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Abstract

Antiviral drugs currently on the market primarily target proteins encoded by specific viruses. The 

drawback of these drugs is that they lack antiviral mechanisms that account for resistance or viral 

mutation. Thus, there is a pressing need for researchers to explore and investigate new therapeutic 

agents with other antiviral strategies. Viruses such as the human immunodeficiency virus (HIV) 

alter canonical signaling pathways to create a favorable biochemical environment for infectivity. 

We used Qiagen Ingenuity Pathway Analysis (IPA) software to review the function of several 

cellular kinases and the resulting perturbed signaling pathways during HIV infection such as NF-

κB signaling. These host cellular kinases such as ADK, PKR, MAP3K11 are involved during HIV 

infection at various stages of the life cycle. Additionally IPA analysis indicated that these modified 

host cellular kinases are known to have interactions with each other especially AKT1, a serine/

threonine kinase involved in multiple pathways. We present a list of cellular host kinases and other 

proteins that interact with these kinases. This approach to understanding the relationship between 

HIV infection and kinase activity may introduce new drug targets to arrest HIV infectivity.
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1. Introduction

The Human Immunodeficiency Virus (HIV) is a member of the Retroviridae family that 

adversely affects the immune system which can lead to acquired immunodeficiency 

syndrome (AIDS) [1]. The contact of bodily fluids such as blood, semen, and vaginal fluids 

with mucous membranes or directly to the blood stream by needles provides successful 

transmission of HIV [2]. According to the CDC, there are three stages of HIV infection. The 

first stage is acute HIV infection where the patient is the most contagious. It involves a flu-

like illness that usually starts about 2 weeks after infection. The second stage is named 
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clinical latency. This nomenclature for this stage is misleading as the virus is actively 

replicating and there is declination of CD4+ count from 30 to 60 cells/mm3/year [3]. The 

infected person will experience little to no symptoms during this time period, which can last 

decades with proper treatment. The last stage is acquired immunodeficiency syndrome, or 

AIDS [4]. This stage occurs when the immune system is so badly damaged that the infected 

person contracts multiple opportunistic infections such as Molluscum contagiosum, 
Toxoplasma gondii encephalitis, cytomegalovirus-associate retinitis, non-Hodgkin’s 

lymphoma and Kaposi’s sarcoma [1] [5]. Once this stage is reached, the typical life 

expectancy is about three years without treatment [2].

HIV is believed to have originated from chimpanzees through the simian immunodeficiency 

virus (SIV) to humans in Africa between 1884 and 1924, and it entered the United States 

around 1970 [6]. The HIV epidemic began in the United States in June 1981, when 26 

homosexual men were diagnosed with Kaposi’s sarcoma, which was generally only found in 

older immunosuppressed patients [7]. In late 1982 and early 1983, unexplained 

immunodeficiency in both infants and female sexual partners of men with AIDS was 

discovered in the United States [7]. During this time HIV (HIV-1) was isolated at the Insitut 

Pasteur from lymph node tissue of an individual with generalized lymphadenopathy [8]. 

However, because the time between infection with HIV and the onset of AIDS can be as 

much as fifteen years, it was hard to prove that HIV was the cause of AIDS [7]. By 1985, 

AIDS had been identified in all regions of the world [6].

1.1. Statistics and Epidemiology

In studies by UNAIDS in 2013, the number of adults and children living with HIV steadily 

rose from 2000 to 2012, while the number of AIDS related deaths and new infections of 

HIV steadily declined over the twelve year span. This can be attributed to organizations such 

as UNAIDS increasing knowledge about HIV, as well as there being a higher distribution of 

antiretroviral drugs to these lower income areas. In 2004, there was a spike in HIV infections 

and AIDS related deaths, but there has been a global decline in both ever since and is 

predicted to stay on this decline without any further spikes [9]. In addition to geographical 

location being related to HIV incidents and AIDS related deaths, certain populations are also 

at a higher risk for infection including, men who have sex with men, transgender people, 

people who inject drugs and sex workers [10]. According to the World Health Organization, 

as of 2018 there were 36.9 million people living with HIV with 59% of them receiving 

antiretroviral treatment. Out of these 36.9 million people, 25.7 million of this large group of 

HIV infected individuals were from Africa with 60% of the population receiving 

antiretroviral therapy. Populations in South East Asia and the Eastern Mediterranean had the 

lowest amount of people receiving antiretroviral treatment with 51% receiving treatment in 

Southeast Asia and 18% receiving treatment in Eastern Mediterranean [9].

1.2. Mechanism of HIV Infection

HIV is transmitted when an infected individual’s bodily fluids (ex. blood, semen) comes into 

contact with another individual’s mucous membranes or damaged tissue. Once infected, 

HIV infects CD4+ lymphocytes, white blood cells used to help the body defend against 

pathogens [5] [11]. As a result the individual is vulnerable to infection by other foreign 
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organisms, and subsequently may lead to sickness. HIV does this by first attaching itself to 

the CD4+ receptor on the CD4+T lymphocyte, and then binding to either the CCR5 or 

CXCR4 core-ceptor. The virus fuses its viral envelope with the cell membrane of the CD4+ 

T lymphocyte, allowing it to enter the cell. Once the virus is inside the CD4+ T lymphocyte 

it uses reverse transcriptase to make copies of its genome from DNA. Due to a lack of 

proofreading function by HIV reverse transcriptase mutations prevents antiretroviral drugs 

from working efficiently [1]. After making copies of its genome and converting it to DNA 

the HIV virus is able to enter the cell nucleus and incorporate itself to the genetic material. 

HIV integrates into the host genome through the integrase enzyme packaged in the virion 

during infection. The white blood cell then replicates the CD4+ T lymphocyte DNA with the 

integrated HIV DNA, and starts to produce long chains of HIV proteins which are used for 

further production of HIV virions [1]. These HIV proteins travel to the cell surface of the 

host with the two copies of the HIV genome and then assemble into noninfectious HIV 

viruses. Once these immature viruses are assembled, the budding process of virus particles 

occurs. HIV protease breaks up the protein chains that formed with the HIV genome by 

breaking the long protein chains down so that the smaller protein pieces of HIV are able to 

come together to create a fully mature, infectious HIV virus particle. From here, these 

viruses are now able to infect other CD4+ T lymphocyte and multiply, further affecting and 

damaging the individual’s immune system [11].

HIV-1 expresses multiple regulatory and accessory proteins such as trans-activator of 

transcription (Tat), negative regulator factor (Nef) and virion infectivity factor (Vif) during 

viral infection to create a favorable cellular environment for the lifecycle. Tat is an early 

regulatory protein necessary for replication as its loss of function results in no production of 

new virions [1] [3]. Tat is required for NF-κB dependent HIV-1 LTR activation [12]. 

Another early protein expressed in HIV-1 life cycle Nef which downregulates the expression 

of the CD4 receptor. Nef is able to induce T-Cell activation and NF-κB activation leading to 

increase expression of Tat [13]. Vif is expressed late in the HIV-1 lifecycle which is 

necessary for replication in cell line such as lymphocytes and macrophages and inactivates 

the antiviral activity of cytidine deaminases [1] [3].

1.3. AIDS Therapy and Treatments

Currently there are very few FDA-approved therapies for people infected with HIV in the 

United States, however there are many potential treatments on the way. When discussing 

HIV, the US Department of Health and Human Services only focuses on antiretroviral 

therapy (ART) as a treatment for those who have been infected by HIV [14]. Antiretroviral 

therapy is a specified regimen of drugs used to significantly decrease a person’s viral load 

which allows them to lead a somewhat normal life [14]. The use of ART allows the body to 

continuously maintain an undetectable viral load making HIV non-transmissible from that 

person [14]. Granted as technology improves scientists have been able to come up with other 

promising treatment/prevention plans. A promising prevention plan, which has been used in 

a clinical trial, utilizes the cell that is capable of secreting antiviral proteins (AVPs). AVPs 

have the capability to defend HIV target cells that have not been previously altered [15]. 

These findings are hopeful because both hematopoietic and non-hematopoietic cells can 

release AVPs allowing for all cell types to be reached [15]. A potential treatment for HIV 
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also involves the use of hematopoietic cells, specifically RNA-based hematopoietic cells 

[16]. This gene therapy method has seen more interest since the recent improvements in 

understanding both RNA interference (RNAi) and microRNAs (miRNA) however no 

significant results have been found yet [16]. Another potential HIV therapy is genome 

editing (GE), which is similar to gene therapy, but is used to specifically alter cell genomes 

that are infection-related [17]. In recent studies of GE-based HIV therapies, CCR5 is used as 

the target gene of change due to its similarity to the CCR5δ32 genotype which is a naturally 

occurring HIV resistance gene [17]. Although many of the HIV therapies and prevention 

methods have not yet been approved, researchers globally continue to explore new methods 

to ensure safety in HIV therapeutics.

1.4. The Role of Kinases in Biology

Protein kinases operate as a regulatory species of enzymes that can modify the function of a 

target protein or enzyme substrate. Kinases can regulate substrate function via 

phosphorylation, a type of post translational modification. Phosphorylation is the addition of 

a phosphate group onto a free hydroxyl on the side chain of an amino acid residue. This post 

translation modification can increase or decrease the protein or enzyme substrate activity 

and is critical in many signal transduction pathways such as metabolism, transcription, cell 

cycle progression, cytoskeletal rearrangement, differentiation, cell movement, intercellular 

communication and more [18]. In mammalian cells three specific amino acids can be 

phosphorylated; serine, threonine, and tyrosine, thus a catalytic species of protein kinases 

exist for each of these target amino acid residues within the substrate. Serine kinase, 

threonine kinase, tyrosine kinase, and dual specificity kinases utilize ATP as a source for 

monophosphate; however, ATP is thermodynamically stable in triphosphate configuration, 

therefore kinases have several key domains to successfully capture, hold, and strip ATP of its 

gamma phosphate group for the phosphorylation of their target substrate [19].

The first key domain of a protein kinase is the ATP binding pocket; which, consists of a two 

specific amino acid sequences to hold ATP within the kinase. The glycine rich sequence 

loop that holds onto ATP from the top, and the conserved lysine sequence holds ATP in 

place; the next region of the ATP binding pocket is the conserved glutamate sequence, which 

stabilizes the kinase’s structure via a salt bridge formation with the conserved lysine 

sequence. Morphologically the adenosine of the ATP molecule is buried in the hydrophobic 

portion of the pocket while the terminal phosphate is directed towards the solution [19]. 

Mutations within the ATP binding pocket prevent kinases from phosphorylating their 

substrate because a lack of ATP binding to the kinase.

The second key domain of protein kinase is the substrate binding region. In this region of the 

kinase the activation loop is a specialized sequence that recognizes specific amino acid 

residues on the surface of the substrate. Allowing the kinase to distinguish its target residue; 

this is the only variable region within all classes of protein kinases. The last key domain of a 

protein kinase functions to transfer the phosphate group from ATP to the substrate utilizing 

two key motifs. The DFG motif binds a metal cofactor to cleave the phosphate group from 

ATP. Subsequently the HRD motif transfers the cleaved gamma phosphate from ATP onto 

the substrate via a catalytic aspartate residue found in this motif [20].
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Phosphorylation caused by protein kinases is a reversible post translational modification in 

which protein phosphatases remove this phosphate group added, making it rapid and highly 

efficient. Kinases can also be easily regulated by other kinases such as the example of 

mitogen-activated protein kinase kinase (MAPKK) phosphorylating mitogen-activated 

protein kinase (MAPK). The significance of kinases can be demonstrated with the fact that 

over 500 protein kinases are encoded in the human genome and about 40% of all proteins 

are phosphorylated [21].

2. Host Cell Kinases and HIV Infection

The antiviral drugs currently on the market are mostly specific for viral proteins. These 

drugs treat less than 10 human infectious diseases [22] [23]. As previously mentioned the 

HIV genome is subject to mutations during replication Kinases may provide new drug 

targets to viral infections including HIV. Through the use of the Ingenuity Pathway Analysis 

(IPA) software (Qiagen) it is possible to easily analyze interactions of host cell kinases 

during HIV infection. Upon performing a query of kinases 70 were found to be involved in 

various stages of HIV infection (Table 1). The top 12 kinases with the most findings were 

analyzed using the IPA software for where in the HIV infection process are critical and their 

interrelations ship with each other (Figure 1 and Figure 2). Akt1 appears has multiple 

kinases directly or indirectly affected its activity. Four of these kinases are involved in NF-

κB activation during viral infection and modulation of these kinase activates may be a 

potential therapy to attenuate the activation of this important pathway for HIV (Figure 3). In 

the following section we provide a brief background on these 12 kinases and relevant 

findings to their phenotypes in HIV infection. In addition we provide a table that relates the 

HIV proteins Nef, Tat and Vif to these kinases (Table 2).

2.1. Adenosine Kinase (ADK)

ADK is cytoplasmic kinase found in most organ systems that is essential for homeostatic 

and metabolic regulation. Dysregulation of ADK is known to contribute to diseases such as 

diabetes, epilepsy and cancer [24]. Adenosine is known for its protective functions such as 

regulations of angiogenesis and immune responses [25].

The contribution of ADK during HIV infection has been taking into account by the drug 

Ribavirin, an ADK agonist. The IPA software identifies a correlation between HIV and 

ADK. The software numerous finding for clinical trials for patients with HIV infection and 

Hepatitis C have incorporated Ribarvin, a nucleo-side analogue, in combination with other 

drugs [26].

2.2. AKT1 (Protein Kinase B)

The protein Akt1 (Protein Kinase B) is a serine/threonine kinase that is critical signaling 

node in eukaryotic cells and human disease. Akt1 interacts with many biological molecules 

involved in cell growth, survival, proliferation, angiogenesis and metabolism [27]. Protein 

Kinase B can cross talk to other kinases involved in other canonical pathways such as NF- 

κB through the phosphorylation of the IKKα [28]. Interestingly HIV replication is inhibited 

in the absence of Akt1 [29].
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Zhou et al. suggest that cellular metabolism is essential for HIV replication and Akt1 as a 

critical host factor. siRNA of Akt1 in Hela P4/P5 cells substantially inhibited HIV infection 

to 35% of control at 48 hours and <10% at 96 hours post infection [30]. Protein Kinase B 

plays in the reactivation of HIV in CD4+ and monocyte cells and its inhibition occurs in 

cART treatment [31] [32].

2.3. B-Lymphoid Tyrosine Kinase (BLK)

The non-receptor BLK protein normally expressed B-cells and involved in B-cell antigen 

rector signaling. There is evidence that BLK is an oncogene as ectopic expression is present 

in malignant T-cells from patients with cutaneous T-cell lymphoma [33].

In a global analysis of molecules involved with early stage HIV-1 replication König et al. 
identified the involvement of BLK. siRNA against BLK showed greater than >80% 

reduction in HIV infection in HEK293T cells [34].

2.4. Cyclin K (CCNK)

CCNK was discovered as a novel protein that is able to rescues survival of yeast during the 

absence G1 cyclin [35]. CCNK functions as a regulatory unit for CDK9 where this CCNK/

CDK9 complex is involved in transcription elongation. CCNK/CDK9 complex is part of the 

positive transcription elongation factor b (P-TEFb) that phosphorylates RNA Polymerase II 

to activate processive elongation [36].

During HIV infection CCNK acts in an inhibitory fashion leading to decreased HIV gene 

expression. Using yeast two-hybrid, immunoprecipitation and colocalization Khan et al. 
identified interaction of CCNK with HIV Nef. Implication of CCCK inhibitory role in HIV 

infection was shower in overexpression of CCNK and siRNA knockout of CCNK in Jurkat 

cells where reduced HIV production and enhance viral released respectively [37].

2.5. EIF2AK2 (Protein Kinase R)

Protein Kinase R is a serine/threonine kinase that binds to double stranded RNA (dsRNA) 

through its dsRNA binding domains [38]. Viral produced dsRNA activates PKR for its 

antiviral response by phosphorylation of eIF2α resulting in the inhibition viral protein 

synthesis [39]. The viral protein TAT and reverse translational inhibition may bind to PKR 

similarly to that of eIF2α [40]. The expression of tumor suppressor p53 inhibited HIV 

replication due to the subsequent activation of PKR and phosphorylation of TAT [41].

In vitro studies of TAR RNA Binding Protein (TRB) indirectly inactivate Protein Kinase R. 

Depletion of TRBP using siRNA reduces HIV replication and increases phosphorylation of 

eIF2α. This reduction in virus replication is negated when knocking out Protein Kinase R 

[42]. Clerzius et al. highlight the need for a protein complex consisting of TRBP and 

adenosine deaminase acting on RNA 1 (ADAR-1) that inhibits Protein Kinase R during the 

HIV infection [43].
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2.6. G Protein-Coupled Receptor Kinase 2 (GRK2)

GRK2 is a member of the G-protein receptor kinase family of proteins which phosphorylates 

the agonist-occupied β-adrenergic receptors and other proteins such as p. 38 [44] [45]. 

Current literature indicates GRK2 plays a role in multiple disease related signaling pathways 

and is a therapeutic target for cancer and inflammation [45].

In a genome-wide siRNA analyses to determine a host-pathogen biochemical network 

GRK2 was found to decrease productive infection by 80% (20% of control in 96 h b-GAL 

expression) [30]. In other siRNA knockout studies decreased infection by 54.4% to 64.8% in 

HEK 293T cells infected with HIV-1 [30] [34].

2.7. Hematopoietic Cell Kinase (HCK)

The cytoplasmic tyrosine kinase HCK is expressed in myeloid cells and B-lymphocytes [46] 

[47]. It enhances secretions of growth factors and pro-inflammatory cytokines and its 

overexpression has been linked to leukemia and other cancers. HCK also promotes 

macrophage polarization. In macrophages in tumors, HCK stimulates podosome formation 

and facilitates extracellular matrix degradation [48]. HIV Nef activates HCK through the 

SH3 domain produces proinflammatory vesicle release [49] [50].

In order to penetrated mucosal epithelium HIV-1 will infect dendritic cells using the 

dendritic cell immunoreceptor (DCIR) as a binding factor [51]. In a study using antisense 

oligonucleotides Lambert et al. show that HCK is involved in dendritic cell immunoreceptor 

(DCIR) mediated HIV-1 entry/binding [52]. Through immunoprecipitation experiments 

HCK was found to bind with HIV Vif specifically through the SH3 domain. HCK inhibited 

the production and infectivity of HIV virions in infected cells lacking Vif [53].

2.8. Mitogen Activated Protein Kinase Kinase Kinase 11 (MAP3K11)

MAP3K11 is a ubiquitously expressed protein of the serine/threonine kinase family [54]. It 

is involved in the activation of c-Jun N-terminal Kinase (JNK), p38 MAPK and extracellular 

signal-regulated kinases 1 and 2 (ERK1/2) [55]. The MAP3K11 protein possesses a SH3 

domain that is critical in Hepatitis C infection to prevent MAP3K11 apoptosis [56].

Nguyen et al. found MAPK311 is an enhancer to HIV infection. MAP3K11 enhances Tat-

dependent transcription 3 fold leading to increased HIV infection signal [57]. SiRNA 

knockouts of MAPK311 reduced HIV infection in both HelaCD4βGal and Jurkat cells. Data 

suggests that MLK3 enhances HIV transcription through the AP-1 site located in the LTR 

region [57].

2.9. Macrophage Stimulating 1 Receptor (MST1R)

MST1R is a c-Met receptor tyrosine kinase that serves as cell surface receptor in epithelial 

cells, osteoclasts, and macrophages for the glycoprotein macrophage stimulating protein 

(MSP). The binding of MSP to MST1R regulates proliferation, survival, and chemotaxis 

[58]. MST1R has been found to be overexpressed in a large number of breast cancers 

leading to a high chance for metastasis. A deficiency of MST1R in mice is linked to toxic 

shock as macrophages are unable to down-regulate certain pro-inflammatory [58].
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In HIV infection MST1R plays a significant role in transcription of proviral DNA. MST1R 

overexpression in U937 cells decreases the binding of NF-κB to HIV LTR. RNA 

Polymerase II processivity is paused in the presence of MST1R in HIV infected cells at 

multiple checkpoint in transcription [59].

2.10. P21-Activated Kinase (PAK)-1

PAK-1 is a serine threonine kinase of the group I PAK family first discovered in 1994 in rat 

brain that binds to the GTPase Cdc42 and Rac1 [60]. In addition to cell function such as 

cytoskeleton organization, migration and proliferation PAK1 promotes tumor development 

by prevent apoptosis in cancer cells [61]. HIV Nef activates PAK1 which in turn activates 

the JNK [62]. The highly related PAK2 is known to be activated by HIV Nef to affect the 

ERK pathway in T cell lines [63].

Work by Nyugen et al. shows PAK-1 is critical kinase for integration of provirus into 

infected cells. The absence of PAK1 by siRNA reduced integration of provirus into genomic 

DNA of HIV infected cell while overexpression of active PAK-1 increased viral integration. 

Depletion of PAK2 did not mirror this phenotype [64].

2.11. RAF-1

Raf-1 is serine threonine kinase involved in the ERK activation pathway. After being 

phosphorylated by Ras, RAF-1 initiated a kinase cascade by phosphorylating MAPK/ERK 

kinase (MEK) which phosphorylates ERK. Raf-1may also be activated by other kinase such 

as Protein Kinase C or other tyrosine kinases [65]. The ERK pathway contributes to multiple 

cell processes including T cell activation [66] RAF-1 is also part of the activation of the 

pathway [67].

Popik et al. investigated the role of Raf-1 in HIV-1 infection. In Jurkat T cells Raf-1 is 

activated by the binding HIV-1 virions through interactions with the kinase Lck not Ras. 

Overexpression of active Raf-1 increases HIV-1 replication and HIV-1 promotor activity 

synergistically with HIV Tat [65]. Gringhuis et al. expands on Raf-1 role in HIV-1 

replication by identifying the need for Raf1 in dendritic cells during infection. Binding of 

HIV to inducing DC-SIGN Raf-1 activation plays a critical role in transcription elongation 

of HIV provirus through pTEF-b-mediated phosphorylation of RNA Polymerase II [68].

2.12. Zeta-Chain Associated Protein Kinase 70 (ZAP70)

ZAP70 is a cytoplasmic tyrosine kinase necessary for T-cell antigen receptor (TCR) 

signaling [69]. ZAP70 possesses two tandem SH2 unit which controls its binding 

capabilities to immunoreceptor tyrosine-based activation motifs (ITAMs) and has a crystal 

structure similar to that of CDKs and SRC kinases [69]. Numerous studies identify the 

importance of ZAP70 in signal transduction from TCR [70]. Mutations in the zap70 gene 

cause the loss of CD8+ T cells and CD4+ cells that are unresponsive to CD2- and CD3-

meditated activation [71] [72] [73].

For the first time Tardif et al. describe that it is the contribution of ZAP70 in entry of HIV-1 

particles in primary human CD4+ T cells. ZAP70 plays an important role in entry of HIV 
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virions bearing host cell membrane protein Inter-cellular Adhesion Molecule (ICAM-1) in 

CD4+ lymphocytes [74]. Sol-Foulon et al. found that T-lymphocytes deficient in ZAP70 

activity have impaired HIV replication based on measurement of p24. Interestingly the 

necessity of ZAP70 was not required in the early stages of HIV infection but delays 

replications and is prerequired for the formation of viral synapses between cells for 

transmission [75].

3. Conclusion

HIV-1 modulates multiple kinases in the host cell to maintain the lifecycle. The 12 kinases 

we examined in the review are involved in multiple areas of the lifecycle including HIV 

binding/entry, provirus integration and replication. These host cell kinases are present in 

various areas of the cell and directly or indirectly affect the activity of each other. Not 

surprising many of these kinases affect the activity of Akt1 which plays a major role in 

metabolism and cell survival. HIV-1 infection requires NF-κB activation for transcription of 

its proviral genes to complete the lifecycle we have identified four kinases involved in this 

pathway. Targeting these kinases to attenuate the transcription of HIV genes critical for the 

lifecycle may be potential therapeutic targets.

Acknowledgements

This research is part of the S.H.U. OMICs Course-based Research Laboratory Program, funded by Seton Hall 
University (SHU) The Office of the Provost and The Office of the Dean, College of Arts and Sciences. JC, TC, and 
SLC are supported by the SHU Biological Sciences Research Fund. This research was also partially funded by NIH 
grant awards AA024984, AA025964, AA026071, DA043448 and DA046258 to SLC.

References

[1]. Shors T (2013) Understanding Viruses. Jones & Bartlett Learning, Burlington.

[2]. Center for Disease Control (CDC) (2019) About HIV/AIDS. https://www.cdc.gov/hiv/basics/
whatishiv.html

[3]. Knipe DM and Howley PM (2013) Fields Virology. Wolters Kluwer/Lippincott Williams & 
Wilkins Health, Philadelphia.

[4]. Barre-Sinoussi F, Ross AL and Delfraissy JF (2013) Past, Present and Future: 30 Years of HIV 
Research. Nature Reviews Microbiology, 11 877–883. 10.1038/nrmicro3132 [PubMed: 
24162027] 

[5]. Fields BN, Knipe DM, Howley PM and Griffin DE (2001) Fields Virology. Lippincott Williams & 
Wilkins, Philadelphia.

[6]. Healey J (2011) HIV and AIDS. Spinney Press, Thirroul.

[7]. Cockerell CJ, Hall BJ and Hall JC (2011) HIV/AIDS in the Post-HAART Era: Manifestations, 
Treatment, and Epidemiology. People’s Medical Publishing House USA Ltd. [PMPH], Shelton.

[8]. Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet C, Axler-
Blin C, Vezinet-Brun F, Rouzioux C, Rozenbaum W and Montagnier L (1983) Isolation of a T-
Lymphotropic Retrovirus from a Patient at Risk for Acquired Immune Deficiency Syndrome 
(AIDS). Science, 220, 868–871. 10.1126/science.6189183 [PubMed: 6189183] 

[9]. World Health Organization (WHO) (2019) Data and Statistics. https://www.who.int/hiv/data/en

[10]. Fettig J, Swaminathan M, Murrill CS and Kaplan JE (2014) Global Epidemiology, of HIV. 
Infectious Disease Clinics of North America, 28 323–337. 10.1016/j.idc.2014.05.001 [PubMed: 
25151559] 

[11]. Coffin JM, Hughes SH and Varmus H (1997) Retroviruses. Cold Spring Harbor Laboratory Press, 
Plainview.

De Martini et al. Page 9

World J AIDS. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/hiv/basics/whatishiv.html
https://www.cdc.gov/hiv/basics/whatishiv.html
https://www.who.int/hiv/data/en


[12]. Mahlknecht U, Dichamp I, Varin A, Van Lint C and Herbein G (2008) NF-kappaB-Dependent 
Control of HIV-1 Transcription by the Second Coding Exon of Tat in T Cells. Journal of 
Leukocyte Biology, 83, 718–727. 10.1189/jlb.0607405 [PubMed: 18070983] 

[13]. Kinoshita S, Chen BK, Kaneshima H and Nolan GP (1998) Host Control of HIV-1 Parasitism in 
T Cells by the Nuclear Factor of Activated T Cells. Cell, 95, 595–604. 10.1016/
S0092-8674(00)81630-X [PubMed: 9845362] 

[14]. National Institute of Health (NIH) (2019) HIV Treatment: The Basics: Understanding HIV/AIDS 
AIDSinfo.

[15]. Falkenhagen A and Joshi S (2018) Genetic Strategies for HIV Treatment and Prevention. 
Molecular Therapy—Nucleic Acids, 13, 514–533. 10.1016/j.omtn.2018.09.018 [PubMed: 
30388625] 

[16]. Scherer L, Rossi JJ and Weinberg MS (2007) Progress and Prospects: RNA-Based Therapies for 
Treatment of HIV Infection. Gene Therapy, 14, 1057–1064. 10.1038/sj.gt.3302977 [PubMed: 
17607313] 

[17]. Gu WG (2015) Genome Editing-Based HIV Therapies. Trends in Biotechnology, 33, 172–179. 
10.1016/j.tibtech.2014.12.006 [PubMed: 25600622] 

[18]. Manning G, Whyte DB, Martinez R, Hunter T and Sudarsanam S (2002) The Protein Kinase 
Complement of the Human Genome. Science, 298, 1912–1934. 10.1126/science.1075762 
[PubMed: 12471243] 

[19]. Ubersax JA and Ferrell JE (2007) Mechanisms of Specificity in Protein Phosphorylation. Nature 
Reviews Molecular Cell Biology, 8, 530–541. 10.1038/nrm2203 [PubMed: 17585314] 

[20]. Schlessinger J (2014) Receptor Tyrosine Kinases: Legacy of the First Two Decades. Cold Spring 
Harbor Perspectives in Biology, 6, a008912 10.1101/cshperspect.a008912 [PubMed: 24591517] 

[21]. Lachmann A and Ma’ayan A (2009) KEA: Kinase Enrichment Analysis. Bioinformatics, 25, 
684–686. 10.1093/bioinformatics/btp026 [PubMed: 19176546] 

[22]. Schor S and Einav S (2018) Repurposing of Kinase Inhibitors as Broad-Spectrum Antiviral 
Drugs. DNA and Cell Biology, 37, 63–69. 10.1089/dna.2017.4033 [PubMed: 29148875] 

[23]. De Clercq E and Li G (2016) Approved Antiviral Drugs over the Past 50 Years. Clinical 
Microbiology Reviews, 29, 695–747. 10.1128/CMR.00102-15 [PubMed: 27281742] 

[24]. Boison D (2013) Adenosine Kinase: Exploitation for Therapeutic Gain. Pharmacological 
Reviews, 65, 906–943. 10.1124/pr.112.006361 [PubMed: 23592612] 

[25]. Linden J (2005) Adenosine in Tissue Protection and Tissue Regeneration. Molecular 
Pharmacology, 67, 1385–1387. 10.1124/mol.105.011783 [PubMed: 15703375] 

[26]. NIH U.S. National Library of Medicine (2019) Home—ClinicalTrials.gov.

[27]. Manning BD and Cantley LC (2007) AKT/PKB Signaling: Navigating Downstream. Cell, 129, 
1261–1274. 10.1016/j.cell.2007.06.009 [PubMed: 17604717] 

[28]. Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM and Donner DB (1999) NF-kappaB 
Activation by Tumour Necrosis Factor Requires the Akt Serine-Threonine Kinase. Nature, 401, 
82–85. 10.1038/43466 [PubMed: 10485710] 

[29]. Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier RJ, Lieberman J and Elledge 
SJ (2008) Identification of Host Proteins Required for HIV Infection through a Functional 
Genomic Screen. Science, 319, 921–926. 10.1126/science.1152725 [PubMed: 18187620] 

[30]. Zhou H, Xu M, Huang Q, Gates AT, Zhang XD, Castle JC, Stec E, Ferrer M, Strulovici B, 
Hazuda DJ and Espeseth AS (2008) Genome-Scale RNAi Screen for Host Factors Required for 
HIV Replication. Cell Host Microbe, 4, 495–504. 10.1016/j.chom.2008.10.004 [PubMed: 
18976975] 

[31]. Nehme Z, Pasquereau S and Herbein G (2019) Control of Viral Infections by Epigenetic-Targeted 
Therapy. Clinical Epigenetics, 11, 55 10.1186/s13148-019-0654-9 [PubMed: 30917875] 

[32]. Pasquereau S, Kumar A, Abbas W and Herbein G (2018) Counteracting Akt Activation by HIV 
Protease Inhibitors in Monocytes/Macrophages. Viruses, 10, 190 10.3390/v10040190

[33]. Krejsgaard T, Vetter-Kauczok CS, Woetmann A, Kneitz H, Eriksen KW, Lovato P, Zhang Q, 
Wasik MA, Geisler C, Ralfkiaer E, Becker JC and Odum N (2009) Ectopic Expression of B-
Lymphoid Kinase in Cutaneous T-Cell Lymphoma. Blood, 113, 5896–5904. 10.1182/
blood-2008-09-181024 [PubMed: 19351960] 

De Martini et al. Page 10

World J AIDS. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[34]. Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT, Chiang CY, Tu BP, De Jesus 
PD, Lilley CE, Seidel S, Opaluch AM, Caldwell JS, Weitzman MD, Kuhen KL, Bandyopadhyay 
S, Ideker T, Orth AP, Miraglia LJ, Bushman FD, Young JA and Chanda SK (2008) Global 
Analysis of Host-Pathogen Interactions That Regulate Early-Stage HIV-1 Replication. Cell, 135, 
49–60. 10.1016/j.cell.2008.07.032 [PubMed: 18854154] 

[35]. Edwards MC, Wong C and Elledge SJ (1998) Human Cyclin K, a Novel RNA Polymerase II-
Associated Cyclin Possessing Both Carboxy-Terminal Domain Kinase and Cdk-Activating 
Kinase Activity. Molecular and Cellular Biology, 18, 4291–4300. 10.1128/MCB.18.7.4291 
[PubMed: 9632813] 

[36]. Baek K, Brown RS, Birrane G and Ladias JA (2007) Crystal Structure of Human Cyclin K, a 
Positive Regulator of Cyclin-Dependent Kinase 9. Journal of Molecular Biology, 366, 563–573. 
10.1016/j.jmb.2006.11.057 [PubMed: 17169370] 

[37]. Khan SZ and Mitra D (2011) Cyclin K Inhibits HIV-1 Gene Expression and Replication by 
Interfering with Cyclin-Dependent Kinase 9 (CDK9)-Cyclin T1 Interaction in Nef-Dependent 
Manner. The Journal of Biological Chemistry, 286, 22943–22954. 10.1074/jbc.M110.201194 
[PubMed: 21555514] 

[38]. Sadler AJ and Williams BR (2007) Structure and Function of the Protein Kinase R. Current 
Topics in Microbiology and Immunology, 316, 253–292. 10.1007/978-3-540-71329-6_13 
[PubMed: 17969452] 

[39]. Burgess HM and Mohr I (2015) Cellular 5’−3’ mRNA Exonuclease Xrn1 Controls Double-
Stranded RNA Accumulation and Anti-Viral Responses. Cell Host Microbe, 17, 332–344. 
10.1016/j.chom.2015.02.003 [PubMed: 25766294] 

[40]. Cai R, Carpick B, Chun RF, Jeang KT and Williams BR (2000) HIV-I TAT Inhibits PKR Activity 
by Both RNA-Dependent and RNA-Independent Mechanisms. Archives of Biochemistry and 
Biophysics, 373, 361–367. 10.1006/abbi.1999.1583 [PubMed: 10620360] 

[41]. Yoon CH, Kim SY, Byeon SE, Jeong Y, Lee J, Kim KP, Park J and Bae YS (2015) p53-Derived 
Host Restriction of HIV-1 Replication by Protein Kinase R-Mediated Tat Phosphorylation and 
Inactivation. Journal of Virology, 89, 4262–4280. 10.1128/JVI.03087-14 [PubMed: 25653431] 

[42]. Sanghvi VR and Steel LF (2011) The Cellular TAR RNA Binding Protein, TRBP, Promotes 
HIV-1 Replication Primarily by Inhibiting the Activation of Double-Stranded RNA-Dependent 
Kinase PKR. Journal of Virology, 85, 12614–12621. 10.1128/JVI.05240-11 [PubMed: 
21937648] 

[43]. Clerzius G, Gelinas JF, Daher A, Bonnet M, Meurs EF and Gatignol A (2009) ADAR1 Interacts 
with PKR during Human Immunodeficiency Virus Infection of Lymphocytes and Contributes to 
Viral Replication. Journal of Virology, 83, 10119–10128. 10.1128/JVI.02457-08 [PubMed: 
19605474] 

[44]. Guccione M, Ettari R, Taliani S, Da Settimo F, Zappala M and Grasso S (2016) G-Protein-
Coupled Receptor Kinase 2 (GRK2) Inhibitors: Current Trends and Future Perspectives. Journal 
of Medicinal Chemistry, 59, 9277–9294. 10.1021/acs.jmedchem.5b01939 [PubMed: 27362616] 

[45]. Asai D, Murata M, Toita R, Kawano T, Nakashima H and Kang JH (2016) Role of Amino Acid 
Residues Surrounding the Phosphorylation Site in Peptide Substrates of G Protein-Coupled 
Receptor Kinase 2 (GRK2). Amino Acids, 48, 2875–2880. 10.1007/s00726-016-2345-6 
[PubMed: 27714516] 

[46]. Lock P, Ralph S, Stanley E, Boulet I, Ramsay R and Dunn AR (1991) Two Isoforms of Murine 
Hck, Generated by Utilization of Alternative Translational Initiation Codons, Exhibit Different 
Patterns of Subcellular Localization. Molecular and Cellular Biology, 11, 4363–4370. 10.1128/
MCB.11.9.4363 [PubMed: 1875927] 

[47]. Ziegler SF, Marth JD, Lewis DB and Perlmutter RM (1987) Novel Protein-Tyrosine Kinase Gene 
(hck) Preferentially Expressed in Cells of Hematopoietic Origin. Molecular and Cellular Biology, 
7, 2276–2285. 10.1128/MCB.7.6.2276 [PubMed: 3453117] 

[48]. Poh AR, O’Donoghue RJ and Ernst M (2015) Hematopoietic Cell Kinase (HCK) as a 
Therapeutic Target in Immune and Cancer Cells. Oncotarget, 6, 15752–15771. 10.18632/
oncotarget.4199 [PubMed: 26087188] 

De Martini et al. Page 11

World J AIDS. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[49]. Trible RP, Emert-Sedlak L and Smithgall TE (2006) HIV-1 Nef Selectively Activates Src Family 
Kinases Hck, Lyn, and c-Src through Direct SH3 Domain Interaction. The Journal of Biological 
Chemistry, 281, 27029–27038. 10.1074/jbc.M601128200 [PubMed: 16849330] 

[50]. Lee JH, Ostalecki C, Zhao Z, Kesti T, Bruns H, Simon B, Harrer T, Saksela K and Baur AS 
(2018) HIV Activates the Tyrosine Kinase Hck to Secrete ADAM Protease-Containing 
Extracellular Vesicles. EBioMedicine, 28, 151–161. 10.1016/j.ebiom.2018.01.004 [PubMed: 
29331674] 

[51]. Lambert AA, Gilbert C, Richard M, Beaulieu AD and Tremblay MJ (2008) The C-Type Lectin 
Surface Receptor DCIR Acts as a New Attachment Factor for HIV-1 in Dendritic Cells and 
Contributes to Trans- and Cis-Infection Pathways. Blood, 112, 1299–1307. 10.1182/
blood-2008-01-136473 [PubMed: 18541725] 

[52]. Lambert AA, Barabe F, Gilbert C and Tremblay MJ (2011) DCIR-Mediated Enhancement of 
HIV-1 Infection Requires the ITIM-Associated Signal Transduction Pathway. Blood, 117, 6589–
6599. 10.1182/blood-2011-01-331363 [PubMed: 21536857] 

[53]. Hassaine G, Courcoul M, Bessou G, Barthalay Y, Picard C, Olive D, Collette Y, Vigne R and 
Decroly E (2001) The Tyrosine Kinase Hck Is an Inhibitor of HIV-1 Replication Counteracted by 
the Viral vif Protein. The Journal of Biological Chemistry, 276, 16885–16893. 10.1074/
jbc.M009076200 [PubMed: 11278465] 

[54]. Gallo KA, Mark MR, Scadden DT, Wang Z, Gu Q and Godowski PJ (1994) Identification and 
Characterization of SPRK, a Novel src-Homology 3 Domain-Containing Proline-Rich Kinase 
with Serine/Threonine Kinase Activity. The Journal of Biological Chemistry, 269, 15092–15100. 
[PubMed: 8195146] 

[55]. Tibbles LA, Ing YL, Kiefer F, Chan J, Iscove N, Woodgett JR and Lassam NJ (1996) MLK-3 
Activates the SAPK/JNK and p38/RK Pathways via SEK1 and MKK3/6. The EMBO Journal, 15, 
7026–7035. 10.1002/j.1460-2075.1996.tb01094.x [PubMed: 9003778] 

[56]. Amako Y, Igloi Z, Mankouri J, Kazlauskas A, Saksela K, Dallas M, Peers C and Harris M (2013) 
Hepatitis C Virus NS5A Inhibits Mixed Lineage Kinase 3 to Block Apoptosis. The Journal of 
Biological Chemistry, 288, 24753–24763. 10.1074/jbc.M113.491985 [PubMed: 23857585] 

[57]. Nguyen DG, Yin H, Zhou Y, Wolff KC, Kuhen KL and Caldwell JS (2007) Identification of 
Novel Therapeutic Targets for HIV Infection through Functional Genomic cDNA Screening. 
Virology, 362, 16–25. 10.1016/j.virol.2006.11.036 [PubMed: 17257639] 

[58]. Yuan X, Wu H, Bu H, Zhou J and Zhang H (2019) Targeting the Immunity Protein Kinases for 
Immuno-Oncology. European Journal of Medicinal Chemistry, 163, 413–427. 10.1016/
j.ejmech.2018.11.072 [PubMed: 30530193] 

[59]. Klatt A, Zhang Z, Kalantari P, Hankey PA, Gilmour DS and Henderson AJ (2008) The Receptor 
Tyrosine Kinase RON Represses HIV-1 Transcription by Targeting RNA Polymerase II 
Processivity. The Journal of Immunology, 180, 1670–1677. 10.4049/jimmunol.180.3.1670 
[PubMed: 18209063] 

[60]. Manser E, Leung T, Salihuddin H, Zhao ZS and Lim L (1994) A Brain Serine/Threonine Protein 
Kinase Activated by Cdc42 and Rac1. Nature, 367, 40–46. 10.1038/367040a0 [PubMed: 
8107774] 

[61]. Huang HW, Zhang XY, Song PL, Jiang HL, Li W, Wang PL, Wang J and Liu FN (2018) Old 
Drug New Tricks: Chlorhexidine Acts as a Potential Allosteric Inhibitor toward PAK1. 
Biochemical and Biophysical Research Communications, 495, 728–732. 10.1016/
j.bbrc.2017.11.087 [PubMed: 29146188] 

[62]. Fackler OT, Lu X, Frost JA, Geyer M, Jiang B, Luo W, Abo A, Alberts AS and Peterlin BM 
(2000) p21-Activated Kinase 1 Plays a Critical Role in Cellular Activation by Nef. Molecular and 
Cellular Biology, 20, 2619–2627. 10.1128/MCB.20.7.2619-2627.2000 [PubMed: 10713183] 

[63]. Kouwenhoven A, Minassian VD and Marsh JW (2013) HIV-1 Nef Mediates Pak Phosphorylation 
of Mek1 serine298 and Elicits an Active Phospho-State of Pak2. Current HIV Research, 11, 198–
209. 10.2174/1570162X113119990039 [PubMed: 23746211] 

[64]. Nguyen DG, Wolff KC, Yin H, Caldwell JS and Kuhen KL (2006) “Un-PAKing” Human 
Immunodeficiency Virus (HIV) Replication: Using Small Interfering RNA Screening to Identify 
Novel Cofactors and Elucidate the Role of Group I PAKs in HIV Infection. Journal of Virology, 
80, 130–137. 10.1128/JVI.80.1.130-137.2006 [PubMed: 16352537] 

De Martini et al. Page 12

World J AIDS. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[65]. Popik W and Pitha PM (1996) Binding of Human Immunodeficiency Virus Type 1 to CD4 
Induces Association of Lck and Raf-1 and Activates Raf-1 by a Ras-Independent Pathway. 
Molecular and Cellular Biology, 16, 6532–6541. 10.1128/MCB.16.11.6532 [PubMed: 8887682] 

[66]. Berridge MJ (2014) Module 2: Cell Signalling Pathways. Cell Signalling Biology, 6, 
csb0001002. 10.1042/csb0001002

[67]. Finco TS and Baldwin AS (1993) Kappa B Site-Dependent Induction of Gene Expression by 
Diverse Inducers of Nuclear Factor Kappa B Requires Raf-1. The Journal of Biological 
Chemistry, 268, 17676–17679. [PubMed: 8349650] 

[68]. Gringhuis SI, van der Vlist M, van den Berg LM, den Dunnen J, Litjens M and Geijtenbeek TB 
(2010) HIV-1 Exploits Innate Signaling by TLR8 and DC-SIGN for Productive Infection of 
Dendritic Cells. Nature Immunology, 11, 419–426. 10.1038/ni.1858 [PubMed: 20364151] 

[69]. Deindl S, Kadlecek TA, Brdicka T, Cao X, Weiss A and Kuriyan J (2007) Structural Basis for the 
Inhibition of Tyrosine Kinase Activity of ZAP-70. Cell, 129, 735–746. 10.1016/
j.cell.2007.03.039 [PubMed: 17512407] 

[70]. Wang H, Kadlecek TA, Au-Yeung BB, Goodfellow HE, Hsu LY, Freedman TS and Weiss A 
(2010) ZAP-70: An Essential Kinase in T-Cell Signaling. Cold Spring Harbor Perspectives in 
Biology, 2, a002279 10.1101/cshperspect.a002279 [PubMed: 20452964] 

[71]. Arpaia E, Shahar M, Dadi H, Cohen A and Roifman CM (1994) Defective T Cell Receptor 
Signaling and CD8+ Thymic Selection in Humans Lacking Zap-70 Kinase. Cell, 76, 947–958. 
10.1016/0092-8674(94)90368-9 [PubMed: 8124727] 

[72]. Elder ME, Lin D, Clever J, Chan AC, Hope TJ, Weiss A and Parslow TG (1994) Human Severe 
Combined Immunodeficiency Due to a Defect in ZAP-70, a T Cell Tyrosine Kinase. Science, 
264, 1596–1599. 10.1126/science.8202712 [PubMed: 8202712] 

[73]. Meinl E, Lengenfelder D, Blank N, Pirzer R, Barata L and Hivroz C (2000) Differential 
Requirement of ZAP-70 for CD2-Mediated Activation Pathways of Mature Human T Cells. The 
Journal of Immunology, 165, 3578–3583. 10.4049/jimmunol.165.7.3578 [PubMed: 11034358] 

[74]. Tardif MR and Tremblay MJ (2005) Regulation of LFA-1 Activity through Cytoskeleton 
Remodeling and Signaling Components Modulates the Efficiency of HIV Type-1 Entry in 
Activated CD4+ T Lymphocytes. The Journal of Immunology, 175, 926–935. 10.4049/
jimmunol.175.2.926 [PubMed: 16002691] 

[75]. Sol-Foulon N, Sourisseau M, Porrot F, Thoulouze MI, Trouillet C, Nobile C, Blanchet F, di 
Bartolo V, Noraz N, Taylor N, Alcover A, Hivroz C and Schwartz O (2007) ZAP-70 Kinase 
Regulates HIV Cell-to-Cell Spread and Virological Synapse Formation. The EMBO Journal, 26, 
516–526. 10.1038/sj.emboj.7601509 [PubMed: 17215865] 

De Martini et al. Page 13

World J AIDS. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Top 12 Kinases involved in HIV Infection. A query was performed in IPA software to 

generate a list of all molecules known to be involved in HIV infection. Seventy of 1783 

molecules discovered are kinases with the top 12 kinases represented in this figure.
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Figure 2. 
Location and interrelationship of top 12 kinases in HIV infection. Host cell kinases involved 

in HIV are located in various parts of the cell and influence the activity of one another. The 

dashed lines represent indirect interaction and solid lines represent direct interaction.
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Figure 3. 
HIV infection affects NF-κB pathway. Four of the 12 kinases (highlighted in green) are 

involved in NF-κB pathway. HIV-1 modulates NF-κB pathway in order to progress in the 

transcribe viral mRNA to generate new viral progeny. Modulation of these kinases to 

decrease NF-κB activity (highlight in blue) may provide a potential therapy.
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Table 1.

IPA Bioprofiler query displaying 70 kinases involved in HIV infection.

Symbol Molecule Activity Effect on Disease 
or Function Disease or Function Causal or 

Correlated Findings

ADK increased activity affects HIV infection correlation 17

MST1R increased activity decreases,
increases Binding of HIV-1 causal 6

HCK decreased activity,
increased activity

decreases,
increases

Binding of HIV-1,
Delay in replication of HIV-1,

Infectivity of HIV-1,
Production of HIV-1

causal 5

PAK1
decreased activity,
unknown change in 

activity

decreases,
increases

Infection by HIV-1, Integration of 
HIV-1 causal 5

AKT1 decreased activity,
increased activity

decreases,
increases Infection by HIV-1 causal 4

CCNK decreased activity,
increased activity

decreases,
increases Replication of HIV-1 causal 4

RAF1 decreased activity,
increased activity

decreases,
increases

Replication of HIV-1,
Transmission of HIV-1 causal 4

EIF2AK2 decreased activity,
increased activity decreases Production of HIV-1, Replication of 

HIV-1 causal 3

GRK2 decreased activity decreases Infection by HIV-1 causal 3

MAP3K11 decreased activity,
increased activity

decreases,
increases Infection by HIV-1 causal 3

ZAP70 decreased activity decreases,
increases

Delay in replication of HIV-1, Entrance 
of HIV-1, Transmission of HIV-1 causal 3

BLK decreased activity decreases Infection by HIV-1 causal 2

BMP2K decreased activity decreases Infection by HIV-1 causal 2

CHUK increased activity increases Binding of HIV-1 causal 2

COASY decreased activity decreases Infection by HIV-1 causal 2

DCAF1 decreased activity,
increased activity

decreases,
increases Infection by HIV-1 causal 2

EXOSC10 decreased activity decreases Infection by HIV-1 causal 2

FYN decreased activity decreases Binding of HIV-1, Production of HIV-1 causal 2

IKBKG decreased activity,
increased activity

Decreases,
increases Infection by HIV-1 causal 2

JAK1 decreased activity decreases Infection by HIV-1 causal 2

LIMK2 decreased activity decreases Infection by HIV-1 causal 2

MPP2 decreased activity decreases Infection by HIV-1 causal 2

PANK1 decreased activity,
increased activity

decreases,
increases Infection by HIV-1 causal 2

PFKL decreased activity decreases Infection by HIV-1 causal 2

PFKM decreased activity decreases Infection by HIV-1 causal 2

PIKFYVE decreased activity, 
increased activity

affects,
decreases Replication of HIV causal 2

PIP5K1C decreased activity, 
increased activity

decreases,
increases Infection by HIV-1 causal 2

PLK1 decreased activity decreases Infection by HIV-1 causal 2

PRKAA1 decreased activity decreases Infection by HIV-1 causal 2
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Symbol Molecule Activity Effect on Disease 
or Function Disease or Function Causal or 

Correlated Findings

PRKCA decreased activity decreases Binding of HIV-1, Production of HIV-1 causal 2

PRKCH decreased activity decreases Infection by HIV-1 causal 2

WNK1 decreased activity decreases Infection by HIV-1 causal 2

BCR decreased activity decreases Infection by HIV-1 causal 1

BRDT decreased activity decreases Infection by HIV-1 causal 1

CAMK1D decreased activity decreases Infection by HIV-1 causal 1

CAMKK2 decreased activity decreases Infection by HIV-1 causal 1

CCT2 decreased activity decreases Infection by HIV-1 causal 1

CIB2 decreased activity decreases Infection by HIV-1 causal 1

CRIM1 decreased activity decreases Infection by HIV-1 causal 1

DAPK2 decreased activity decreases Infection by HIV-1 causal 1

DLG1 increased activity affects Replication of HIV-1 causal 1

DMPK increased activity decreases Viral release of HIV-1 causal 1

DYRK1A unknown change in 
activity affects Replication of HIV-1 causal 1

EGFR decreased activity decreases Infection by HIV-1 causal 1

ERN2 decreased activity decreases Infection by HIV-1 causal 1

GCK decreased activity decreases Infection by HIV-1 causal 1

ITPKA decreased activity decreases Infection by HIV-1 causal 1

LCK increased activity increases Replication of HIV-1 causal 1

LIMK1 decreased activity decreases Viral entry by HIV-1 causal 1

MAP3K14 decreased activity decreases Infection by HIV-1 causal 1

MAP3K7 decreased activity decreases Infection by HIV-1 causal 1

MAP3K9 decreased activity decreases Infection by HIV-1 causal 1

MOS decreased activity decreases Infection by HIV-1 causal 1

MTOR decreased activity affects HIV infection correlation 1

MYLK increased activity affects HIV encephalopathy correlation 1

NEK9 decreased activity decreases Infection by HIV-1 causal 1

NRBP1 decreased activity decreases Infection by HIV-1 causal 1

PAK3 decreased activity decreases Infection by HIV-1 causal 1

PANK3 decreased activity decreases Infection by HIV-1 causal 1

PCK1 decreased activity decreases Infection by HIV-1 causal 1

PI4KA decreased activity decreases Infection by HIV-1 causal 1

PKN2 decreased activity decreases Infection by HIV-1 causal 1

PRKX decreased activity decreases Infection by HIV-1 causal 1

PTK2B decreased activity decreases Replication of HIV-1 causal 1

RPS6KA3 decreased activity decreases Infection by HIV-1 causal 1

SIK1/SIK1B decreased activity decreases Infection by HIV-1 causal 1

SRPK3 decreased activity decreases Infection by HIV-1 causal 1

TAOK1 decreased activity decreases Infection by HIV-1 causal 1

TNK1 decreased activity decreases Infection by HIV-1 causal 1

TWF1 decreased activity decreases Infection by HIV-1 causal 1
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Table 2.

Association between HIV proteins and host cell kinases.

HIV Protein Functions in Virus Lifecycle Host Cell Kinase Interactions

Nef

• Downregulates CD4 receptor expression

• NF-κB Activation

• T-Cell Activation

• Increase Tat expression

• CCNK

• HCK

• PAK1

Tat

• NF-κB dependent HIV −1 LTR activation

• Necessary for Replication
• RAF 1

Vif

• Replication in Lymphocytes and Macrophages

• Inactivation of cytidine deaminases
• HCK
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