer’s instructions. 

3.2.3.3 DNA purification from agarose gels 

DNA fragments were separated by gel electrophoresis in agarose gels (1% w/v, 

containing 0.2 µg/ml ethidium bromide) together with 1 kb plus ladder and visualized 

https://hocomoco11.autosome.org/
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on a UV screen (366 nm) or the Gel Doc XR+ (Bio-Rad Laboratories). Bands of the desired 

length were cut out and the DNA was purified from the gel using the Monarch® DNA Gel 

Extraction Kit (New England BioLabs) according to the manufacturer’s instructions. 

3.2.3.4 Ligation 

Vector and insert DNA were mixed at a volume ratio of 1:4 and ligated for 1 h at 16°C or 

overnight at 4°C using the DNA Ligation Kit 2.1 (Takara Bio Inc.).  

3.2.3.5 Transformation 

XL-2 Blue E. coli were transformed with stable expression constructs. For recombination-

prone proviral constructs, XL-2 Blue MRF' E. coli were used for transformation. In both 

cases, the ligation mix was incubated on ice with 13 µl of the respective E. coli strain for 

20 minutes. After a heat-shock at 42 °C for 30 s (XL-2 blue) or 37°C for 30 s (XL-2 blue 

MRF’), bacteria were incubated on ice for 2.5 min. Following the addition of 200 µl S.O.C 

medium, the transformed cells were incubated at either 37 °C for 60 min (XL-2 blue) or 

at 30 °C for 90 min (XL-2 blue MRF’) on a shaker and plated on LB agar plates containing 

the appropriate antibiotic (ampicillin or kanamycin) and overnight incubation was 

performed at 37°C (XL-2 blue) and 30°C (XL-2 blue MRF’). Single colonies were picked 

the next day.  

3.2.3.6 Mini preparation 

To isolate plasmid DNA for cloning and sequencing, single colonies were picked from 

agar plates and grown in 5 ml LB medium supplemented with ampicillin (100 mg/l) or 

kanamycin (50 mg/l) at 37°C overnight on a shaker. Plasmid DNA was prepared with the 

Qiagen Miniprep Kit according to the manufacturer’s instructions. 

3.2.3.7 DNA sequencing 

Plasmid DNA was sent to Microsynth Seqlab GmbH for nucleotide sequencing. 

Sequencing reaction mixtures were prepared according to the provider’s instructions. 

3.2.3.8 Midi preparation 

Plasmid DNA for transfection was prepared with Qiagen Plasmids Midi Kit according to 

the manufacturer’s instructions. Concentration and quality of the purified DNA were 

determined using the NanoDrop 2000 spectrophotometer (Thermo Fischer Scientific).  
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3.2.4 Cell culture 

3.2.4.1 Cell line culture 

Human embryonic kidney 293T (HEK293T) cells were maintained in Dulbecco’s modified 

Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 

0.05 mg/ml penicillin, and 0.05 mg/ml streptomycin. These cells were routinely tested 

for mycoplasma contamination every few months, and only mycoplasma-negative 

cultures were utilized. 

Jurkat and SupT1 cells were cultured in RPMI1640 supplemented with 5% FCS, 0.05 

mg/ml penicillin, and 0.05 mg/ml streptomycin at 37°C in a 5% CO2 atmosphere. 

3.2.4.2 Isolation and culture of human CD4⁺ T cells 

Human CD4⁺ T cells were isolated from lymphocyte concentrates (buffy coats) obtained 

from the German Red Cross Blood Donor Service, Baden-Württemberg, at the University 

Hospital Tübingen. Buffy coats were diluted 1:1 with phosphate-buffered saline (PBS) 

and carefully layered over an equal volume of Pancoll separating solution (PAN Biotech) 

in 50 ml conical tubes. Density gradient centrifugation was performed at 1200 × g for 20 

minutes at room temperature with the brake turned off. The mononuclear cell layer at 

the interface was collected, and CD4⁺ T cells were subsequently enriched by negative 

selection using the RosetteSep™ Human CD4⁺ T Cell Enrichment Cocktail (STEMCELL 

Technologies), according to the manufacturer’s instructions. 

Isolated CD4⁺ T cells were cultured at a density of 1.5 × 10⁶ cells/ml in RPMI-1640 

medium supplemented with 2 mM L-glutamine, 100 µg/ml streptomycin, 100 U/ml 

penicillin, and 10% (v/v) heat-inactivated fetal calf serum (FCS) for 3 days. Cells were 

either left untreated or activated with 1 µg/ml phytohaemagglutinin (PHA) and 

stimulated with 10 ng/ml interleukin-2 (IL-2). 

3.2.4.3 Isolation and differentiation of monocyte-derived macrophages (MDMs) 

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats by density 

gradient centrifugation using Pancoll separating solution (PAN Biotech). Monocytes 

were allowed to adhere to plastic for 3 days in macrophage differentiation medium 

consisting of RPMI-1640 supplemented with 4% human AB serum, 2 mM L-glutamine, 

100 µg/ml penicillin-streptomycin, 1 mM sodium pyruvate, 1× non-essential amino 

acids, and 0.4× MEM vitamins. Non-adherent cells were removed by washing with PBS, 
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and the adherent monocytes were further differentiated for an additional 4 days in fresh 

macrophage medium. 

For downstream applications, differentiated macrophages were detached using 

Accutase® (Sigma-Aldrich) by incubation for 45 minutes at 37°C. 

3.2.5 Virus production and infection of primary CD4+ T cells 

3.2.5.1 Virus production  

HEK293T cells were seeded in 6-well plates and cultured to approximately 70–80% 

confluency. Cells were co-transfected using the calcium phosphate method. Briefly, 1 µg 

of VSV-G expression plasmid and 5 µg of proviral plasmid (HIV-1 CH077, STCO1, or HIV-

2 molecular clones) were mixed with 2M CaCl₂ and combined dropwise with an equal 

volume of 2× HEPES-buffered saline (HBS). After incubation for 20 minutes at room 

temperature, the transfection mix was added to the cells. A mock transfection 

(transfection mix without DNA) served as negative control. After 48 hours, supernatants 

containing virus particles were harvested, centrifuged at 300 × g for 10 minutes to 

remove debris and the supernatant (virus stock) was used for the infection. 

3.2.5.2 Spinoculation of CD4⁺ T Cells 

CD4⁺ T cells were activated with phytohemagglutinin (PHA; 1–2 µg/mL) and interleukin-

2 (IL-2; 20–100 U/mL) for 72 hours prior to infection. Post-stimulation, cells were 

harvested by centrifugation at 1400 rpm for 4 minutes at room temperature. The 

supernatant was discarded, and the pellet was gently loosened by tapping or scratching 

the tube wall. Cells were resuspended in 2 mL RPMI 1640 medium supplemented with 

10% fetal bovine serum (FBS) and penicillin/streptomycin (referred to as RPMIxxx), and 

thoroughly mixed by pipetting. A 1:100 dilution was prepared in PBS for cell counting 

using a hemocytometer. 

A total of 1.5 × 10⁶ cells were seeded in 100 µL RPMIxxx per well of a 96-well U-bottom 

plate. The plate centrifuge in the biosafety level 3 (S3) laboratory was pre-warmed to 

37 °C. For spinoculation, 120 µL of viral supernatant was added to each well. The plate 

was sealed with adhesive plastic foil to prevent aerosol formation during centrifugation 

and balanced with a second plate containing an equal volume of PBS. Plates were 

centrifuged at 1200 × g for 2 hours at 37 °C. After centrifugation, the foil was carefully 

removed, and cells were gently resuspended by pipetting up and down 2–3 times. The 

entire content of each well was then transferred into a 6-well plate containing 2 mL of 
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pre-warmed RPMIxxx supplemented with IL-2 (1:1000 final dilution). Cells were 

subsequently cultured under standard conditions (37 °C, 5% CO₂) until further analysis. 

3.2.5.3 Infection of CD4+ T cells 

Primary CD4+ T cells were isolated from buffy coats of healthy donors using the 

RosetteSep™ Human CD4+ T Cell Enrichment Cocktail (STEMCELL Technologies) 

according to the manufacturer’s instructions. Isolated cells were stimulated for 2-3 days 

using phytohemagglutinin (PHA) in the presence of interleukin-2 (IL-2) to promote cell 

proliferation. Following activation, CD4+ T cells were infected in triplicate with virus-

containing supernatants derived from HEK293T cells transfected with HIV-1, HIV-2, or 

mock constructs. Spinoculation was used. Cells were incubated with the virus for at least 

2 hours at 37 °C, then cultured in fresh RPMI medium supplemented with IL-2. At 3 days 

post-infection (d.p.i.), cells were harvested for downstream analyses such as RNA 

extraction, protein analysis, or flow cytometry. 

3.2.6 Transfection and transduction 

3.2.6.1 Calcium-phosphate transfection 

One day prior to transfection, 6x105 or 3x104 HEK293T cells were seeded per well of a 

6-well in 2 ml medium or 96-well plate in 100 µl, respectively. 96-well plates were coated 

with poly-L-lysine for 1 h at 37 °C before seeding. Cell culture medium was changed 

before transfection. The appropriate amount of DNA and 13 µl of 2 M CaCl2 were mixed 

and filled up to a volume of 100 µl with distilled water. For 96-wells, only a 10 µl of the 

mixture in triplicates was added. 100 µl 2x HBS was added dropwise to the DNA mixture. 

A similar mixture without DNA served as negative control/mock. After mixing via 

pipetting, the mixture was added dropwise to the cells (10% of the cell culture medium). 

Cells were incubated for 14-16 h before medium was replaced by fresh medium. 48 h 

post transfection, cells were used for further analysis. 

3.2.6.2 CRISPR/dCas9-mediated activation 

To activate DHRS2 from its endogenous locus, a CRISPR activation (CRISPRa) strategy 

was employed using a catalytically inactive dCas9 fused to the VP64 transcriptional 

activator. The LTR12D element upstream of DHRS2 was selected as the target regulatory 

region. A multiple sequence alignment of all human LTR12D elements was performed to 

identify sequences unique to the DHRS2-associated LTR12D, which served as the basis 

for designing four guide RNAs (gRNA1-4) (Table 3.1.3.2; DHRS2 CRISPRa gRNAs) 

targeting distinct regions within this locus. 
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Each gRNA was individually cloned into a pLKO1 lentiviral expression vector under the 

control of the U6 promoter. Lentiviral particles were generated in HEK293T cells by co-

transfecting the cells with selected combinations of gRNA plasmids (gRNA1+2, gRNA1+3, 

gRNA1+4, gRNA2+3, and gRNA1+2+3+4), dCas9-VP64 and third-generation packaging 

constructs. Control conditions included a vector-only construct expressing GFP (pBob) 

and a non-targeting gRNA. Transfections were performed using the calcium phosphate 

method. Viral supernatants were collected 48 hours post-transfection and concentrated 

by ultracentrifugation. This was carried out in a Beckman Coulter Optima XE using a SW 

28 rotor at 25,000g for 1.5 hours at 4°C. Following ultracentrifugation, the viral pellets 

were carefully resuspended in 50 µl of complete RPMI medium. 

Human CD4⁺ T cells, pre-activated with PHA and IL-2, were transduced with the 

concentrated viral lentiviral particles via spinoculation to enhance delivery efficiency. 

Transduction was monitored by flow cytometry, and only samples exhibiting >35% 

efficiency were included in the further analysis. 

3.2.6.3 CRISPR/Cas9 knockout via electroporation 

A specific guide RNA (gRNA), designed to target the DHRS2 gene, was developed using 

the IDTDNA design tool (Fig. 3.1A) [247]. The design was optimized to ensure maximal 

on-target efficiency at the DHRS2 locus while minimizing potential off-target effects 

throughout the genome. In silico analysis of this particular gRNA (sequence: 

CCGGCTGCTGATGACCACGT) predicted that its activity would induce frameshift 

mutations within the coding sequence of the DHRS2 gene. Such mutations are 

anticipated to lead to the formation of a premature stop codon, consequently causing 

loss of functional DHRS2 protein production due to truncated or unstable 

transcripts/polypeptides (Fig. 3.1B). This experiment was performed in the laboratory of 

Prof. Frank Kirchhoff at Ulm University. 



Materials and methods  55 

 

 

Figure 3.1: Design and predicted functional impact of DHRS2-targeting gRNA. (A) A 

specific gRNA was designed using the IDTDNA design tool, tailored to target the DHRS2 

gene. (B) In silico analysis of this particular gRNA (sequence: 

CCGGCTGCTGATGACCACGT) predicted that its activity would induce frameshift 

mutations within the DHRS2 coding sequence. These mutations are anticipated to lead 

to the formation of a premature stop codon, consequently causing a loss of functional 

DHRS2 protein production. 

CD4+ T cells were isolated from two healthy donors and stimulated with CD3/CD28 

beads and IL-2 for three days. After stimulation, cells were electroporated with either a 

non-targeting (NT) Cas9/gRNA complex or a DHRS2-specific Cas9/gRNA complex. 

Following electroporation, the cells were cultured for an additional four days. 
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At 96 hours post-electroporation, cells were infected using spinoculation with 60 µl of 

virus-containing supernatants. These supernatants had been concentrated tenfold using 

Amicon tubes before infection. The infection was performed in technical duplicates. 

Post-infection, cells were washed three times with RPMI medium and seeded into 12-

well plates at a density of 1 million cells per milliliter. 

At 3 days post-infection (d.p.i.), supernatants were collected and frozen. Separately, one 

million cells per sample were lysed in RLT buffer supplemented with 1% β-

mercaptoethanol for downstream qPCR analysis. At 3 d.p.i., DHRS2 and p24 protein 

levels were assessed via flow cytometry. 

3.2.6.4 lentiCRISPRv2/Cas9-mediated knockout 

Second-generation lentiviral particles were produced by transient transfection of 

HEK293T cells using a three-plasmid system. Cells were co-transfected with the transfer 

vector encoding either the DHRS2-targeting gRNA, a non-targeting control gRNA, or an 

empty vector control, together with the packaging plasmid psPAX2 and the envelope 

plasmid pMD2.G (VSV-G). The ratio of envelope vector to transfer vector to packaging 

plasmid (psPAX2) was maintained at 1:4:3. Transfection was performed using the 

calcium phosphate method, and the culture medium was replaced the following day to 

remove transfection reagents. Viral supernatants were harvested 48 hours post-

transfection, concentrated by ultracentrifugation through a 20% sucrose cushion at 

20,000g for 2-4 hours at 4°C, and resuspended in complete RPMI medium. 

Primary CD4+ T cells were isolated from healthy donor peripheral blood mononuclear 

cells (PBMCs) by negative selection and activated using anti-CD3/CD28-coated beads in 

the presence of IL-2. Activated T cells were transduced with the concentrated lentiviral 

particles by spinoculation. After transduction, puromycin was added at a final 

concentration of 1 μg/ml to select successfully transduced cells. Mock-transduced cells 

were used as controls and cultured in parallel to verify selection efficiency. Cells 

transduced with the pBob plasmid (expressing GFP) were used as transfection and 

transduction controls. 

Following puromycin selection, surviving CD4+ T cells were infected with HIV-1 (CH077 

clone) by spinoculation. Infected cells were maintained in RPMI medium supplemented 

with IL-2. At 3 days post infection, cells were harvested and processed for downstream 

analyses, including flow cytometry and qPCR. 
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3.2.7 Dual luciferase reporter assay 

To investigate the effect of HSF1, LEF1, TCF1, and β-catenin on DHRS2 gene activity, 

HEK293T cells were transfected with varying amounts of expression plasmids for each 

of the proteins. Co-transfection was performed with either an empty vector or reporter 

constructs (LTR12C_GBP2 or LTR12D_DHRS2) expressing Gaussia luciferase under the 

control of a minimal herpes simplex virus (HSV) thymidine kinase promoter and under 

the control of LTR12. The firefly luciferase reporter plasmid (pTAL) was used for 

normalization. The ratio of reporter to control vector was 20:1. 40 hours post-

transfection, 20 µl of cell culture supernatant was transferred to a Nunc™ white 

polystyrene 96-well Microwell™ plate, and Gaussia luciferase activity was measured by 

coelenterazine turnover using a luminometer. For cell lysate analysis, transfected cells 

were lysed in 40 µl of 1x Luciferase Cell Culture Lysis Reagent (Promega) for 10 minutes 

at room temperature. Subsequently, 30 µl of either undiluted or 1:30 diluted lysate was 

transferred into a 96-well plate, and 50 µl of Luciferase Assay System (Promega) was 

added for firefly luciferase activity measurement using an Orion II microplate 

luminometer. The Gaussia luciferase signal was then normalized to the firefly luciferase 

signal for each sample to correct for transfection efficiency and cell viability. 

3.2.8 Western blot 

Unless stated differently, cells harvested from one well of either a 6-well plate were 

lysed in 100 µl of Co-IP lysis buffer. Lysates were incubated on ice for 20 min and 

centrifuged at 14,000 rpm for 20 min at 4 °C. Afterwards, lysates were mixed with 

Protein Sample Loading Buffer (LI-COR) (22.5% (v/v)) and β-mercaptoethanol (2.5% 

(v/v)) and boiled at 95 °C for 5 min. Equal amounts of lysates were separated in 4-12% 

NuPAGE Novex Bis-Tris precast polyacrylamide gels (Invitrogen). Immobilion-FL Transfer 

PVDF Membranes (Merck Millipore) were soaked in 100% methanol for 1 min and then 

in distilled H2O for 1 min, before incubating them in transfer buffer for 20 min. Separated 

proteins were blotted onto activated membranes with the Trans-Blot SD Semi-Dry 

Transfer Cell (Bio-Rad Laboratories GmbH). Membranes were blocked in blocking buffer 

and stained using primary antibodies directed against GAPDH (BioLegend), HA-tag 

(abcam) and β-catenin (Cell Signaling Technology), followed by an incubation with 

Infrared Dye labeled secondary antibodies (LI-COR). Proteins were detected with a LI-

COR Odyssey Imager (LI-COR Biosciences), and band intensities were quantified using 

Image Studio Lite Version 5.0 (LI-COR Biosciences). 
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3.2.9 Flow cytometry 

Flow cytometry was performed to assess the expression of β-catenin, p24 (HIV-1 capsid), 

p27 (HIV-2 capsid), DHRS2, HSF1, and phosphorylated HSF1 (Ser303/307) in infected 

CD4+ T cells. At 3 days post-infection (d.p.i.), cells were harvested, washed twice with 

cold FACS buffer (PBS supplemented with 1% FBS), and fixed with 2% paraformaldehyde 

(PFA) for 10 minutes at room temperature (RT). After fixation, cells were washed once 

with FACS buffer and permeabilized by incubation in ice-chilled 90% methanol for 20 

minutes on ice. 

Following permeabilization, cells were washed and incubated with fluorochrome-

conjugated primary antibodies specific to target proteins or, in the case of non-

conjugated primary antibodies, stained sequentially with appropriate fluorochrome-

conjugated secondary antibodies. Antibody incubations were carried out for 30 minutes 

at 4 °C in the dark. After staining, cells were washed and resuspended in FACS buffer for 

acquisition. 

Samples were acquired using the MACSQuant Analyzer (Miltenyi Biotec). For 

intracellular protein detection within the infected population, GFP or FITC signal was 

used to gate on transduced/fluorescently labeled cells. The mean fluorescence intensity 

(MFI) of the fluorophore associated with the protein of interest (e.g., PE) was quantified 

within the GFP+/FITC+ population. In addition, the percentage of PE-positive cells within 

the GFP+/FITC+ population was determined to assess relative protein expression levels 

across conditions. 

Flow cytometry data were analyzed using FlowLogic software (Inivai Technologies). 

Proper fluorescence compensation, gating strategies, and isotype controls were applied 

to ensure specificity and accuracy of the measurements. 

3.2.10  Quantitative real-time reverse transcription PCR (qRT-PCR) 

Quantitative real-time reverse transcription PCR (qRT-PCR) was performed to assess the 

expression levels of LTR12D_DHRS2, CDKN2A, CDKN1A, IL-6, TNF, CXCL10, CCL5, CCL17 

and the housekeeping gene GAPDH in primary CD4+ T cells infected with HIV-1 CH077, 

STCO1, or mock-infected cells. At 3 days post-infection (d.p.i.), cells were harvested and 

washed twice with Dulbecco’s phosphate-buffered saline (DPBS). Total RNA was 

extracted from the cells using 350 µL of RLT Plus buffer (Qiagen) supplemented with 1% 

(v/v) β-mercaptoethanol to ensure RNase inactivation and cell lysis. Lysates were 
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immediately placed on ice and RNA isolation was performed using the RNeasy Plus Mini 

Kit (Qiagen) in accordance with the manufacturer’s protocol. 

To eliminate any residual genomic DNA contamination, especially important given the 

non-exon-spanning nature of the primers and probes, samples were treated with the 

DNA-free™ DNA Removal Kit (Thermo Fisher Scientific) following the manufacturer’s 

instructions. RNA concentration and purity were measured using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific). Equal amounts of total RNA were used 

for cDNA synthesis across all samples to avoid quantification bias. 

First-strand cDNA was synthesized using the PrimeScript RT Reagent Kit (Takara Bio) 

with both random hexamer and oligo(dT) primers in a Veriti™ 96-Well Thermal Cycler 

(Applied Biosystems). Reactions were prepared according to the manufacturer’s 

guidelines. No-RT controls (without reverse transcriptase) were included to confirm the 

complete removal of genomic DNA. 

qRT-PCR was carried out using the TaqMan™ Fast Universal PCR Master Mix (Thermo 

Fisher Scientific) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems). 

Reactions were performed in technical duplicates or triplicates. TaqMan primer and 

probe sets specific for LTR12D_DHRS2, CDKN2A, CDKN1A, and GAPDH were used. 

GAPDH served as the internal reference gene to normalize expression levels. 

Quantification of gene expression was performed using the comparative Ct method 

(ΔΔCt). The Ct values of target genes were normalized to GAPDH, and the relative 

expression levels were calculated as fold change compared to mock-infected controls. 

Detailed sequences of primers and probes used in these assays are listed in Section 

3.1.3.3. 

3.2.11  Statistical analyses 

Statistical analyses were performed using GraphPad Prism version 8.4.2. Depending on 

the experimental design, data were analyzed using one-way ANOVA, paired or unpaired 

Student’s t-test. Differences were considered statistically significant if p ≤ 0.05. 

Significance levels are indicated as follows: p ≤ 0.05 (*), p < 0.01 (**), p < 0.001 (***), 

and p < 0.0001 (****). 
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3.2.12  Ethics statement 

Ethical approval for the utilization of human peripheral blood cells was obtained from 

the Ethics Committee of Tübingen University Medical Center (project# 127/2022BO2).  
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4 Results 

4.1 CDKN2A induction: limited consistency in HIV-1 infection 

CDKN2A (p16) is a key senescence marker that induces cell cycle arrest by inhibiting 

CDK4/6 [248, 249]. Since we observed activation of the p53-p21 pathway during HIV-1 

infection, I next investigated whether the p16 pathway also contributes to HIV-1-

induced senescence. I measured CDKN2A mRNA levels in primary CD4⁺ T cells infected 

with two HIV-1 clones, STCO1 and CH077. These clones represent primary isolates from 

different stages of infection [230, 231] and belong to HIV-1 group M, subtype B. Both 

are dual-tropic viruses capable of using CCR5 and CXCR4 as co-receptors. Mock-infected 

cells served as negative control. Three days post-infection (d.p.i.), CD4⁺ T cells were 

harvested, and infection rates were determined by flow cytometry (Fig. 4.1A). CDKN2A 

mRNA levels were quantified using qPCR (Fig. 4.1B). We observed that infection with the 

HIV-1 clone STCO1 did not significantly change CDKN2A expression. In contrast, infection 

with CH077 led to a significant, approximately two-fold increase in CDKN2A mRNA levels 

compared to mock-infected cells. These findings suggest that CDKN2A induction is not a 

consistent feature of HIV-1 infection, as only one of the two tested strains led to its 

induction. This implies that HIV-1-mediated senescence may not strictly require CDKN2A 

induction and could instead rely on other pathways, such as the p53-p21 pathway. 
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Figure 4.1: CDKN2A induction is not a universal feature of HIV-1 infection. (A) Infection 

rates were measured in primary CD4⁺ T cells infected with HIV-1 clones STCO1 and 

CH077 at 3 d.p.i. Infection rates for both strains were assessed by quantifying the 

percentage of p24-positive cells via flow cytometry. (B) CDKN2A (p16) mRNA levels in 

the cells shown in (A) were quantified using qPCR. Expression values were normalized 

to a housekeeping gene (GAPDH), and fold changes were calculated relative to mock-

infected control cells. Data represent the mean ± standard error of the mean (SEM) from 

three independent experiments. Statistical significance was determined using one-way 

ANOVA: (** p < 0.01), indicating significant differences compared to mock-infected 

controls. 

4.2 HIV-1 induces LTR12D_DHRS2 transcription in SupT1 and 
Jurkat cells. 

In order to further investigate the activation of the LTR12D-DHRS2-p53-p21 cascade, 

two immortalized T cell lines, SupT1 [250] and Jurkat [251], were chosen due to their 

reproducibility, ease of handling, and ability to maintain experimental consistency. 

These cell lines provide a controlled environment for studying HIV-1 infection and 

senescence pathways, overcoming the challenges posed by primary T cells, such as 

donor variability and short lifespan [252]. 

SupT1 and Jurkat cells were infected with the HIV-1 clones STCO1, NL4-3, and CH077. 

HIV-1 NL4-3, a well-characterized, replication-competent laboratory strain, is widely 

used as a standardized model for studying HIV-1 biology and testing antiviral strategies 

[253]. At 3 d.p.i., both SupT1 and Jurkat cells were harvested, and infection rates were 

assessed by quantifying the percentage of p24 cells via flow cytometry. Fig. 4.2A, 4.2B, 

and 4.2E display representative primary FACS data showing infection rates, while Fig. 

4.2C, 4.2F, and 4.2D, 4.2G present LTR12D_DHRS2 and CDKN1A mRNA transcript levels, 

respectively. 

The results consistently showed a 5- to 20-fold increase in LTR12D_DHRS2 transcript 

levels and a 2- to 3-fold increase in CDKN1A mRNA levels in HIV-1-infected samples 

compared to mock-infected samples. 
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Figure 4.2: Induction of LTR12D_DHRS2 and CDKN1A transcription in SupT1 and Jurkat 

cells infected with HIV-1. (A, B and E) (A) Primary FACS plots for both Jurkat and SupT1 

cells infected with HIV-1 CH077 are shown. HIV-1 infection rates in (B) SupT1 and (E) 

Jurkat cells were quantified by measuring intracellular p24 protein levels using flow 

cytometry at 3 days post-infection. (C, F) LTR12D_DHRS2 transcript levels of the samples 

shown in (B) and (E) were assessed using quantitative-RTPCR (q-RTPCR) in infected (C) 

SupT1 and (F) Jurkat cells. Expression levels were normalized to GAPDH (housekeeping 
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gene), and fold changes were calculated relative to mock-infected controls. (D, G) 

CDKN1A (p21) mRNA expression of the samples shown in (B) and (E) was measured in 

the same experimental conditions using qPCR. All data are presented as mean ± 

standard error of the mean (SEM) from three independent experiments. Statistical 

significance was determined using one-way ANOVA: (* p < 0.05, ** p < 0.01), indicating 

significant differences compared to mock-infected controls. 

4.3 HIV-2 increases DHRS2 protein levels in SupT1, Jurkat and 
primary CD4⁺ T cells. 

Given that HIV-2 is associated with slower disease progression and a different pattern 

of immune system involvement [254], it typically results in significantly lower viral loads 

(often below 10,000 copies/ml) and a more gradual decline in CD4⁺ T cell counts [255]. 

This leads to a longer asymptomatic phase and delayed progression to AIDS. Therefore, 

it is essential to validate the LTR12D-DHRS2-p53-p21 cascade in HIV-2 infection to 

understand how the unique viral properties of HIV-2 influence cellular aging and 

senescence. 

To assess how HIV-2 infection activates the LTR12D-DHRS2-p53-p21 cascade, Jurkat, 

SupT1, and primary CD4⁺ T cells were infected with different HIV-2 clones. The 7312A 

clone, representing a primary HIV-2 isolate, was used to capture the physiological 

relevance of viral behavior in a near-native context, closely mimicking in vivo infection 

[256].  Additionally, ROD10 [257] and GH-1 [258], both well-characterized cell culture-

adapted strains, were used to ensure reproducibility. 3 d.p.i., infection rates were 

analyzed by monitoring p27 via flow cytometry (Fig. 4.3A, 4.3B, 4.3C). Infection rates 

ranged from 2.5-28% in Jurkat cells, 2-20% in SupT1 cells, and 0.5-3.5% in primary CD4⁺ 

T cells (Fig. 4.4A, 4.4B, 4.4C). Flow cytometry analysis revealed an increase in DHRS2 

protein levels in both infected and bystander cells compared to mock-infected cells, 

across all tested models (Fig. 4.4D, 4.4E, 4.4F). Notably, Jurkat cells infected with the 

HIV-2 7312A strain, which achieved higher infection rates as compared to SupT1 and 

CD4⁺ T cells infected with 7312A in two replicates, were further analyzed using q-RTPCR 

and exhibited a two-fold increase in CDKN1A mRNA levels compared to mock-infected 

cells (Fig. 4.4G). 
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Figure 4.3: HIV-2 infection of Jurkat, SupT1 and CD4+ T cells. (A-C) (A) Jurkat, (B) SupT1, 

and (C) primary CD4⁺ T cells were infected with HIV-2 clones ROD10, 7312A, or GH-1. 

Infection rates were determined by assessing p27 protein levels using flow cytometry at 

3 d.p.i. Representative FACS data from a single replicate are shown for each cell type 

(Jurkat, SupT1, and CD4⁺ T cells). P27-: uninfected; shown on left side of the gating (100 

- p27+) %, p27+: HIV-2-infected. 
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Figure 4.4: HIV-2 infection increases DHRS2 protein levels. (A-F) (A, D) Jurkat cells, (B, 

E) SupT1 cells, and (C, F) primary CD4⁺ T cells were infected with HIV-2 clones ROD10, 

7312A, or GH-1. Infection rates were determined by assessing p27 protein levels using 

flow cytometry at 3 d.p.i. (D-F) DHRS2 protein levels were assessed using flow cytometry 

in infected (D) Jurkat, (E) SupT1 and (F) primary CD4⁺ T cells. The results in D-F were 
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obtained using the cells shown in A-C. DHRS2 protein levels were assessed in two to five 

independent experiments and are shown relative to mock-infected controls. (G) 

CDKN1A (p21) mRNA levels were measured in cells infected with the HIV-2 strain 7312A 

using q-RTPCR. CDKN1A expression was assessed in two independent experiments and 

is shown relative to mock-infected controls. Mean values ± standard error of the mean 

(SEM) are shown, with two to five independent experiments performed for each 

measurement. Statistical significance was determined using one-way ANOVA (* p < 0.05, 

** p < 0.01, **** p < 0.0001), comparing HIV-2-infected cells to mock controls. P27-: 

uninfected, P27+: HIV-2 infected 

4.4 HIV-1 infection increases DHRS2 protein levels in primary 
macrophages. 

Primary macrophages, which are key targets and reservoirs of HIV [259], play a critical 

role in HIV pathogenesis [260]. To investigate how HIV contributes to cellular aging and 

immune dysfunction, we examined the involvement of the DHRS2 pathway in these 

cells. To evaluate this, primary monocyte-derived macrophages were infected with HIV-

1 CH077 or a modified variant of HIV-1 NL4-3 harboring mutations in the V3 loop that 

render this clone CCR5-tropic and facilitate macrophage entry [261]. The modified 

CXCR4-tropic strain NL4-3 is a well-characterized and widely used HIV-1 clone that 

enables reproducible and standardized mechanistic studies in macrophages [262]. 

Furthermore, to enhance infection efficiency in primary macrophages, which are known 

for their resistance to HIV-1 due to the antiviral restriction factor SAMHD1, we employed 

Vpx-mediated SAMHD1 degradation [263]. This strategy effectively increased viral 

replication, achieving high infection rates and enabling the study of post-entry host 

responses under conditions of robust infection. At 8 d.p.i., infection rates (Fig. 4.5A, 

4.5B) and LTR12D_DHRS2 transcript levels (Fig. 4.5C) were quantified using flow 

cytometry and qPCR, respectively. Infection rates ranged from 8% to 85% for NL4-3, and 

from 2% to 6% for CH077. However, no significant differences in LTR12D_DHRS2 

transcript levels between HIV-1-infected and mock-infected cells were observed, 

suggesting that HIV-1 infection did not activate the DHRS2 pathway in macrophages 

under these conditions.  

Although the modified NL4-3 strain combined with Vpx-mediated SAMHD1 degradation 

enabled efficient macrophage infection, I did not observe induction of the 
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LTR12D_DHRS2 pathway under these conditions. Therefore, I extended our analysis to 

naturally macrophage-tropic (M-tropic) CCR5-tropic strains YU2 and AD8 [264]. These 

strains infect macrophages efficiently without SAMHD1 depletion [265], providing a 

more physiological infection model to validate DHRS2 pathway activation. Primary 

monocyte-derived macrophages were infected with these strains, and at 8 d.p.i., 

infection rates (Fig. 4.6A, 4.6B) and DHRS2 protein levels (Fig. 4.6C) were measured using 

flow cytometry. Infection rates ranged from 5% to 12% for YU2 and from 20% to 40% 

for AD8. Notably, an increase in DHRS2 protein levels was detected in infected 

macrophages, indicating that HIV-1 infection activates the DHRS2 pathway in 

macrophages infected with M-tropic viruses. 
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Figure 4.5: Modified T-tropic HIV-1 strain is not able to increase LTR12D_DHRS2 

transcript levels in macrophages (A, B) (A) Representative FACS data from two donors 

are shown. Infection rates were assessed by measuring the percentage of p24-positive 

cells among primary monocyte-derived macrophages infected with HIV-1 CH077 or a 

modified CXCR4-tropic HIV-1 NL4-3 at 8 d.p.i. (B) Infection rates for seven independent 

donors are shown. (C) LTR12D_DHRS2 transcript levels were measured using qPCR at 8 
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d.p.i. No significant increase in transcript levels was observed across three to seven 

independent experiments. Mean values ± standard error of the mean (SEM) from three 

to seven independent experiments are shown in panel (C). The monocyte-derived 

macrophages were cultured, and some infection experiments (n=3; NL4-3) were 

performed by Dr. Martin Müller and MD student Ms. Lea Meckes in our Institute at 

Tübingen University. 
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Figure 4.6: DHRS2 protein levels are upregulated in monocyte-derived macrophages 

infected with M-tropic strains (A, B) (A) Representative FACS data from a single 

replicate are shown. Infection rates were measured in primary monocyte-derived 

macrophages infected with M-tropic strains YU2 and AD8 at 8 d.p.i. Infection rates for 

both strains were assessed by monitoring p24 via FACS. (B) Infection rates for three 

independent donors are shown. (C) DHRS2 protein levels were measured in YU2- and 

AD8-infected macrophages at 8 d.p.i. DHRS2 protein levels were significantly higher in 

both HIV-1-infected macrophages as compared to mock-infected controls. Mean values 

± standard error of the mean (SEM) from three independent experiments are shown in 

panels (B) and (C). Statistical significance was determined using one-way ANOVA: (* p < 

0.05). P24-: uninfected; shown on left side of the gating (100 - p24+) %, p24+: HIV-1 p24 

infected. 

4.5 DHRS2 knockout reduces HIV-1 infection and alters SASP 
profiles. 

Building on our earlier observation that DHRS2 is induced in M-tropic infected 

macrophages and potentially linked to strain-specific immune responses, we sought to 

functionally probe its role in CD4+ T cell senescence. To investigate the functional role of 

DHRS2, we performed CRISPR/Cas9-mediated knockout [266] where CD4+ T cells were 

electroporated using DHRS2 specific guide RNA and non-targeting control. Following 

genetic manipulation, cells were infected with HIV-1, and the resulting senescence-

associated secretory phenotype (SASP) markers were analyzed. Based on our 

hypothesis, we anticipated that the absence of DHRS2 would lead to a reduction in the 

induction of both CDKN1A and various SASP factors, given their established roles in 

cellular senescence pathways. 

This experiment was partly conducted by our collaborators in Prof. Frank Kirchhoff’s 

laboratory at Ulm University. The experimental setup is shown in (Fig. 4.7). DHRS2 

knockout led to a ~40% reduction in DHRS2 protein levels in primary CD4⁺ T cells 

transduced with DHRS2-specific gRNA compared to non-targeting gRNA controls, likely 

due to a mixed population of electroporated and non-electroporated cells (Fig. 4.8A). 

DHRS2 knockout also resulted in reduced HIV-1 infection rates (Fig. 4.8B). 

We previously showed that HIV-1 infection increases CDKN1A mRNA levels; however, 

DHRS2 knockout did not alter CDKN1A expression. (Fig. 4.8C). HIV-1 infection also 
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triggered the secretion of senescence-associated cytokines, including IL-1α, TIMP-2, IGF-

1, CXCL10, and angiogenin [125]. Upon DHRS2 knockout, a marked reduction in these 

cytokines was observed compared to control cells expressing non-targeting gRNA (Fig. 

4.8D). Conversely, cytokines whose expression or release is typically decreased during 

senescence, including LIF, TIMP-1, and EGF [125], showed increased levels upon DHRS2 

knockout (Fig. 4.8E). Cytokines that are normally unaffected during senescence 

remained stable in the DHRS2 knockout cells (Fig. 4.8F). 

 

Figure 4.7: DHRS2 knockout experimental setup (Created with BioRender.com).  

Primary human CD4⁺ T cells were activated, electroporated with DHRS2-specific or 

control gRNA/Cas9, infected with HIV-1, and analyzed by FACS to assess the role of 

DHRS2 in T cell senescence. 
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Figure 4.8: DHRS2 knockout may prevent the induction of senescence upon HIV-1 

infection. (A) DHRS2 protein levels in CD4⁺ T cells were assessed by flow cytometry 

following CRISPR-Cas9-mediated knockout using DHRS2-specific guide RNA. Cells 

transduced with non-targeting (NT) guide RNA served as controls. Knockout resulted in 

a significant ~40% reduction in DHRS2 protein levels. (B) Primary CD4⁺ T cells with either 

DHRS2 knockout or non-targeting (NT) gRNA control were infected with HIV-1 CH077 or 

mock-infected. Three d.p.i., infection rates were determined by flow cytometry. (A-B) 

Experiments were performed by our collaborator, Dr. Caterina Prelli Bozzo in Prof. Frank 

Kirchhoff’s laboratory at Ulm University. (C) CD4⁺ T cells, either subjected to DHRS2 

knockout or treated with a non-targeting (NT) gRNA control, were subsequently infected 

with HIV-1 CH077 or mock-infected. CDKN1A mRNA levels in these cells were then 

measured by qPCR in two independent experiments, with expression shown relative to 

mock-infected controls. (D-F) A membrane-based semi-quantitative cytokine array was 

used to monitor cytokine release and a potential influence of DHRS2 and HIV-1 infection 

on senescence. For this assay, samples from both donors previously shown were pooled. 

(D) Cytokines that are known to be released to a higher extent from senescent cells 

showed decreased release upon DHRS2 knockout. (E) Cytokines that are known to be 

released to a lower extent from senescent cells showed increased release upon DHRS2 

knockout. (F) Cytokines that remain unchanged upon transition to senescence remained 

unaffected by DHRS2 knockout. Mean values ± standard error of the mean (SEM) from 

two independent experiments are shown in panels (A-F). NT: non-targeting control 

gRNA, gRNA: DHRS2-specific gRNA, pos. control: positive control. 

4.6 DHRS2 is essential for HIV-1-induced senescence. 

In the previous experiment, it remained unclear whether DHRS2 is essential for HIV-1-

induced senescence, as the results showed variability in infection rates, no change in 

CDKN1A mRNA levels, and a reduction in SASP profiles in DHRS2 knockout CD4⁺ T cells. 

To investigate this further, I employed a different strategy to knock out DHRS2 in CD4⁺ 

T cells and used the lentiCRISPRv2 system, which expresses Cas9. I cloned either DHRS2-

specific gRNA or a non-targeting control gRNA into the vector; the experimental layout 

is shown in (Fig. 4.9). To investigate the impact of DHRS2 depletion on HIV-1-induced-

senescence, cells were transduced with a DHRS2-specific guide RNA (gRNA) to target 

and reduce DHRS2 expression. As controls, CD4⁺ T cells were transduced with a non-

targeting (NT) gRNA or left mock-transduced, with all three groups subsequently 
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infected with HIV-1 CH077. Additionally, a separate mock-transduced sample was used 

as a ‘kill control’ for puromycin selection. FACS analysis revealed a significant reduction 

of approximately 40% in DHRS2 protein levels in DHRS2 knockout cells compared to 

controls, confirming knockout of the target protein (Fig. 4.10B, 4.10C). Importantly, HIV-

1 CH077 infection rates differed between donors, but were similar across the different 

conditions tested (specific guide-RNA, NT and mock) (Fig. 4.10A, 4.10D), indicating that 

DHRS2 knockout does not significantly impact HIV-1 infection. This conclusion is 

supported by testing three donors (n=3), which is an increase from the two donors (n=2) 

used in the earlier DHRS2 knockout electroporation experiment; however, additional 

experiments would be required to draw any definite conclusions. 

Interestingly, DHRS2 knockout led to a reduction in CDKN1A expression (Fig. 4.11A). 

Since our earlier data showed that HIV-1 infection induces several senescence-

associated cytokines, including IL-6, TNF-α, CXCL10, CCL5, and CCL17 [125], I examined 

whether DHRS2 influences their expression. Knockout of DHRS2 reduced IL6 (Fig. 4.11B), 

TNF (Fig. 4.11C), CCL17 (Fig. 4.11E) and CCL5 (Fig. 4.11F) mRNA levels compared to non-

targeting and mock controls. However, CXCL10 levels remained unchanged (Fig. 4.11D). 

 

Figure 4.9: Experimental setup including DHRS2 knockout using the lentiCRISPRv2 

approach and subsequent HIV-1 infection (Created with BioRender.com). Lentiviral 

particles (LVPs), produced in HEK293T cells, encoded either DHRS2-specific or non-

targeting (NT) gRNAs and were used to transduce primary CD4⁺ T cells from healthy 
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donors following 48 hours of PHA stimulation. Two days post-transduction, puromycin 

selection was applied to both NT and DHRS2-targeting populations and continued until 

mock-transduced cells were eliminated. Puromycin-resistant cells were then infected 

with HIV-1 CH077, and 72 hours post-infection, DHRS2 and p24 protein levels were 

assessed by flow cytometry, and CDKN1A mRNA levels and SASP factors were analyzed 

using q-RTPCR. 2nd gen: psPAX2 (HIV-1 gag+pol+rev) +pMD2.G (HIV-1 env). 
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Figure 4.10: DHRS2 knockout reduces DHRS2 protein levels in CD4⁺ T cells without 

altering HIV-1 CH077 infection rates. (A) Infection rates were assessed by measuring 

the percentage of p24-positive cells among primary CD4⁺ T cells that had been treated 

with either mock, DHRS2-knockout, or non-targeting (NT) gRNA control, and then 

infected with HIV-1 CH077. Three d.p.i., infection rates were determined by flow 

cytometry. Infection rates for three independent donors are shown. (B)  DHRS2 protein 

levels in CD4⁺ T cells transduced with non-targeting (NT) gRNA, serving as a negative 

control, compared to DHRS2 knockout cells infected with HIV-1 CH077. This panel 

highlights the significant ~40% reduction in DHRS2 protein levels achieved through 

knockout. (C) Comparison of DHRS2 protein levels in HIV-1 CH077-infected CD4⁺ T cells 

across different conditions: non-targeting (NT) gRNA transduced cells versus mock-

transduced cells. This panel further illustrates the specificity of the ~40% DHRS2 protein 

reduction observed upon knockout. (D) Representative flow cytometry data from two 

independent primary donors are shown. Mean values ± standard error of the mean 

(SEM) from three independent experiments are shown. Statistical significance was 

determined using one-way ANOVA: (* p < 0.05, ** p < 0.01) indicating significant 

differences compared to mock-infected controls. NT: non-targeting gRNA control; P24-: 

uninfected; shown on left side of the gating (100 - p24+) %, p24+: HIV-1-infected. 
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Figure 4.11: DHRS2 is essential for HIV-1-induced senescence. (A–F) The samples 

analyzed in these panels are identical to those shown in (Figure 4.10). CD4⁺ T cells were 

transduced with either DHRS2-specific gRNA, non-targeting (NT) gRNA, or mock-treated, 

and subsequently infected with HIV-1 CH077 or mock-infected. (A) CDKN1A (p21) mRNA 

levels were measured by qPCR in three independent experiments and are shown relative 

to mock-infected controls. (B–E) mRNA levels of proinflammatory cytokines (B) IL6, (C) 

TNF, (D) CXCL10, (E) CCL17 and (F) CCL5 were quantified by qPCR in the same 

experimental setup. Expression values were normalized to the housekeeping gene 

GAPDH, and fold changes were calculated relative to mock-infected control cells. Data 

represent mean ± standard error of the mean (SEM) from three independent 

experiments. Statistical significance was determined using one-way ANOVA: (* p < 0.05, 

*** p < 0.001, ns: non-significant) compared to mock-infected controls. 

4.7 Modest DHRS2 induction via CRISPRa fails to significantly 
upregulate CDKN1A expression. 

To determine whether DHRS2 is sufficient to induce senescence, we utilized the 

CRISPR/dCas9 gene activation technology [267] to upregulate DHRS2 expression in 

primary CD4⁺ T cells. The experimental setup is shown in Fig. 4.12A.  

I first performed a multiple sequence alignment of all human LTR12D loci to identify 

unique regions within the LTR12D element upstream of DHRS2 (human reference 

genome GRCh38/hg38, chromosome 14: 23,635,627–23,636,652). Based on predicted 

on-target and off-target scores, I selected four distinct guide RNAs (gRNAs 1-4) targeting 

this region. These gRNAs were designed to be located 300 to 600 bp upstream of the 

transcription start site (TSS) within the LTR12D element upstream of DHRS2. These 

gRNAs were synthesized and tested in various combinations (Fig. 4.12B). 

CD4⁺ T cells were transduced with lentiviral particles encoding both DHRS2-specific 

gRNAs and dCas9-VP64 [268] to enable targeted transcriptional activation of DHRS2. 

Cells transduced with a non-targeting gRNA served as negative controls. Puromycin was 

used for selection. Transduction efficiency was assessed by flow cytometry using a GFP-

expressing lentiviral construct (pBob) as a control. Only CD4⁺ T cells with transduction 

efficiencies above 35% were selected for further analysis (Fig. 4.12C). HIV-1-infected 
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CD4⁺ T cells (strains STCO1 and CH077) served as positive controls in this experiment 

(Fig. 4.12C and 4.13B). 

LTR12D_DHRS2 transcript levels were measured following CRISPRa using guide RNA 

(gRNA) combinations 1+2, 1+3, 1+4, 2+3, and 1+2+3+4. Empty vector and non-targeting 

(NT) gRNA were used as negative controls (Fig. 4.13A). Notably, the gRNA combinations 

1+2 and 1+2+3+4 resulted in a modest, approximately two-fold induction of 

LTR12D_DHRS2 expression compared to the negative controls. 

I also measured CDKN1A (p21) mRNA levels by qRT-PCR in the same samples. While the 

HIV-1-infected positive controls did cause a significant increase in CDKN1A expression 

(Fig. 4.13C, 4.13D), none of the gRNA combinations designed to upregulate DHRS2 

resulted in a significant increase in CDKN1A expression (Fig. 4.13B, 4.13D). 
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Figure 4.12: DHRS2-targeting guide RNA design and experimental setup. (A) 

Experimental setup of CRISPRa-mediated DHRS2 induction: gRNAs specifically targeting 

DHRS2 were designed and cloned into a pLKO.1 lentiviral vector. Five distinct gRNA 

pairs/combinations, namely gRNAs1+2, gRNAs1+3, gRNAs1+4, and gRNAs2+3, 

gRNAs1+2+3+4 were used. Lentiviral particles (LVPs) were produced, and primary 

human CD4⁺ T cells were transduced. Transduced cells were selected by puromycin 

treatment. CD4⁺ T cells with a transduction rate above 35% were further analyzed for 

LTR12D_DHRS2 and CDKN1A mRNA levels using quantitative polymerase chain reaction 

(q-RTPCR). (B) Four guide RNAs, termed gRNA1, gRNA2, gRNA3, and gRNA4, were 

designed for the LTR12D locus located directly upstream of DHRS2. (C) A total of four 

donors were analyzed. The transduction rates for two donors, which exceeded 50%, are 

shown here. For the remaining two donors, transduction rates ranged between 35% and 

50%, as determined by the use of pBob (a GFP-expressing lentiviral vector) as a 

transduction control. CD4⁺ T cells infected with STCO1 and CH077 strains were used as 

positive controls, GFP negative: untransduced; shown on left side of the gating (100 - 

GFP+)%, GFP positive: transduced, FITC negative: uninfected; shown on left side of the 

gating (100 - FITC positive)%, FITC positive: HIV-1 p24-infected. 
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Figure 4.13: gRNAs 1+2 and gRNAs 1+2+3+4 induce DHSR2 and but not CDKN1A. Here, 

we tested whether CRISPRa-mediated induction of the DHRS2 gene also results in the 

expression of CDKN1A. (A-B) qRT-PCR was used to measure and compare 

LTR12D_DHRS2 transcript levels in (A) primary CD4⁺ T cells transduced with gRNAs 1+2, 

1+3, 1+4, 2+3, and 1+2+3+4 relative to empty vector and non-targeting (NT) gRNA 

controls, which served as negative controls, and (B) primary CD4⁺ T cells infected with 

HIV-1 STCO1 and CH077, which served as positive controls. Data represent the means ± 

standard error of the mean (SEM) from two to four independent experiments (Created 

with BioRender.com). (C-D) CDKN1A mRNA levels were assessed by qRT-PCR in the 

same experimental groups.  Data represent the means ± standard error of the mean 

(SEM) from two to four independent experiments. Statistical significance was 

determined using one-way ANOVA (* p < 0.05), comparing targeting gRNA-transduced 

cells to non-targeting gRNA-transduced cells and mock controls. 

4.8 HSF1 reduces LTR12D_DHSR2 activity, and HIV-1 infection increases 
HSF1 protein levels. 

To identify upstream regulators of DHRS2 in the context of HIV-1 infection, we 

performed a comprehensive literature review and used the JASPAR database [269] to 

predict transcription factors with potential binding sites in the DHRS2 promoter region. 

To validate and extend these predictions, we used the Cistrome database [270] for 

experimentally supported transcription factor binding events near the DHRS2 locus. This 

analysis revealed binding of HSF1, LEF1, and TCF1 within the LTR12D element upstream 

of the DHRS2 gene. 

We began by focusing on HSF1 as a potential regulator of DHRS2 based on both 

computational predictions and prior biological evidence. Specifically, JASPAR analysis 

(Fig. 4.14A) identified a high-confidence HSF1 binding site within the LTR12D promoter 

upstream of DHRS2, with a relative binding score of ~78%. This prediction was further 

supported by experimental data from the Cistrome database (Fig. 4.14B), which 

confirmed HSF1 binding at this region. Additionally, prior work by Oda et al. [220] 

showed that HSF1 depletion in human diploid fibroblasts led to increased DHRS2 

expression and activation of the MDM2-p53-p21 pathway, ultimately driving cellular 

senescence. Taken together, the combination of strong computational predictions, 

existing experimental support, and biological relevance provided a clear rationale to 
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prioritize HSF1 as our starting point for detailed investigation into its potential direct 

regulatory role on DHRS2. 

To validate our hypothesis that HSF1 directly regulates DHRS2 expression through the 

LTR12D promoter, I performed overexpression experiments using an LTR12D luciferase 

reporter assay in conjunction with western blot analysis. Titration experiments revealed 

that HSF1 negatively regulates LTR12D_DHRS2 activity in a dose-dependent manner 

(Fig. 4.14C). These findings provide strong evidence that HSF1 serves as a regulatory 

factor capable of suppressing DHRS2 expression, potentially influencing cellular 

responses in HIV-1-infected cells. 

To further investigate the role of HSF1 in HIV-1-infected cells, we infected primary CD4⁺ 

T cells with T-tropic HIV-1 STCO1 and CH077 (Fig. 4.15A, 4.15C), while macrophages 

were infected with the M-tropic strains AD8 and YU2 (Fig. 4.15B, 4.15D). Infection rates 

were assessed by flow cytometry, measuring the percentage of p24-positive cells among 

primary CD4⁺ T cells and monocyte-derived macrophages infected with HIV-1 strains. 

We observed a similar elevation in total HSF1 protein levels in both primary CD4⁺ T cells 

and macrophages following infection (Fig. 4.16A, 4.16B). However, the activation of 

HSF1 is not solely dependent on its total protein levels. Instead, it is influenced by 

multiple factors, including its oligomeric state (trimeric or monomeric) [9], its subcellular 

localization (cytoplasm versus nucleus), and its phosphorylation status at key regulatory 

sites such as serine 230, 320, and 326 [271, 272] or serine 303 and 307. Among these, 

phosphorylation at serine 303/307 is particularly significant, as it is associated with HSF1 

inactivation [273, 274]. When phosphorylated at these sites, HSF1 loses its 

transcriptional activity, highlighting the importance of post-translational modifications 

in its regulation.  

To assess the impact of HIV-1 infection on HSF1 activation, I therefore measured the 

protein levels of HSF1 phosphorylated at serine 303/307 in HIV-1-infected CD4⁺ T cells 

and compared them with mock-infected controls using flow cytometry. I observed an 

increase in the levels of HSF1 phosphorylated at serine 303/307 following HIV-1 

infection (Fig. 4.16C). Next, I analyzed the ratio of serine 303/307 phosphorylated HSF1 

to total HSF1 in CD4⁺ T cells. I observed a consistent percentage of serine 303/307-

phosphorylated (i.e., inactive) HSF1 in HIV-1-infected cells, similar to the levels observed 

in mock-infected controls (Fig. 4.16D). This suggests that while HIV-1 infection leads to 
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an overall increase in HSF1 protein levels, it does not significantly alter the relative ratio 

of HSF1 phosphorylated at serine 303/307 to total HSF1.  

 

 

Figure 4.14: HSF1 reduces LTR12D_DHSR2 activity. (A) On the left-hand side, a table 

presents the top six predicted Heat Shock Factor 1 (HSF1) binding sites within the 

LTR12D promoter region, identified using the JASPAR database, with relative binding 

scores of 70% or above and a maximum of 78%. On the right-hand side, the sequence 

logo (JASPAR Matrix ID: MA0486.1) illustrates the frequency matrix for the human HSF1 



Results  89 

 

transcription factor, where the height of each nucleotide within a stack is proportional 

to its frequency, and the overall stack height indicates sequence conservation at that 

position. (B) The Cistrome database revealed an experimentally validated HSF1 binding 

site within the LTR12D promoter upstream of DHRS2 in U2OS bone cells, suggesting a 

potential regulatory interaction. (C) HEK293T cells were co-transfected with increasing 

amounts of an expression plasmid for HSF1, along with an empty vector and 

LTR12D_DHRS2 Gaussia luciferase constructs. 24 hours post-transfection, Gaussia 

luciferase activity was measured. A pTAL-Firefly luciferase construct was used for 

normalization. HEK293T cells were transfected with titrated amounts of the HSF1 

plasmid and analyzed via Western blotting. GAPDH served as a loading control. Mean 

values ± SEM (standard error of the mean) derived from four independent experiments 

are shown on top. One exemplary Western blot is shown at the bottom. Statistical 

significance was determined using one-way ANOVA: (* p < 0.05, *** p < 0.001). 
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Figure 4.15: HIV-1 infection rates of primary CD4⁺ T cells and monocyte-derived 

macrophages. (A-B) Representative primary FACS plots showing both HSF1 and p24 

staining of (A) CD4⁺ T cells and (B) monocyte-derived macrophages. (C-D) Quantification 

of p24-positive cells in (C) primary CD4⁺ T cells and (D) monocyte-derived macrophages 

infected with the indicated HIV-1 strains. P24-: uninfected; shown on left side of the 

gating (100 – p24+)%, p24+: HIV-1-infected. 

 

Figure 4.16: HIV-1 increases HSF1 protein levels in both CD4⁺ T cells and macrophages. 

(A) and (B) show HSF1 protein levels (normalized to mock) in the HIV-1-infected CD4⁺ T 
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cells (STCO1, CH077) and macrophages (YU2, AD8) shown in Fig. 4.15, respectively. (C) 

Phosphorylation of HSF1 at serine 303/307 (normalized to mock) was assessed in CD4⁺ 

T cells infected with HIV-1 STCO1 or CH077 using flow cytometry. (D) The ratio of 

phosphorylated HSF1 (serine 303/307) to total HSF1 was calculated to determine its 

relative activation status. Mean values ± standard error of the mean (SEM) from three 

to four independent experiments are shown. Statistical significance was determined 

using one-way ANOVA: (* p < 0.05, *** p < 0.001, **** p < 0.0001), comparing HIV-1-

infected cells to mock controls; p303/307- serine phosphorylated at positions 303 and 

307. 

 

4.9 LEF1, TCF1, and β-catenin inhibit the LTR12D promoter of 
DHRS2. 

After analyzing HSF1 as a potential regulator of LTR12D_DHRS2, we next focused on LEF1 

and TCF1, which were also identified as candidate transcription factors from the JASPAR 

database [269]. Using both the JASPAR and HOCOMOCO tools [269, 275], we confirmed 

predicted binding sites for LEF1 and TCF1 within the LTR12D promoter region upstream 

of the DHRS2 gene (Fig. 4.17A, 4.17B). Moreover, analysis of ChIP-seq data from the 

Cistrome database [270] provided experimental evidence for TCF1 binding to the 

LTR12D promoter of DHRS2 (Fig. 4.17C). These findings support a regulatory role for 

LEF1 and TCF1 in modulating DHRS2 expression through the LTR12D element. 

To validate the regulatory roles of LEF1 and TCF1, we performed LTR12D luciferase 

reporter assays similar to those conducted for HSF1. Briefly, HEK293T cells were co-

transfected with increasing amounts of LEF1 or TCF1 expression plasmids together with 

the LTR12D_DHRS2 luciferase construct. Western blot analysis confirmed the efficient 

overexpression and titration of LEF1 and TCF1 proteins (Fig. 4.17D). I observed a dose-

dependent decrease in LTR12D_DHRS2 activity upon overexpression of LEF1 and TCF1.  

LEF1 and TCF1 are transcription factors that function downstream of the Wnt/β-catenin 

signaling pathway [276]. In the absence of Wnt signaling, LEF1 and TCF1 primarily act as 

transcriptional repressors [277], whereas in the presence of Wnt, stabilized β-catenin 

translocates to the nucleus and converts LEF1/TCF1 into transcriptional activators [278]. 

Based on this, we hypothesized that HIV-1 activates the Wnt/β-catenin pathway [279], 

leading to LEF1 and TCF1-mediated transcriptional activation of the DHRS2 gene, which 
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subsequently triggers downstream events culminating in cellular senescence. To test 

whether the Wnt/β-catenin pathway is activated during HIV-1 infection, primary CD4⁺ T 

cells were infected with HIV-1 clones STCO1 and CH077. Infection rates were assessed 

by flow cytometry measuring the percentage of p24-positive cells (Fig. 4.18A, 4.18B), 

and β-catenin protein levels in these infected cells were also measured by flow 

cytometry (Fig. 4.18C). I observed a significant increase in total β-catenin protein levels 

in HIV-1-infected cells compared to mock-infected controls. 

To assess the effect of β-catenin on LTR12D activity, we performed a luciferase reporter 

assay using the LTR12D_DHRS2 construct with increasing amounts of β-catenin 

expression plasmid. Similar to LEF1 and TCF1, β-catenin overexpression resulted in a 

dose-dependent decrease in LTR12D_DHRS2 promoter activity. The combined data 

demonstrate that LEF1, TCF1, and β-catenin each suppress LTR12D_DHRS2-driven 

transcription in a dose-dependent manner (Fig. 4.18D). 
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Figure 4.17: LEF1 and TCF1 suppress LTR12D_DHRS2 promoter activity. (A-B) The left-

hand side of the figure presents predicted binding sites for LEF1 and TCF1 within the 

LTR12D promoter region, identified using the JASPAR database. This includes (A) the top 

two LEF1 sites (with relative binding scores ≥79%, reaching a maximum of 84%) and (B) 

the top six TCF1 sites (with relative binding scores ≥79%, reaching a maximum of 89%). 

On the right-hand side, two sequence logos illustrate the frequency matrices for these 

human transcription factors. (A) The sequence logo for LEF1 (JASPAR Matrix ID: 

MA0768.1) and (B) the sequence logo for TCF1 (JASPAR Matrix ID: MA0769.2) are 

shown. In both logos, the height of each nucleotide within a stack is proportional to its 

frequency, and the overall height of the stack indicates sequence conservation. (C) ChIP-

seq data from the Cistrome database revealed an experimentally validated TCF1 binding 

site within the LTR12D promoter upstream of DHRS2 in HepG2 cells, indicating potential 

transcriptional regulation. (D) HEK293T cells were co-transfected with increasing 

amounts of LEF1 or TCF1 expression plasmids, an empty vector control, and the 

LTR12D_DHRS2 Gaussia luciferase reporter construct. Luciferase activity was measured 

24 hours post-transfection and normalized to pTAL-Firefly luciferase. (D) The 

experiment was performed by our technician, Ms. Isabell Haußmann, at Tübingen 

University. Data represent mean values ± SEM from three independent experiments. 

Western blot analysis confirmed dose-dependent overexpression of LEF1 and TCF1, with 

GAPDH as the loading control. Statistical significance was determined using one-way 

ANOVA (* p < 0.05, ** p < 0.01).  
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Figure 4.18: LEF1, TCF1, and β-catenin suppress LTR12D_DHRS2 activity, and HIV-1 

infection increases β-catenin levels. (A–B) Flow cytometry analysis showing infection 

rates in primary CD4⁺ T cells infected with HIV-1 strain/s STCO1, (B) CH077 indicated by 

the percentage of p24-positive cells. (C) β-catenin protein levels measured by flow 

cytometry in CD4⁺ T cells following infection with STCO1 and CH077. (D) HEK293T cells 

were co-transfected with increasing amounts of LEF1, TCF1, or β-catenin expression 

plasmids and the LTR12D_DHRS2 Gaussia luciferase reporter. Luciferase activity was 

measured 24 hours post-transfection. Data represent mean ± SEM from three 

independent experiments. Statistical significance was determined using one-way 

ANOVA (* p < 0.05). p24-: uninfected; shown on left side of the gating (100 – p24+) %, 

p24+: HIV-1-infected. 

4.10  Stressors that cause cellular damage trigger the 
LTR12D_DHRS2 senescence pathway. 

To determine whether the LTR12D_DHRS2 senescence cascade is a general feature of 

stress-induced senescence [280] or specific to HIV infection, I investigated its activation 

across diverse senescence models. Since different stressors such as oxidative stress, 

mitochondrial dysfunction, endoplasmic reticulum (ER) stress, oncogene activation, or 

syncytia formation trigger distinct senescence pathways, examining this cascade in 

multiple contexts will help identify common and unique mechanisms driving senescence 

[281, 282]. 

To investigate LTR12D_DHRS2 activation across diverse senescence models, I used 

multiple stress inducers and cell types. CD4⁺ T cells were treated with H₂O₂ [283], 

staurosporine [284], thapsigargin [285], and Nutlin-3a [286] to induce oxidative stress, 

mitochondrial stress, ER stress, and p53-mediated senescence, respectively (Fig. 4.19A). 

Oncogene-mediated senescence was triggered in primary fibroblasts by expressing 

hRasG12V, a constitutively active Ras mutant [209]. To create a control for true oncogene-

mediated senescence, primary BJ fibroblasts were first immortalized with hTERT and 

then transduced with hRasG12V, resulting in a transient growth delay [209]. For fusion-

induced senescence, I used BeWo cells, a human placental trophoblast-derived cell line, 

and treated them with forskolin, a cAMP activator known to promote syncytium 

formation [287]. Additionally, primary placental cytotrophoblast cells were allowed to 

naturally differentiate into syncytiotrophoblasts, the multinucleated placental cells 

associated with fusion-induced senescence [215] (Fig. 4.19B). These models were 
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selected to determine whether LTR12D_DHRS2 activation is a common feature of 

senescence or specific to certain stress conditions. 

Senescence markers such as p21/CDKN1A (Fig. 4.20A-G) and the activation of the 

endogenous retroviral LTR12D promoter driving DHRS2 expression (Fig. 4.21A-F) were 

measured by qRT-PCR. Treatment with H₂O₂, staurosporine, and thapsigargin resulted 

in the induction of both LTR12D_DHRS2 transcripts and p21/CDKN1A expression. This 

indicates a positive correlation between these stress-inducing agents and the 

upregulation of both LTR12D_DHRS2 and the cell cycle inhibitor p21/CDKN1A. In 

contrast, when senescence was induced via oncogenic signaling or syncytia formation, 

the expression of LTR12D_DHRS2 was observed to be downregulated. Notably, 

p21/CDKN1A expression was not upregulated in either primary trophoblast cells or 

primary fibroblasts under these specific syncytia-induced or oncogene-induced 

conditions, respectively. 
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Figure 4.19: Induction of different types of senescence by various stimuli. (A-B) The 

schematic diagrams illustrate the induction of transient growth delay or stable 

senescence in different cell types using various stimuli.  
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Figure 4.20: Differential induction of CDKN1A in transient growth delay/fully 

senescent cells. CDKN1A mRNA levels were quantified by qPCR in (A-D) primary CD4⁺ T 

cells treated with various chemical stress inducers, (E) immortalized and primary BJ 

fibroblasts transduced with hRasG12V, (F) BeWo cells treated with forskolin to induce 

senescence, and (G) primary human cytotrophoblasts undergoing natural 

differentiation into syncytiotrophoblasts over time. CD4⁺ T cells and BeWo cells were 

harvested 2 days post-treatment, while BJ fibroblasts were collected at 7- and 14-days 

post-transduction (d.p.t.). Primary human cytotrophoblasts were cultured and 

harvested at 1-, 3-, 9-, and 25-days post-initiation of differentiation. (E) The transduction 

experiments in immortalized and primary BJ fibroblasts were performed by Mr. Gregoire 

Najjar at Ulm University. (F-G) The BeWo cells and primary human cytotrophoblasts 

were cultured by Ph.D. student Ms. Yueshuang Lu in our lab at Tübingen University. Data 

represent means ± SEM from 1 to 6 independent experiments. Statistical significance 

was determined using one-way ANOVA (* p < 0.05, ** p < 0.01, ****p < 0.0001) 

compared to DMSO, EV, mock-treated controls. (EV: empty vector, d.p.t.: days post-

transduction, Cyto: cytotrophoblast) 
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Figure 4.21: Differential induction of LTR12D_DHRS2 transcription in transient growth 

delay/fully senescent cells. LTR12D_DHRS2 transcript levels were assessed by qRT-PCR 

across various cell types undergoing different forms of senescence: (A-D) primary CD4⁺ 

T cells exposed to chemical stress inducers, (E) immortalized and primary BJ fibroblasts 

transduced with hRASG12V, and (F) BeWo cells treated with forskolin. CD4⁺ T cells and 

BeWo cells were collected 2 days post-treatment, while BJ fibroblasts were harvested 

at 7 and 14 d.p.t. Data represent means ± SEM from 3 to 6 independent experiments. 

Statistical significance was determined using one-way ANOVA (* p < 0.05, ** p < 0.01) 

compared to DMSO, EV, mock-treated controls. EV: empty vector, d.p.t.: days post-

transduction.
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5 Discussion 

5.1 LTR12D_DHRS2 is also induced by HIV-2 

In this study, we identify a specific host response to HIV-1 infection that is mediated by 

the endogenous retroviral element LTR12D, located on chromosome 14 (hg38 

chr14:23636315–23636374) [72]. Using primary CD4⁺ T cells, we show that HIV-1 

infection activates this LTR12D repeat, leading to upregulation of the DHRS2 gene. 

DHRS2 stabilizes p53 by inhibiting its degradation via MDM2, thereby promoting p53-

mediated transcription of CDKN1A (p21) and inducing cellular senescence (figures 1.6, 

1.7, 1.8) [175, 182, 186]. This pathway connects retroviral infection to a defined 

molecular cascade involving cell cycle arrest and aging-like features in immune cells. 

Extending these observations, I examined whether HIV-2 infection elicits a similar host 

response. I observed a consistent increase in DHRS2 protein levels in primary CD4⁺ T 

cells infected with three different HIV-2 clones (figure 4.4). Due to low infection rates in 

this setting, I was unable to directly assess LTR12D promoter activation or downstream 

markers such as CDKN1A via q-RTPCR. Nevertheless, the upregulation of DHRS2 strongly 

suggests that HIV-2 also engages this host pathway. 

The detection of DHRS2 induction suggests that LTR12D may act as a sensitive, HIV-

infection-responsive regulatory element in CD4⁺ T cells. This is particularly relevant 

given that HIV-2 infections generally show slower disease progression and reduced 

pathogenicity compared to HIV-1 [254, 255]. It supports the idea that the LTR12D-DHRS2 

axis represents a conserved and early host response to retroviral infection. A stronger 

or more efficient early host response could help limit viral replication and spread. 

Although the exact mechanisms remain to be clarified, DHRS2 is known to stabilize p53 

and promote cellular senescence, processes that may help control viral activity in 

infected cells. Therefore, a more robust activation of this axis in response to HIV-2 may 

contribute to its milder clinical outcomes. 

Future work should focus on directly validating LTR12D_DHRS2 promoter activity in HIV-

2-infected primary CD4⁺ T cells, for example using reporter assays. Increasing HIV-2 

infection efficiency, perhaps via concentrating virus particles or spinoculation protocols, 

could enable more robust analyses of downstream components such as CDKN1A or SASP 

transcripts expression. It would also be valuable to compare the epigenetic accessibility 
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of the LTR12D locus in HIV-1 versus HIV-2 infection contexts to determine whether 

differences in chromatin remodeling contribute to variability in DHRS2 induction. This 

accessibility can be assessed through techniques such as ATAC-seq (Assay for 

Transposase-Accessible Chromatin using sequencing) to map open chromatin regions, 

or ChIP-seq (Chromatin Immunoprecipitation sequencing) to profile specific histone 

modifications (e.g., active marks such as H3K4me3 and H3K27ac) at the locus. 

The consistent induction of LTR12D-driven DHRS2 expression in response to both HIV-1 

and HIV-2 strongly suggests a conserved host response to retroviral infection. Notably, 

given the attenuated pathogenicity and slower disease progression of HIV-2, it is 

plausible that this shared LTR12D-DHRS2 cascade serves a protective role. This 

observation supports the idea that the host has co-opted this endogenous retroviral 

element to modulate cellular responses during infection, contributing to a more 

controlled or less harmful disease course. Importantly, the rapid activation of this axis 

may also act as an early alarm system, alerting the cell to retroviral intrusion and 

initiating protective programs. Thus, the LTR12D-DHRS2 pathway likely represents a 

host adaptation aimed at both detecting and mitigating the cellular consequences of 

chronic retroviral presence. 

To definitively determine whether the host or the virus primarily benefits from this 

cascade, future mechanistic studies are crucial. Prior research by Chowdhury et al. 

demonstrated that the HIV-1 Vpr gene induces a p21-senescence cascade, preventing 

cell proliferation by causing arrest in the G2/M phase of the cell cycle [288]. Given our 

findings, it is plausible that Vpr achieves this by activating the LTR12D-DHRS2 axis, 

thereby linking a viral factor to the initiation of host cellular senescence. While this 

highlights a potential viral mechanism for activating a host response leading to 

senescence, further studies are necessary to understand the full spectrum of its 

regulation and ultimate biological benefit. 

For instance, future research should investigate the precise upstream host signaling 

pathways that trigger LTR12D activation. This could involve assessing whether 

interferon or other innate immune sensors are involved upon infection, or by 

challenging cells with specific pathway agonists/antagonists even without viral infection. 

Such studies would help determine if LTR12D induction is purely host-driven, or if the 
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host has co-opted this cascade as a response to the virus, possibly alongside direct viral 

triggers.  

Analyzing the kinetics of LTR12D and DHRS2 expression relative to viral replication, 

would further illuminate the primary orchestrator. For a deeper understanding of viral 

replication dynamics, quantifying infectious viral titers, measuring proviral DNA 

integration (for retroviruses), and assessing specific viral gene and protein expression 

levels are essential to pinpoint exactly which stages of the viral life cycle are affected by 

this host response. This could be investigated through targeted genetic perturbations of 

the host, such as DHRS2 knockout, or by directly perturbing the LTR12D locus in primary 

CD4⁺ T cells, for example, through CRISPR-Cas9-mediated deletion. Assessing the impact 

of such manipulations on both host cellular responses and viral replication dynamics 

would provide direct evidence of the functional role of the LTR12D-DHRS2 axis. 

Together, these data demonstrate that LTR12D-driven DHRS2 upregulation is a shared 

host response to both HIV-1 and HIV-2 in primary CD4⁺ T cells and provide a starting 

point for deeper mechanistic studies into whether retroviral infections, potentially via 

factors such as Vpr [288], trigger the host to co-opt endogenous genomic elements such 

as LTR12D, and how this complex process influences cellular fate and, crucially, to whose 

ultimate benefit. 

5.2 The induction of DHRS2 is not unique to primary CD4+ T cells 

While the investigation of HIV-2 provided valuable insights into DHRS2 upregulation in 

CD4⁺ T cells, it is also essential to explore how HIV-1, the predominant virus responsible 

for the global HIV pandemic, affects other critical target cells involved in HIV 

pathogenesis. Among these, primary monocyte-derived macrophages play a central role 

in the innate immune response and act as important viral reservoirs that contribute to 

chronic inflammation and immune activation [259, 260]. Given their pivotal role, I also 

analyzed the activation of the DHRS2 pathway in HIV-1-infected macrophages to 

understand how viral infection influences cellular aging and immune dysfunction in this 

key cell type. 

My initial experiments using HIV-1 CH077 (dual tropic) and a modified HIV-1 NL4-3 

variant (originally CXCR4-tropic) with V3 loop mutations conferring CCR5 tropism and 

enabling macrophage infection provided a crucial foundation for studying DHRS2 
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pathway activation in primary macrophages. The modified NL4-3 clone offered a key 

experimental advantage by enabling the virus to gain entry into this otherwise restrictive 

cell type, facilitating detailed analysis of host responses [253]. 

HIV-1 replicates inefficiently in non-dividing cells, such as quiescent CD4⁺ T cells, 

dendritic cells, and monocyte-derived macrophages (MDMs) [289]. Pretreating MDMs 

with Vpx enhances HIV-1 cDNA synthesis by accelerating reverse transcription, which is 

otherwise limited by SAMHD1-mediated depletion of dNTPs [289]. To enhance viral 

replication in primary macrophages, which are known for their resistance to HIV-1 due 

to the antiviral factor SAMHD1, I employed Vpx-mediated SAMHD1 degradation. This 

strategy effectively increases viral replication, achieving high infection rates and 

enabling the study of post-entry host responses under conditions of robust infection 

[289]. 

My findings indicate that the HIV-1 infection in macrophages, achieved using dual-tropic 

CH077 or the engineered CCR5-tropic NL4-3 strain in combination with Vpx-mediated 

SAMHD1 degradation, is not sufficient to activate the DHRS2 pathway. Specifically, I 

detected no significant induction of LTR12D_DHRS2 transcripts in infected macrophages 

(Figure 4.5). This was observed despite achieving high infection rates with the 

engineered CCR5-tropic NL4-3 strain (8-85%), and low infection rates (2-6%) with dual-

tropic CH077 under these optimized conditions. Therefore, even with successful viral 

entry and productive infection, the DHRS2 pathway was not activated in macrophages. 

In contrast, the same CH077 strain led to detectable DHRS2 induction in HIV-1-infected 

CD4⁺ T cells. This difference points strongly toward cell type-specific regulation rather 

than a purely strain-dependent phenomenon. While the lower infection rates of CH077 

in macrophages (2-6%) compared to the generally higher rates achieved in CD4⁺ T cells 

(20-40%) could potentially contribute to the observed difference in DHRS2 induction, 

the absence of activation even under conditions of high infection achieved with the NL4-

3 variant in macrophages further reinforces that cell type-intrinsic factors govern this 

pathway's activation. 

Given the absence of DHRS2 induction in macrophages, we did not examine 

downstream components of the pathway, such as CDKN1A expression or senescence 

markers, as DHRS2 acts upstream in this cascade and serves as an early indicator of its 

activation.  
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Several possible explanations may account for this differential regulation of DHRS2, 

though these are complicated by the later observation that M-tropic HIV-1 clones do 

induce DHRS2 in macrophages. One plausible factor initially considered is the chromatin 

accessibility of the LTR12D element, which might be more epigenetically repressed in 

macrophages than in CD4+ T cells [186]. In line with this, transposable element activation 

is known to be tightly controlled by cell type-specific histone modifications and DNA 

methylation [290]. However, the induction by M-tropic strains suggests this repression 

is not absolute and can be overcome. Second, macrophages may lack certain 

transcription factors or co-factors necessary to activate LTR12D-driven transcription 

following infection; yet, the M-tropic HIV-1 data implies these factors must be present 

or inducible under specific infection conditions. Third, it is possible that stress-sensing 

or innate immune pathways, which might act as upstream inducers of the DHRS2-p21 

axis, are either not activated or are differently regulated in macrophages compared to 

CD4+ T cells; this too would need re-evaluation given the observed induction. 

Finally, it is important to consider the existence of a more distal, non-LTR promoter 

within the DHRS2 locus [221]. This promoter, which has been specifically observed to be 

active in monocyte-derived dendritic cells (MDDCs) [221], may play a distinct role or 

exhibit different regulatory mechanisms in macrophages compared to CD4+ T cells. 

Notably, the expression driven by this non-LTR promoter is not associated with the 

production of the DHRS2-V1 (300 amino acids) and DHRS2-V2 (280 amino acids) protein 

isoforms, which are known to bind MDM2, stabilize p53, and induce cellular senescence. 

Therefore, even if this non-LTR promoter is active in macrophages, it might lead to the 

production of different DHRS2 variants that do not mediate the same senescence-

inducing effects, thus contributing to the observed differential cellular outcomes despite 

HIV-1 infection. It is also important to note that our LTR12D_DHRS2 q-RTPCR primers 

and DHRS2 antibody are very specific and could detect only these two DHRS2 

transcripts/protein isoforms derived from LTR12D. 

SAMHD1 restricts HIV-1 replication by lowering the available pool of nucleotides 

necessary for viral DNA synthesis [291]. The viral protein Vpx counteracts this restriction 

by degrading SAMHD1, thereby facilitating efficient viral replication in non-dividing cells 

such as macrophages [292]. Nonetheless, as SAMHD1 also plays a role in cell cycle 

regulation, its depletion could in theory indirectly affect DHRS2 expression. However, 

existing literature such as Pauls et al. 2014 [293] indicates that p21 activity is largely 
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independent of SAMHD1, and I therefore consider this an unlikely explanation for the 

lack of DHRS2 induction. Additional experiments, such as reconstituting SAMHD1 in Vpx-

treated cells or using SAMHD1 knockout macrophages, could help clarify this point. 

To address the limitations of using modified viral strains and Vpx treatment, I next 

employed the macrophage-tropic CCR5-using HIV-1 clones YU2 and AD8 [294] (Figure 

4.6). Importantly, I did not use Vpx in this context, thereby preserving the physiological 

integrity of macrophages and minimizing potential confounding effects from SAMHD1 

depletion. While infection rates for these macrophage-tropic strains (YU2: 5-12%, AD8: 

20-40%) were lower than those achieved with the modified CCR5-tropic NL4-3 strain, 

these levels are more representative of natural infection dynamics given the absence of 

Vpx treatment, and were notably higher than the low (2-6%) infection rates observed 

for CH077. Strikingly, infection with these M-tropic strains led to a marked upregulation 

of DHRS2 protein levels, providing compelling evidence that the DHRS2 pathway can be 

activated in macrophages under more physiological conditions and suggesting a key role 

for viral tropism in modulating host gene expression. 

The contrast between the absence of DHRS2 activation with CH077 or NL4-3 and its 

induction by YU2 or AD8 raises an important mechanistic question. One possibility is 

that macrophage-tropic HIV-1 strains induce specific host responses not triggered by the 

dual-tropic or engineered viruses. For instance, these strains may more effectively 

engage pattern recognition receptors (PRRs), leading to differential activation of 

downstream signaling pathways [295]. Alternatively, they may differ in the efficiency or 

nature of their interaction with macrophage-specific restriction factors, influencing 

transcriptional responses such as DHRS2 expression. 

While I observed DHRS2 induction in this setting, downstream components of the 

cascade were not assessed, including p53, p21 expression, cytokine production, or 

markers of senescence. Future experiments could directly address these gaps by 

performing qPCR and protein-level analyses of p53, p21, multiplex cytokine assays, and 

senescence-associated β-galactosidase staining. These would help determine whether 

DHRS2 upregulation in macrophages leads to functionally relevant downstream 

outcomes. 
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To my knowledge, comprehensive analyses of CDKN1A expression or cytokine profiles 

in M-tropic HIV-1-infected primary macrophages are limited, particularly in the context 

of DHRS2 induction. Studies have shown the critical role of CDKN1A in restricting HIV 

replication in MDMs [296, 297]. Additionally, Vázquez et al. (2005), working with an HIV-

1 CCR5-engineered NL4-3 strain, demonstrated that Vpr independently enhances 

CDKN1A transcription in macrophages [298]. However, none of these works explicitly 

explored the upstream activation of the LTR12D-DHRS2 axis or its specific connection to 

CDKN1A induction in these contexts. My results therefore provide a new and critical 

entry point into this area by specifically focusing on the involvement of the LTR12D-

DHRS2 pathway in response to HIV-1 infection in macrophages. I also propose that 

further investigations using ATAC-seq or ChIP-seq could determine whether LTR12D 

chromatin accessibility differs between macrophages and CD4+ T cells, helping to clarify 

why DHRS2 expression is selectively regulated. 

Taken together, my two-step experimental design beginning with an optimized infection 

model and progressing to physiologically relevant M-tropic strains enabled a nuanced 

dissection of how viral tropism, host restriction factors, and cellular identity shape 

DHRS2 pathway activation in primary macrophages. These findings extend our 

understanding of the cell-specific antiviral and senescence responses triggered by HIV-

1 and may shed light on the cell-type-specific mechanisms that contribute to chronic 

inflammation, immune dysfunction, and premature aging in people living with HIV. 

To further dissect the mechanistic underpinnings of the LTR12D-DHRS2-p53-p21 

senescence cascade observed in primary CD4⁺ T cells, I investigated HIV-1 and HIV-2 

infection in immortalized T cell lines, SupT1 and Jurkat. These models offer advantages 

in terms of experimental tractability and reproducibility; however, both harbor 

inactivating mutations in the TP53 gene. Jurkat cells carry a heterozygous, stop-gained 

single-nucleotide substitution in codon 196 (R196*) in exon 6 (rs397516435), first 

reported by Cheng and Haas in 1990 [299]. This mutation is associated with Li-Fraumeni 

syndrome, a rare autosomal dominant hereditary cancer predisposition disorder that 

leads to early tumor development [300]. The R196* variant likely contributes to the 

widely reported p53 deficiency in Jurkat cells by producing a truncated and non-

functional protein. As expected, these mutations limit the ability of these cells to 

execute a full p53-dependent senescence response. 
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Despite these limitations, HIV-1 infection induced a pronounced upregulation of 

LTR12D_DHRS2 transcripts in both cell lines (5- to 20-fold), while CDKN1A (p21) 

expression increased only modestly (2- to 3-fold) (figure 4.2). These results support our 

proposed cascade in which LTR12D functions upstream of DHRS2, which stabilizes p53 

and enhances CDKN1A transcription. The relatively weak p21 induction in these TP53-

mutant cell lines confirms that functional p53 is critical for a robust senescence 

response, while also validating LTR12D_DHRS2 activation as a p53-independent 

upstream event. These findings are further supported by similar patterns observed 

during HIV-2 infection. Both Jurkat and SupT1 cells showed DHRS2 protein upregulation 

following HIV-2 exposure, suggesting that the LTR12D_DHRS2 axis responds to both HIV-

1 and HIV-2 despite their differences in replication kinetics and pathogenicity [255]. 

Interestingly, DHRS2 induction was observed in both p27+ and p27- cell populations 

during HIV-2 infection [301] (figure 4.4). While this may suggest a bystander effect, we 

cannot exclude the possibility that the p27- population includes infected cells that were 

not detected due to the relatively low affinity of the anti-HIV-1 p24 antibody for HIV-2 

capsid (p27), potentially leading to underestimation of infected cells. Notably, this 

pattern differs from HIV-1 infection, where DHRS2 upregulation was restricted to 

productively infected cells in immortalized cell lines. These subtle differences highlight 

the importance of carefully interpreting marker-based infection assays, especially when 

comparing divergent retroviruses. 

Taken together, our results validate that immortalized T cell lines can effectively model 

the early transcriptional events of the LTR12D_DHRS2 cascade during HIV-1 and HIV-2 

infection. However, due to their TP53 mutations, these models are limited in capturing 

the downstream senescence phenotypes. Future studies should explore whether other 

stress-related pathways compensate for p53 deficiency in these lines and investigate 

how different retroviruses modulate the LTR12D_DHRS2 axis. Improved detection 

methods for HIV-2 infection, such as optimized antibodies or reporter viruses, would 

also enable a more precise delineation of infected versus bystander responses. 

Altogether, our work provides a platform for understanding how endogenous 

retroelement activation contributes to host responses during HIV infection and opens 

avenues to explore whether modulating these elements could influence immune 

activation or aging-related outcomes in people living with HIV. 
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5.3 DHRS2 is essential for HIV-induced senescence 

Our central question addresses whether DHRS2 is essential in establishing or 

maintaining CD4+ T cell senescence in the context of HIV infection. Senescence is 

increasingly recognized as a key driver of immune aging in people living with HIV [45, 

307], and we previously observed elevated DHRS2 expression in HIV-1- and HIV-2-

infected primary CD4+ T cells, macrophages, and T cell lines. Given DHRS2's established 

link to p53 stabilization, and our preliminary RNA-seq data showing that the LTR12D acts 

as a promoter for DHRS2, we hypothesized that the LTR12D-DHRS2 pathway might be 

actively involved in driving cellular senescence, particularly in CD4+ T cells during HIV 

infection. 

Recent studies consistently highlight DHRS2 as an important tumor suppressor gene, 

with its role investigated across several cancer types [176, 177, 182]. Zhou et al. reported 

frequent deletion of the DHRS2-containing 14q11.2 region in tumors such as esophageal 

squamous cell carcinoma (ESCC), accompanied by reduced p53 levels upon DHRS2 

knockdown [176]. In contrast, overexpression of DHRS2-V1 or V2 stabilized p53 via 

Ser15 phosphorylation and reduced Rb phosphorylation at Ser795 [176]. 

Mechanistically, both isoforms bind MDM2, thereby preventing p53 degradation. This 

interaction increases p53 phosphorylation at Ser15 and promotes cell cycle arrest or 

apoptosis in response to cellular stress [176]. 

The DHRS2 gene produces ten different transcript variants, leading to six distinct protein 

isoforms [302]. Among these, DHRS2-V1 (300 amino acids) and DHRS2-V2 (280 amino 

acids) are the most widely expressed and extensively studied. V2 is generated via an 

alternative splicing event in the 3′ coding region, resulting in a slightly shorter protein 

[303]. Additionally, it is important to note that DHRS2-V3 (NM_001318835.1) is 

expressed in monocyte-derived dendritic cells and has not been extensively studied 

[304]. In our studies, the primers used for detecting DHRS2 transcripts (e.g., via qPCR) 

were designed to bind and detect both DHRS2-V1 (NM_182908.5) and V2 

(NM_005794.4) variants. However, the flow cytometry antibody used in our 

experiments specifically detects the amino-acid sequence coded by DHRS2-V1.  

Heinz et al. previously showed that both DHRS2-V1 and V2 can be transcribed from a 

single proximal, hepatocyte-specific promoter derived from the endogenous retroviral 

element LTR12D [304]. This LTR12D-derived promoter has also been reported to be 
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inducible by the histone deacetylase inhibitor sodium butyrate in several other cell 

types. They also identified a more distal, non-LTR promoter within the DHRS2 locus that 

was specifically active in monocyte-derived dendritic cells and transcribed DHRS2 V3 

[304]. The presence of diverse transcripts across different cell types (e.g., monocyte-

derived dendritic cells, HepG2 cells, and various tissues) can be attributed to alternative 

splicing and alternative promoter usage [304]. This strategic use of a co-opted LTR 

promoter to regulate a stress-responsive host gene highlights the remarkable interplay 

between ancient viral elements and modern gene regulation.  

Li et al. further reported that DHRS2 suppresses growth and metastasis in ovarian cancer 

by downregulating choline kinase alpha (CHKα). CHKα is the first rate-limiting enzyme in 

choline metabolism, functioning by phosphorylating choline to produce 

phosphorylcholine (PC). Elevated activity of this enzyme drives the increase in choline 

compounds, a process linked to malignant transformation in many cancers. By 

disrupting choline metabolism, DHRS2 highlights additional tumor-suppressive 

mechanisms beyond p53 regulation [183]. Intriguingly, Tracey et al. found elevated 

levels of choline-containing compounds in the brains of HIV-positive individuals prior to 

the onset of AIDS dementia complex (ADC), suggesting early dysregulation of choline 

metabolism during HIV infection [305]. Given DHRS2's role in modulating this pathway, 

it is plausible that HIV-mediated alterations in DHRS2 expression may contribute to 

metabolic changes linked to HIV-associated neurodegeneration. 

Deisenroth et al. reported that DHRS2, although a mitochondrial protein, translocates 

to the nucleus where it binds and inhibits MDM2, thereby stabilizing p53 [175]. 

Together, these studies reveal that DHRS2 plays dual roles in cellular metabolism and in 

regulating critical signaling pathways such as the p53-MDM2 axis, which are commonly 

altered in cancer and aging [175]. Deisenroth et al. further demonstrated that knocking 

down endogenous Hep27 (DHRS2) in U2OS and MCF7 cells reduced basal p53 levels, 

indicating that DHRS2 may support steady-state p53 expression even in the absence of 

stress. 

A complementary study by Luo et al. identified DHRS2 as the most upregulated 

metabolic gene following treatment with trichothecin (TCN), a natural compound that 

suppresses nasopharyngeal carcinoma (NPC) growth in vitro and in vivo [177]. They 

showed that HOXA13, a homeobox transcription factor, normally suppresses DHRS2 
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expression, thereby allowing MDM2 to remain active and p53 inactive. TCN treatment 

reversed this suppression, increasing DHRS2 expression, reducing MDM2 activity, and 

restoring p53-mediated tumor suppression. This finding is particularly intriguing in the 

context of HIV-1 infection, as Dhamija et al. showed that HIV-1 Tat specifically associates 

with the HOXA13 promoter, leading to HOXA13 upregulation in T cell lines [306]. Given 

that HOXA13 is an inhibitor of DHRS2, it is plausible to speculate that HIV-1 Tat-mediated 

upregulation of HOXA13 might initially suppress DHRS2. However, the subsequent 

activation of DHRS2 that we observed in HIV-1 infected cells, leading to increased p53 

and CDKN1A expression, suggests a complex interplay where host compensatory 

mechanisms or other viral/cellular factors eventually override HOXA13's repressive 

effect, or that the interaction of Tat with HOXA13 is context-dependent in primary cells. 

This potential pathway offers a compelling hypothesis for further understanding the 

dynamic regulation of DHRS2 during HIV-1 infection. 

 To address our main question regarding DHRS2's role in HIV-induced senescence, we 

employed two distinct CRISPR/Cas9-based knockout strategies in primary CD4+ T cells: 

electroporation and lentiviral transduction. 

Initially, we utilized electroporation to deliver DHRS2-specific guide RNA (gRNA) or 

control gRNA into CD4+ T cells [307]. While this method allowed us to reduce DHRS2 

protein levels substantially, it resulted in a mixed population of edited and non-edited 

cells, limiting the knockout efficiency and introducing heterogeneity in the readouts. 

Furthermore, DHRS2 knockout cells exhibited lower HIV-1 infection rates, complicating 

our ability to determine whether observed reductions in SASP cytokines were due to the 

absence of DHRS2 or simply reflected reduced viral replication (Figure 4.8). This 

distinction is critical: if a host factor affects viral entry or replication, any downstream 

changes in immune responses or senescence markers may be secondary effects, not 

evidence of a direct role in senescence induction. For example, knocking down an entry 

receptor such as CD4 would also reduce infection and associated immune activation, 

but it would not imply a role for CD4 in senescence per se. Interestingly, even though 

SASP factors were reduced, CDKN1A transcript levels remained unchanged in DHRS2 

knockout cells. This suggests that the canonical p53-p21 senescence pathway may not 

be transcriptionally regulated by DHRS2 in this context. Alternatively, DHRS2 may 

influence cytokine production at a post-transcriptional level, such as by modulating 

stress signaling, translation, or secretion pathways. 
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Interpretation was complicated by the incomplete editing efficiency of the knockout. 

This meant that the most heavily infected cells, those likely driving senescence-

associated phenotypes, may have escaped editing. Consequently, the observed 

reduction in infection and SASP factors could reflect the predominance of edited, less 

permissive cells, obscuring the specific role of DHRS2. To resolve this, future 

experiments should equalize infection rates between knockout and control groups by 

adjusting viral input or sorting infected cells for analysis. Additionally, single-cell 

techniques such as RNA FISH or CyTOF could independently track DHRS2 status, 

infection, and senescence markers within individual cells. These approaches will help 

determine whether DHRS2 directly influences senescence or if the effects are secondary 

to altered viral replication. Our initial CRISPR Cas9 knockout via electroporation reduced 

DHRS2 protein levels but showed variable editing efficiency and inconsistent HIV-1 

infection rates, making it difficult to discern if SASP cytokine reduction resulted directly 

from DHRS2 loss or from reduced infection, possibly masking its role in senescence. 

To overcome these issues, I employed an alternative strategy using lentiviral 

transduction with the lentiCRISPRv2 system [308]. This approach allowed more 

consistent delivery of Cas9 and DHRS2-targeting guide RNAs into primary CD4+ T cells, 

achieving a comparable (~40%) reduction in DHRS2 protein levels as seen with 

electroporation (Figure 4.10). While transduction does not guarantee complete 

knockout in every cell, integration of the CRISPR cassette into the host genome enables 

stable and prolonged Cas9 expression, likely contributing to the more uniform editing 

outcomes observed across the three donors tested. Importantly, unlike the 

electroporation-based knockout, DHRS2-deficient and control cells showed similar HIV-

1 infection rates in this setup (Figure 4.10), minimizing confounding effects of infection 

variability and allowing a more confident assessment of the role of DHRS2 in modulating 

senescence independently of viral replication. 

This discrepancy in HIV-1 infection rates between the two knockout methods is notable. 

Although I used the same gRNA sequences and achieved similar reductions in DHRS2 

protein levels, HIV-1 infection rates were reduced in the electroporation-based 

knockout but remained unaffected in the lentiviral system. This difference may stem 

from distinctions in the duration and intensity of Cas9 expression, where a rapid, 

transient burst from electroporation might initially stress cells more than the gentler, 

more sustained delivery of the lentiviral approach [309, 310]. While the overall DHRS2 
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protein reduction was similar, the different kinetics or associated cellular stress 

pathways induced by each delivery method could influence early events like viral entry.  

It is plausible that electroporation alone would transiently increase DHRS2 protein levels 

due to the acute physical stress it induces on cell membranes, potentially triggering a 

broader cellular stress response that includes DHRS2 upregulation, given its known 

involvement in such pathways. However, in our specific experimental setup, DHRS2 

levels were not observed to be increased in non-transduced electroporated cells 

compared to untreated cells, suggesting that while the stress response hypothesis is 

plausible, it did not confound our specific measurements of DHRS2 knockout efficacy. In 

contrast, the lentiviral approach, being a comparatively gentler and more sustained 

delivery method, would likely not cause a significant, acute increase in DHRS2 protein 

levels compared to non-transduced cells, as it generally avoids the intense, immediate 

cellular perturbation associated with electroporation, unless the transduced gene itself 

directly influences DHRS2 expression or high viral loads are employed [309]. 

Under the improved conditions afforded by the lentiviral transduction approach, I found 

that DHRS2 knockout resulted in a consistent reduction of CDKN1A (p21) mRNA levels 

upon HIV-1 infection compared to infected NT control cells. This suggests that DHRS2 

influences the canonical p53–p21 senescence axis under viral stress. I then assessed 

several SASP-associated cytokines known to be upregulated upon HIV-1 infection [311], 

including IL-6, TNF, CCL5, and CCL17 (Figure 4.11). Notably, DHRS2-deficient cells 

displayed a decrease in IL-6 and TNF, both hallmark SASP cytokines [312]. Expression of 

CCL5 and CCL17, which contribute to immune recruitment and chronic inflammation 

[313], was also reduced. In contrast, CXCL10, a chemokine frequently induced in 

response to viral infections [314], remained unaffected by DHRS2 loss. 

This selective pattern of SASP regulation suggests that DHRS2 may influence a defined 

subset of inflammatory mediators, potentially through p21-dependent mechanisms 

(i.e., it might affect p21-associated secretory phenotypes, or PASP [315]). For instance, 

some SASP factors such as IL-6 and TNF are known to be downstream of p21 and the 

p38 MAPK pathway [316], suggesting a possible route by which DHRS2 could exert 

control via transcriptional regulation. In contrast, factors such as CXCL10 are more 

tightly associated with interferon-stimulated gene responses and may operate 

independently of the p21 axis [317]. DHRS2-mediated p53 stabilization results in 
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increased CDKN1A transcription, as supported by earlier studies demonstrating that 

DHRS2 attenuates MDM2-mediated p53 degradation, thereby leading to elevated p53 

levels and subsequent transcriptional activation of its target gene, CDKN1A. 

These findings are consistent with previous work by Deisenroth et al. [175], who showed 

that knocking down endogenous Hep27 (DHRS2) in U2OS (human osteosarcoma) and 

MCF7 (human breast adenocarcinoma) cells reduced basal p53 levels, indicating that 

DHRS2 may support steady-state p53 expression in the absence of stress. This 

observation suggests that the influence of DHRS2 on CDKN1A transcription is likely an 

indirect effect mediated through its modulation of p53 stability. Although I did not 

directly assess p53 levels in my knockout experiments, I did observe changes in 

downstream targets such as p21 and selected SASP factors, suggesting functional 

consequences of DHRS2 loss that may reflect altered p53 pathway activity. Notably, 

both U2OS and MCF7 cells harbor wild-type p53, making them useful systems for 

probing the DHRS2-MDM2 interaction and p53 stabilization without interference from 

p53 mutations. My findings build on this prior work by extending the analysis to primary 

CD4+ T cells and senescence-associated cytokine regulation, providing a critical ex-vivo 

context. 

To address the remaining limitation of incomplete transduction, future experiments 

could employ T cell lines with stable DHRS2 knockout and intact p53 function. This would 

enable more consistent gene disruption and facilitate in-depth analysis of downstream 

effects using transcriptomics, proteomics, and cytokine profiling. In parallel, alternative 

strategies could help resolve the heterogeneity in primary cultures. For example, RNA-

based sorting methods like PrimeFlow could be used to separate cells based on DHRS2 

transcript levels or p21 induction, thus allowing comparisons between cells with high 

and low expression within the same population. 

Beyond optimizing knockout efficiency and analysis in primary cells, a complete 

understanding of DHRS2's functional impact also necessitates dissecting the specific 

contributions of its different protein isoforms and transcript variants, especially since 

our current detection methods do not fully distinguish between all of them. I have 

primarily focused on DHRS2 transcript variants transcribed from the LTR12D promoter, 

specifically DHRS2-V1 and V2. This is because our preliminary RNA-seq data showed the 

LTR12D_DHRS2 repeat was significantly upregulated upon HIV-1 infection, suggesting 
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these transcripts are the dominant isoforms in this context. However, the DHRS2 gene 

produces multiple transcript variants from both the LTR12D-derived and non-LTR 

promoters, and it remains unclear whether the senescence effects we observed are 

driven solely by the LTR12D-regulated variants (V1 and V2) or whether other transcript 

variants, potentially expressed under different stress or infection conditions but 

undetected by our qPCR primers or FACS antibody, also contribute. Prior studies [175, 

176] have focused primarily on V1 and V2, demonstrating their ability to bind MDM2 

and stabilize p53. However, information regarding MDM2 interaction or p53 

stabilization by other transcript variants (e.g., V3, V4, V5, V6) is currently limited or 

absent. To determine whether the link between DHRS2 and senescence is isoform-

specific, future studies employing isoform-specific knockdowns or CRISPR interference 

targeting distinct transcription start sites would be valuable. 

5.4 DHRS2 is not sufficient to induce senescence 

Our knockout experiments clearly demonstrated that DHRS2 plays a critical role in HIV-

1-induced senescence in primary CD4⁺ T cells, as its loss led to a consistent reduction in 

key senescence markers and SASP cytokine expression. To assess whether DHRS2 

upregulation alone is sufficient to trigger senescence, I employed a CRISPR/dCas9-VP64-

based gene activation system in primary CD4⁺ T cells [267]. This approach achieved a 

modest 1.5- to 2-fold increase in DHRS2 mRNA, yet failed to induce significant 

upregulation of CDKN1A (p21) (Figure 4.13). This suggests that either DHRS2 needs to 

surpass a critical expression threshold to initiate the senescence program, or that other 

co-acting signals are required. 

However, this result must be interpreted cautiously, as several technical and biological 

factors could explain the lack of a senescence response. One possibility is that the 

transcriptional activator VP64 used in this system was not sufficiently potent in the 

context of primary CD4⁺ T cells. Other more robust activator systems, such as dCas9-

p300, dCas9-HSF1, dCas9-Rta, dCas9-p65 or SAM, SunTag-based amplifiers [318] might 

achieve stronger and more physiologically relevant induction of DHRS2. It is also possible 

that the chromatin state at the endogenous DHRS2 locus in CD4⁺ T cells is not permissive 

to activation by VP64, especially if LTR12D-driven transcription is epigenetically silenced 

under basal conditions. 
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Moreover, it remains plausible that low-level DHRS2 induction is sufficient but only in 

the presence of other cofactors or stress signals, such as reactive oxygen species, DNA 

damage, or viral proteins, which are absent in the artificial activation context. Together 

with our knockout data, where p21 and SASP factors were reduced but not entirely lost, 

these findings indicate that DHRS2 is necessary but not sufficient for cellular senescence. 

Interestingly, lentiviral transduction itself did not alter DHRS2 expression, suggesting 

that the viral vector alone does not activate the LTR12D promoter driving DHRS2 

transcription. This is reassuring, as it confirms that lentiviral delivery has no unintended 

effect on DHRS2 levels and that the gRNAs used are indeed potent for both activation 

and knockout. This further supports the idea that additional infection-associated stimuli, 

such as innate immune signaling, chromatin remodeling, or oxidative stress, are 

required to trigger the endogenous DHRS2 program during HIV-1 infection. It is an astute 

observation that HIV-1, through its sophisticated array of accessory proteins (such as 

Vpr, Vif, Nef, and Vpu), actively works to suppress the host's antiviral immunity, 

targeting and degrading key components of innate immune pathways [27, 319-322]. 

While this might initially suggest diminished overall immune signaling, the virus, despite 

these suppressive strategies, still presents a multitude of pathogen-associated 

molecular patterns (PAMPs) such as viral RNA, DNA intermediates during reverse 

transcription, and even nascent viral proteins that can be detected by an intricate 

network of host pattern recognition receptors (PRRs) [323]. Therefore, even in the face 

of targeted immune suppression, the sheer presence and replication of the virus can 

trigger alternative or residual innate immune responses, contributing to a complex 

inflammatory milieu that might, in turn, influence the expression of host genes such as 

DHRS2. 

To rigorously test the hypothesis that these additional infection-associated stimuli 

beyond lentiviral transduction itself are required to trigger the endogenous DHRS2 

program during HIV-1 infection, a multi-pronged experimental strategy could be 

employed. This could involve dissecting the synergy and specificity of PRR activation by 

employing combinatorial or sequential administration of different PRR agonists (e.g., 

poly(I:C) and cGAMP) to mimic the diverse innate sensing during active infection. 

Furthermore, utilizing viral mutants lacking specific PRR-engaging elements could 

pinpoint which viral components are critical for robust DHRS2 induction. Finally, to 

investigate downstream signaling cascade convergence, experiments could employ 
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pharmacological inhibitors or genetic knockouts/knockdowns of key signaling molecules 

(e.g., components of MAPK pathways, NF-κB, or the DNA damage response) known to 

be activated during HIV-1 infection, thereby assessing their impact on LTR12D_DHRS2 

induction and clarifying the interplay between viral protein expression and these host 

stress-sensing pathways. 

5.5 HSF1, LEF1, TCF1 can drive LTR12D_DHRS2-mediated 
senescence 

My findings provide important insights into the regulation of DHRS2 expression during 

HIV-1 infection, highlighting the interplay between stress and developmental signaling 

pathways mediated by heat shock factor 1 (HSF1) and the Wnt/β-catenin effectors LEF1 

and TCF1. Using computational predictions from the JASPAR and HOCOMOCO databases 

alongside luciferase reporter assays and western blotting, we identified HSF1, LEF1, 

TCF1, and β-catenin as direct negative regulators of the LTR12D element upstream of 

DHRS2 (figures 4.17, 4.18). Each factor demonstrated dose-dependent repression of 

promoter activity in the absence of HIV-1. While Oda et al. [220] previously reported 

that HSF1 depletion increases DHRS2 expression in a p53-dependent manner, our data 

establish that HSF1 exerts repression specifically through the LTR12D repeat, indicating 

a direct transcriptional role. 

However, a critical observation emerges when comparing these overexpression-based 

results to the infection context. Despite elevated total HSF1 protein levels in HIV-1-

infected CD4⁺ T cells and macrophages, the proportion of HSF1 phosphorylated at serine 

303/307, a known inactivating modification remains unchanged (~20%), indicating that 

infection does not substantially alter HSF1 inactivation at these sites. This leads to an 

apparent paradox: if HSF1 suppresses DHRS2, why is DHRS2 upregulated during 

infection? One possible explanation is that increased total HSF1 levels do not reflect a 

fully functional transcriptional activator state. Other post-translational modifications 

(e.g., phosphorylation at serine residues 230, 320, or 326), trimerization, or nuclear 

translocation may modulate its activity [271, 273, 324]. Indeed, the transcriptional 

activity of HSF1 is known to be tightly regulated through interactions with co-regulators 

and stress-induced nuclear translocation [325]. Though we did not assess HSF1 

subcellular localization directly, previous studies indicate that HIV-1 Tat triggers nuclear 

localization of HSF1 and activates HIV-1 LTR-driven gene expression [326]. These 
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findings, however, focused on the viral LTR and not the LTR12D element upstream of 

DHRS2, underlining the context specificity of HSF1 function. 

Similarly, LEF1 and TCF1, key nuclear mediators of the Wnt/β-catenin pathway [276, 

278], also repressed DHRS2 promoter activity upon overexpression. However, HIV-1 

infection is associated with β-catenin accumulation in CD4+ T cells, indicative of Wnt 

pathway activation [279]. This aligns with reports that the HIV-1 protein Vpu stabilizes 

β-catenin by interfering with βTrCP-mediated degradation, affecting multiple signaling 

pathways, including NF-κB and Wnt [327]. Notably, while β-catenin was shown to 

enhance HIV-1 LTR activity through Tat interaction [326], it also represses HIV 

transcription via TCF-4 binding sites in CD4+ T cells [182] and astrocytes [328, 329], 

emphasizing cell-type- and promoter-specific context of Wnt signaling. 

The dual nature of β-catenin and its cofactors LEF1 and TCF1 as either repressors or 

activators depending on chromatin environment and cofactor availability [330] supports 

a model where their repressive activity observed in vitro may shift during infection due 

to viral modulation. For instance, HIV proteins such as Vpu or Nef may reprogram 

transcriptional responses. While Vpu activates β-catenin [279], Nef inhibits Wnt 

signaling in HEK293 cells [331], it remains unclear how these viral proteins specifically 

modulate β-catenin's nuclear localization and transcriptional activity in primary T cells 

and macrophages.  

Moreover, chromatin-level repression of the HIV-1 LTR by Suv39H1, HP1γ, and H3K9me3 

[332] highlights the importance of epigenetic regulation in controlling both viral and 

host gene expression. This is particularly relevant as LTR12D, which drives DHRS2 

transcription, is an endogenous retroviral LTR that shares similar epigenetic silencing 

mechanisms (e.g., via H3K9me3) with the exogenous HIV-1 LTR [333]. Therefore, 

changes in host epigenetic landscapes triggered by HIV-1 infection could concomitantly 

modulate both viral latency and the expression of endogenous retroelement-driven 

genes like DHRS2. 

HSF1 acts on the promoters of Wnt-related genes, directly regulating their transcription 

and thereby influencing Wnt signaling output [334, 335], suggesting the LTR12D_DHRS2 

locus may function as a hub integrating signals from both pathways. 
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Although overexpression of HSF1 and Wnt effectors repressed DHRS2 in vitro, their in 

vivo role during infection may differ due to changes in signaling and chromatin 

architecture. Additionally, not all TCF family members respond identically to Wnt; some 

such as LEF1 and TCF1 can act as transcriptional activators depending on the context 

[336]. Therefore, the observed upregulation of DHRS2 in HIV-1-infected cells may reflect 

a functional switch of these regulators, potentially influenced by viral interference with 

chromatin accessibility, transcription complex assembly, or cofactor recruitment. 

Collectively, this suggests a complex regulatory axis where HSF1, LEF1, TCF1, and β-

catenin converge on LTR12D to modulate DHRS2 transcription. Future studies should 

investigate whether HIV-1 infection alters nuclear localization or post-translational 

modifications of HSF1, cofactor dynamics of LEF1 and TCF1, or LTR12D chromatin 

accessibility. Targeted ChIP-seq for HSF1 and Wnt factors in infected versus uninfected 

T cells, coupled with assays measuring HSF1 trimerization and subcellular distribution, 

could illuminate how HIV-1 rewires host transcriptional regulation. Understanding this 

crosstalk may reveal novel mechanisms contributing to premature senescence and 

immune dysfunction in people living with HIV. 

5.6 LTR12D_DHRS2 activation: A general stress response 

To understand the biological significance of the LTR12D_DHRS2 cascade, we aimed to 

determine whether its activation is unique to HIV-1 infection or reflects a broader 

component of stress-induced senescence. Previous studies have consistently shown 

upregulation of DHRS2 in response to cellular stress or senescence. For instance, Oda et 

al. demonstrated that experimental depletion of HSF1, a master regulator of the stress 

response, activates the MDM2-p53-p21 pathway in human diploid fibroblasts [220]; 

Deisenroth et al. described a mitochondrial-to-nuclear signaling axis involving c-Myb-

Hep27-MDM2-p53 in breast cancer cells [174], and Zhou et al. showed that DHRS2 

overexpression leads to p53 phosphorylation (Ser15) and accumulation by inhibiting 

MDM2-mediated degradation [186]. Additionally, Crean et al. reported that DHRS2 is 

induced during oxidative stress [337]. While these findings consistently link elevated 

DHRS2 levels to stressed or senescent cellular states and its involvement in stress-

related pathways such as p53, it remains unclear whether DHRS2 induction in these 

contexts is driven by the LTR12D element. Therefore, identifying the regulatory origin of 

DHRS2 expression under stress conditions is important. 
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To explore whether LTR12D_DHRS2 activation occurs across diverse stress models, I 

tested oxidative (H₂O₂), mitochondrial (staurosporine), and ER stress (thapsigargin), as 

well as oncogene-mediated senescence (HRasG12V) and syncytium formation (figure 

4.21). My data show that LTR12D_DHRS2 is consistently upregulated in response to 

cellular damage-associated stressors, but not during oncogene- or fusion-mediated 

senescence, suggesting that its activation is not a general hallmark of senescence but 

rather a specialized response to cellular damage. 

Interestingly, p21, a canonical senescence marker, was not uniformly upregulated across 

all my models, reflecting the complex kinetics of senescence markers (Figure 4.20). For 

instance, while CDKN1A was upregulated at early time points (day 7) in immortalized BJ-

hTERT fibroblasts and BeWo cells undergoing senescence, its expression was absent at 

later time points (day 14) in immortalized BJ-hTERT cells, and not upregulated at all in 

primary BJ fibroblasts. This variable and often transient nature of CDKN1A upregulation, 

especially when observed at later time points or entirely absent, highlights that its 

elevation can reflect either temporary cell cycle arrest or the early phase of senescence, 

but its absence does not necessarily rule out senescence. Therefore, while our data 

clearly define the specific conditions under which LTR12D_DHRS2 is induced (i.e., 

damage-associated stress), the variable and often transient nature of CDKN1A 

upregulation in the other models implies that stable senescence may not have been fully 

established in all cases given the limited set of senescence markers evaluated. This 

underscores the necessity of employing a broader panel of senescence markers and 

evaluating multiple time points in future studies to confirm the robust and irreversible 

establishment of senescence across diverse experimental conditions. 

Further, in BeWo cells treated with forskolin, which boosts intracellular cAMP via 

adenylyl cyclase activation [338], I observed increased CDKN1A mRNA levels following 

fusion. This signaling cascade activates protein kinase A (PKA), which in turn activates 

GCM1, a transcription factor essential for trophoblast fusion. GCM1 upregulates 

syncytin-1 (ERVWE1), β-hCG (CGB), and PP13 (LGALS13), all of which are markers of 

syncytiotrophoblast formation [339]. Our data, showing increased CDKN1A mRNA 

during forskolin-induced fusion, thus aligns with findings from Lu et al. [340], who 

demonstrated that p21 and GCM1 cooperatively regulate syncytin-2. This congruence 

suggests that p21 is indeed an integral component of the syncytiotrophoblast 

differentiation program, consistent with its previously established interplay with GCM1 
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in this context. This further confirms that BeWo cells retain the ability to exit the cell 

cycle, undergo fusion, and adopt differentiated states that reflect in vivo 

syncytiotrophoblast functions such as hormone secretion and pathogen defense. 

In the primary placental model, we observed that while cytotrophoblasts began to fuse 

into syncytiotrophoblasts between 24- and 48-hours post-isolation [341], CDKN1A 

mRNA levels gradually decreased during our time-course experiments.  This observed 

downregulation of CDKN1A during fusion is consistent with its proposed role as a 

modulator of this developmental process. While reports indicate that abnormally 

reduced or dysregulated CDKN1A expression can impair fusion and increase the risk of 

pre-eclampsia (PE) [342], our findings suggest that a physiological decrease in CDKN1A 

may reflect a programmed developmental transition essential for proper trophoblast 

fusion, rather than simply indicating stress. For instance, Kreis et al. [342] demonstrated 

that p21 protein levels are reduced in fusing cytotrophoblasts from early-onset PE 

placentas, leading to the downregulation of fusion-related proteins such as syncytin-2 

and β-hCG, ultimately disrupting placental development. These findings suggest that 

p21 functions not only as a cell cycle regulator but also as a modulator of trophoblast 

fusion. 

A notable observation came from CD4⁺ T cells treated with Nutlin-3A, where we 

observed a concurrent increase in both CDKN1A and LTR12D_DHRS2 transcripts. Nutlin-

3A is a potent small-molecule inhibitor of MDM2, the primary negative regulator of p53 

[343]. By blocking the MDM2-p53 interaction, Nutlin-3A stabilizes and activates p53, 

leading to transcriptional upregulation of its downstream targets [344]. This mechanism 

closely parallels the proposed function of DHRS2, which has also been reported to 

stabilize p53 by impairing its degradation. The similarity in outcomes between Nutlin-

3A treatment and DHRS2 induction suggests that both may converge on a common 

pathway involving p53 activation. This raises the intriguing possibility of a positive 

feedback loop, in which p53 activation induces DHRS2 expression via LTR12D, and 

DHRS2 in turn enhances p53 stability, thereby amplifying the transcription of p53 target 

genes such as CDKN1A. The concurrent upregulation of LTR12D_DHRS2 and p21 in 

response to Nutlin-3A supports this model and suggests a tightly regulated interplay 

between retroelement-driven gene expression and canonical tumor suppressor 

pathways. 
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It is currently unclear whether p21 itself directly contributes to the transcriptional 

activation of DHRS2 or whether both genes are co-regulated as part of a broader p53-

dependent stress response. Alternatively, it is also possible that the LTR12D repeat 

functions as a stress-sensitive enhancer whose activity is modulated by the chromatin 

context or by transcription factors downstream of p53, such as ATF4, GADD45, or others 

yet to be identified [345]. Further studies such as promoter-reporter assays, chromatin 

immunoprecipitation (ChIP) for p53 and histone marks, and CRISPR-mediated deletion 

of LTR12D could help determine whether this element serves as a true regulatory node 

in the stress response circuit. 

Collectively, these findings point toward a potentially self-reinforcing axis between 

DHRS2, p53, and p21 that likely fine-tunes cellular responses to genotoxic and oxidative 

stress, thereby linking endogenous retroelement activity to fundamental processes such 

as cell cycle control and senescence. In the context of HIV-1 infection, the LTR12D-

DHRS2 axis appears to represent a host-beneficial response that the virus inadvertently 

triggers. 

Cellular senescence, characterized by cell cycle arrest, primarily functions as a host 

defense mechanism to limit the proliferation of infected cells, thereby restricting viral 

spread [346, 347]. Emerging evidence supports senescence as a broad-spectrum 

antiviral response, though its specific roles in retroviral infection, particularly HIV-1, are 

still under active investigation. Baz-Martínez and colleagues demonstrated that, 

independently of the trigger, senescence reduces the replication of Vesicular Stomatitis 

Virus (VSV), leading to low viral titers, reduced viral protein synthesis, and decreased 

apoptosis in senescent cells, with conditioned medium from senescent cells conferring 

protection to proliferating cells, indicating mediation by the SASP [346]. This was 

validated in vivo, where bleomycin-induced senescence in mouse lungs prevented VSV 

particle detection [346]. Similarly, AbuBakar and others showed that DENV infection 

induces endothelial cells to undergo a senescent state, suggesting this as a host defense 

mechanism against DENV, given its inability to establish productive infection in 

senescent cells [347]. These findings, coupled with our observation of DHRS2-mediated 

CDKN1A induction, strengthen the hypothesis that the LTR12D-DHRS2 axis contributes 

to a host-beneficial response that can influence HIV-1 infection dynamics and potentially 

local immune responses through SASP. 
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Prior research by Chowdhury et al. (2003) demonstrated that the HIV-1 Vpr gene induces 

a p21-senescence cascade, preventing cell proliferation by causing arrest in the G2/M 

phase of the cell cycle [288]. Given our findings that DHRS2 is activated by stress and 

can influence p53/p21, it is plausible that Vpr achieves this by activating the LTR12D-

DHRS2 axis, directly linking a viral factor to the initiation of host cellular senescence. This 

suggests that the LTR12D element, an endogenous retroviral LTR, functions as a stress-

responsive promoter that the host has co-opted over evolutionary time to regulate 

genes such as DHRS2 in response to cellular threats.  

In this intriguing scenario, HIV-1, through the expression of Vpr, inadvertently triggers a 

pre-existing host defense mechanism: the LTR12D-DHRS2-p21 cascade. While this 

cascade primarily serves to induce senescence, thereby limiting viral production and 

protecting the organism from widespread infection, it's an intriguing hypothesis that this 

host defense could, under certain conditions, inadvertently contribute to the 

establishment of viral latency. This highlights a delicate balance where a host defense 

mechanism, meant to curtail infection, might also, under specific circumstances, 

indirectly promote a state of non-productive infection, a topic that warrants further 

investigation. 
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6 Summary  

Human endogenous retroviruses (HERVs), remnants of ancient infections, make up 

about 8% of the human genome. While typically epigenetically silenced, specific HERV-

derived long terminal repeats (LTRs) can be reactivated by various endogenous or 

exogenous stimuli and function as cis-regulatory elements, influencing host gene 

expression [223, 224]. For example, certain endogenous retroviral LTRs regulate the 

expression of immune genes [79, 225].  

Notably, HIV-1 infection also induces the activation of distinct HERV loci. More 

specifically, previous work of my host laboratory identified a HERV-derived LTR12D 

element on chromosome 14 (hg38: chr14:23636315–23636374), as being specifically 

activated by HIV-1 [72]. This activation induces expression of the nearby gene DHRS2, 

which promotes cellular senescence via the p53-p21 axis. The DHRS2 protein stabilizes 

p53 by inhibiting MDM2, and ultimately enhancing CDKN1A (p21) expression. In line 

with this, HIV-infected cells show increased levels of LTR12D_DHRS2 transcripts, p53 

pathway activation, elevated senescence-associated β-galactosidase activity, and 

increased release of pro-inflammatory SASP factors such as IL-6, IL-8, and TNF-α.  

In my thesis, I validated this LTR12D-DHRS2-driven senescence cascade across diverse 

models, including primary CD4⁺ T cells, macrophages, and immortalized cell lines 

infected with HIV-1 or HIV-2. CRISPR/Cas9-mediated DHRS2 knockout significantly 

reduced senescence markers and SASP, confirming its role in senescence. Macrophage-

tropic HIV-1 strains also induced DHRS2 in monocyte-derived macrophages, 

emphasizing the relevance of this pathway in physiologically relevant target cells of the 

virus. 

Moreover, I found that LTR12D_DHRS2 activation is not limited to HIV infection. It was 

also triggered by oxidative, mitochondrial, and ER stress but not by oncogene- or 

syncytia-induced senescence, suggesting a role in specific cellular damage types. 

Notably DHRS2 induction alone was not sufficient to trigger senescence, indicating the 

need for co-factors or higher threshold levels of activation. Finally, I identified the 

transcription factors HSF1, LEF1, and TCF1 as repressors of the LTR12D_DHRS2 

promoter, suggesting that their inhibition or displacement may enable DHRS2 

expression during stress or infection. 
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Together, these findings establish a novel LTR12D-DHRS2-p53-p21 signaling axis in virus- 

and stress-induced senescence. This work highlights how reactivated endogenous 

retroelements may contribute to the molecular pathology of HIV-associated aging and 

opens avenues for therapeutic strategies targeting virus-induced cellular dysfunction. 
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Zusammenfassung 

Humane endogene Retroviren (HERVs), Überbleibsel früherer Infektionen, machen etwa 

8 % des menschlichen Genoms aus. Obwohl ihre Aktivität in der Regel epigenetisch 

unterdrückt wird, können bestimmte von HERVs abgeleitete Long Terminal Repeats 

(LTRs) durch endogene oder exogene Stimuli reaktiviert werden. Sie können dann als 

cis-regulatorische Elemente wirken, indem sie die Expression von zellulären Genen 

beeinflussen. So regulieren etwa bestimmte endogene retrovirale LTRs die Expression 

von Immungenen. 

Bemerkenswerterweise führt auch eine HIV-1-Infektion zur Aktivierung bestimmter 

HERV-Loci. Frühere Arbeiten meines Gastlabors identifizierten ein von HERVs 

abgeleitetes LTR12D-Element auf Chromosom 14, das spezifisch durch HIV-1 aktiviert 

wird. Diese Aktivierung führt zur Expression des benachbarten Gens DHRS2, welches 

über die p53-p21-Kaskade zelluläre Seneszenz induziert. Das DHRS2-Protein stabilisiert 

p53, indem es MDM2 hemmt, was letztlich die Expression von CDKN1A (p21) induziert. 

Entsprechend zeigen HIV-infizierte Zellen eine erhöhte Expression von LTR12D_DHRS2-

Transkripten, eine Aktivierung des p53-Signalwegs, vermehrte Aktivität der Seneszenz-

assoziierten β-Galactosidase und eine gesteigerte Ausschüttung proinflammatorischer 

SASP-Faktoren wie IL-6, IL-8 und TNF-α. 

In meiner Arbeit habe ich die durch LTR12D-DHRS2 vermittelte Seneszenz-Kaskade in 

verschiedenen Modellen validiert, darunter primäre CD4⁺-T-Zellen, Makrophagen und 

immortalisierte Zelllinien, die mit HIV-1 oder HIV-2 infiziert wurden. Ein CRISPR/Cas9-

vermittelter Knockout von DHRS2 führte zu einer signifikanten Reduktion von 

Seneszenzmarkern und SASP-Faktoren, was die funktionelle Bedeutung von DHRS2 in 

der Seneszenz bestätigte. Außerdem induzierten Makrophagen-trope HIV-1-Klone 

DHRS2 in Makrophagen, was die Relevanz dieses Signalwegs in physiologisch wichtigen 

Zielzellen des Virus unterstreicht. 

Darüber hinaus konnte ich zeigen, dass die Aktivierung von LTR12D_DHRS2 nicht auf 

HIV-Infektionen beschränkt ist. Sie wurde auch durch oxidativen, mitochondrialen und 

ER-Stress ausgelöst – jedoch nicht durch Onkogen- oder Synzytium-induzierte 

Seneszenz-, was auf eine Rolle bei spezifischen Formen zellulärer Schädigung hinweist. 

Interessanterweise war die alleinige Induktion von DHRS2 nicht ausreichend, um 
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Seneszenz auszulösen, was auf die Notwendigkeit zusätzlicher Faktoren oder das 

Erreichen eines bestimmten Aktivierungsschwellenwerts hinweist. Schließlich 

identifizierte ich die Transkriptionsfaktoren HSF1, LEF1 und TCF1 als Repressoren des 

LTR12D_DHRS2-Promotors, was nahelegt, dass deren Hemmung oder Verdrängung eine 

Expression von DHRS2 während Stress oder Infektion ermöglicht. 

Insgesamt identifizieren und characterisieren meine Ergebnisse eine LTR12D-DHRS2-

p53-p21-Signalkaskade bei Virus- und Stress-induzierter Seneszenz. Meine Arbeit zeigt 

auch, wie reaktivierte endogene retrovirale Elemente zur Pathogenese der HIV-

assoziierten Alterung beitragen könnten und eröffnet neue Ansätze für therapeutische 

Strategien gegen virusbedingte zelluläre Dysfunktionen. 
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