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Abstract 
 

Sink or Swim: 
Mechanisms of dNTP Pool Elevation by Lentiviruses and Cancer 

 
By Nicole E. Bowen 

 
The sole utility of deoxynucleoside triphosphates (dNTPs) is to serve as substrates for DNA 

polymerase during DNA synthesis. Correspondingly, dNTP concentrations elevate at the G1/S 
phase transition to accommodate novel DNA synthesis. In contrast, non-dividing quiescent cells 
that lack chromosomal replication harbor consistently low dNTP pools. Appropriate intracellular 
dNTP levels are maintained by a delicate balance of de novo and salvage biosynthetic pathways 
and hydrolysis by dNTPase, SAMHD1. Importantly, the regulation of these pathways is tied 
closely to the cell cycle. Proper maintenance of dNTP levels is essential to the health of a host as 
abnormal dNTP levels can contribute to decreased polymerase fidelity and mutation synthesis. 
Lentiviruses infecting non-diving cells and fast-replicating cancer cells are faced with the barrier 
of insufficient dNTP pools for copying their genomes. To address this, lentiviruses such as HIV-2 
and some SIVs code for Viral protein X (Vpx), which targets host SAMHD1 for proteasomal 
degradation and elevates intracellular dNTP levels. Similarly, cancer cells elevate dNTP levels 6-
11-fold and this alteration in metabolism has been suggested as a hallmark of cancer. Therefore, 
SAMHD1 counteracting lentiviruses and cancer cells both elevate intracellular dNTP pools during 
the course of their pathogenesis. In this work, I first explore necessary determinants for Vpx-
mediated dNTP elevation in non-diving cells. Here, I uncover active dNTP biosynthesis in primary 
non-dividing macrophages. I then find that Vpx-mediated dNTP elevation and rescue of infection 
in non-dividing cells after SAMHD1 depletion is dependent on this ongoing dNTP biosynthesis. 
In subsequent work, I identify cancer associated SAMHD1 mutants that have similar expression 
and stability profiles to wild type. I then used these mutants as tools to probe which functions of 
SAMHD1 may contribute to cancer phenotypes. Here, I find only dNTPase activity has been 
altered by these mutations, suggesting cancer-associated mutations in SAMHD1 can contribute to 
the elevated dNTP level characteristic of cancer cells. Together, this work provides mechanistic 
insights into the shared phenomenon of dNTP elevation during viral infection and oncogenesis.  
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1.1 Intracellular dNTP pool maintenance. 

 

Deoxynucleoside triphosphates (dNTPs) consist of a deoxyribose sugar bound to a 

triphosphate group at the 5′-hydroxyl and a nitrogenous base at the 1’-carbon1, 2. There are four 

canonical variations of nitrogenous bases making the canonical dNTPs deoxyadenosine 

triphosphate (dATP), deoxythymidine triphosphate (dTTP), deoxycytidine triphosphate (dCTP), 

and deoxyguanosine triphosphate (dGTP)1, 2. The sole utility of intracellular dNTPs is to serve as 

substrates for DNA polymerase during DNA synthesis2. As such, dNTP concentrations elevate at 

the G1/S phase transition to accommodate the DNA synthesis characteristic of S phase3, 4. In 

contrast, non-dividing quiescent cells harbor consistently low dNTP pools4, 5. In both situations, 

dNTP levels are maintained by a delicate balance of biosynthetic and degradation pathways, the 

regulation of which is tied closely to phases of the cell cycle.  

There are two distinct pathways that synthesize dNTPs, the de novo synthesis pathway and the 

salvage pathway. The de novo synthesis pathway generates dNTPs from nucleoside diphosphates 

(NDPs) whereas the salvage pathway repurposes deoxyribonucleosides (dNs) from sources such 

as DNA degradation of apoptotic cells into dNTPs6, 7. A key enzyme in the de novo synthesis 

pathway is ribonucleotide reductase (RNR), which catalyzes the rate limiting step of reducing the 

2’ hydroxyl group on the sugar moiety of nucleoside diphosphate (NDP) substrates8. RNR consists 

of a heterodimeric tetramer of two distinct subunits, RNR M1 and RNR M29. M1, the large subunit, 

binds the substrate and contains allosteric regulation sites10, 11. M2 generates a tyrosyl radical that 

is transferred to M1 and used in the reduction of NDP substrate10, 11.  The activity of this enzyme 

is highly regulated by allosteric activation 12, cell cycle dependent expression 13-15, subcellular 

localization16, and by DNA damage checkpoints 17. This pathway is also dependent on nucleotide 
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diphosphate kinase (NDPK), which phosphorylates the resulting dNDP to form the final dNTP 

product. The salvage pathway is primarily composed of kinases, such as thymidine kinase 1 (TK1), 

that can mediate the transfer of phosphates to the dN substrate to generate dNTPs. Notably, several 

enzymes involved in dNTP biosynthesis are upregulated during S phase to accommodate the dNTP 

needs of DNA synthesis13, 18. 

Working in opposition to these dNTP synthesis pathways is sterile alpha motif and histidine-

aspartate domain containing protein 1 (SAMHD1)19. SAMHD1 is a triphosphohydrolase that 

catalyzes the hydrolysis of cellular dNTPs into their dN and triphosphate components20. Notably, 

the enzymatic activity of SAMHD1 establishes low dNTP pools in non-dividing cells such as 

macrophages21-23. SAMHD1 has 626 residues is composed of three structural domains (1) an N-

terminal nuclear localization tag (11KRPR14)24-26 followed by a SAM domain27, (2) an HD domain 

that houses the conserved histidine- aspartate residues that are critical for phosphohydrolase 

activity27, 28, and (3) a C-terminal regulatory domain containing the T592 residue and two cyclin-

binding motifs (451RXL453 and 620LF621) which are critical for regulation by the cell cycle29-31. 

SAMHD1 expression is consistent throughout the cell cycle making post-translational 

modifications a critical regulator of the enzyme’s function32.  

 

1.2 Retroviruses. 

The Retroviridae family are enveloped viruses with two copies of a positive-sense, single-

stranded RNA genome33. A defining characteristic of retroviruses is the reverse transcriptase (RT) 

enzyme, which catalyzes the synthesis of DNA from the viral RNA genome34, 35. This generates a 

DNA intermediate during the viral life cycle that will integrate into the host genome33. From here, 

the integrated provirus relies on host DNA-dependent RNA polymerase II and translation 
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machinery to produce the next generation of viruses33. Lentiviruses are a genus of the Retroviral 

family known for their long incubation periods. Human immunodeficiency virus 1 (HIV-1), the 

causative agent of acquired immunodeficiency syndrome, belongs to the lentivirus genus36, 37. 

Other viruses in the lentivirus genus include HIV-2, which makes up a very small portion of the 

HIV epidemic38, and SIVs, which are closely related to HIVs and infect a variety of monkey 

species39. Lentiviruses are unique among the retrovirus family as they can infect both dividing 

(activated CD4+ T-cells) and non-dividing cell types (terminally differentiated macrophages and 

resting CD4+ T-cells)40. 

 

1.3 Regulation of cellular dNTP pools is a major determinant of HIV-1 replication kinetics 

in target cells. 

Retroviruses must utilize intracellular dNTPs in order for reverse transcriptase to generate 

proviral DNA from their RNA genome in infected cells. Dividing cells regularly synthesize new 

DNA during mitotic S phase and therefore need more abundant dNTP concentrations. In fact, 

dNTP concentrations are ~200 times higher in activated CD4+ T cells (1–16 μM) than in 

macrophages (20–40 nM)5, 41. This dNTP concentration disparity is attributed to the high activity 

of host SAMHD1 in non-dividing macrophages.22 The concentration of dNTPs in macrophages is 

below the Km of RT, resulting in slowed replication kinetics and restriction by SAMHD142. For 

this reason, viral DNA synthesis during infection of activated T-cells occurs in 12-16 hours 

whereas it takes up to 36 hours during macrophage infection 43. This kinetic difference results in 

robust HIV-1 replication and rapid cell death of infected activated CD4+ T-cells while infected 

myeloid cells are long-lived and persistently produce low levels of the virus44-47. Accordingly, 

after CD4+ T cell depletion in vivo the infection is sustained by long-lived infected macrophages 
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marking them as an important component of the HIV-1 reservoir45, 48. Thus, differences in viral 

replication kinetics established by SAMHD1 and differential dNTP pools has a clear impact on 

the generation and maintenance of HIV-1 infection and reservoir. 

 

1.4 Regulation of SAMHD1. 

 

SAMHD1 has several layers of post-translational modifications that regulate it’s dNTPase 

activity. First, SAMHD1 undergoes allosteric activation to form the enzymatically active 

tetramer49, 50. Each monomer contains a catalytic site and two allosteric sites, A1 and A251. For 

activation, allosteric site 1 (A1) binds either dGTP or GTP to form the inactive dimer52, 53. As GTP 

is more abundant in the low dNTP pool environment of macrophages, GTP serves as the primary 

activator in vivo54. The A2 site can accommodate any dNTP, however the larger purine bases create 

more stable base-stacking interactions within the pocket and are therefore preferred in the order of 

dATP>dGTP>dTTP>dCTP55. Occupation of  dNTPs in the A2 sites will stabilize the dimerization 

of dimers to form the tetramer structure52. In the active state, a Mg2+ion bridges the phosphate 

groups of the dGTP/GTP of A1 and the dNTP of A252, 56. Interestingly, it has been suggested that 

the stable tetramer can be maintained long after dNTP pools have been reduced to a level that 

would lead to inactivation (~10 µM)57-59. This property is likely essential for SAMHD1 activity in 

the low dNTP pool environment of non-dividing cells5. 

The catalytic site is able to accommodate any dNTP, as there is no specific interaction 

between the residues in the catalytic pocket and the base of the dNTP51. Instead, this interaction is 

mediated by a water network51. One implication of this promiscuity of the catalytic pocket is that 

SAMHD can hydrolyze dNTP analogues such as ddNTPs, base modified dNTPs, and cytarabine 
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(ara-C)54, 60-62. However, SAMHD1 cannot accommodate the 2’ hydroxyl group of rNTPs54 or 

significantly hydrolyze nucleoside reverse transcriptase inhibitors (NRTIs)63, 64. Recently, it has 

been proposed that the catalytic site of SAMHD1 contains a bi-metallic Fe–Mg center65, similar 

to the HD domains of other proteins66-68. In their structural analysis, these two metals are bridged 

by a water molecule, which dissociates to form a hydroxide ion and performs an in-line 

nucleophilic attack on the alpha phosphate group of the substrate dNTP ( Pα ) 65.  

The most extensively studied SAMHD1 post-translational modification is the cyclin 

dependent kinase 1/ cyclin dependent kinase 2 (CDK1/CDK2) and cyclinA2 mediated 

phosphorylation of residue T59229, 30, 69, 70. This interaction is mediated by the two cyclin binding 

domains of SAMHD130, 31 and corresponds with an increase in dNTPs before S phase31, 71. In non-

dividing macrophages, this phosphorylation event is regulated by Raf-MEK-ERK pathway 

activity, which includes the Raf serine/threonine kinase, the MAPK/ERK kinase (MEK), and the 

extracellular signal-regulated kinase (ERK) 72. pSAMHD1 is dephosphorylated by the protein 

phosphatase PP2A-B55α holoenzyme during mitotic exit32. Molecular dynamics simulations 

indicate that the allosteric signal from the surface exposed T592 phosphorylation event are relayed 

to the core of the protein through critical residues N452−K45573. The results of this signal remain 

controversial. Some groups have found that pSAMHD1 destabilizes the tetramer and results in 

decreased triphosphohydrolase activity56, 59, 74-76. However, there are conflicting reports that the 

dNTPase activity and tetramer stability of pSAMHD1 is comparable to SAMHD169, 77-80. While 

phosphorylation may not regulate dNTPase activity, it appears to regulate HIV-1 restriction as 

phosphomimic mutants lose restriction capabilities 78, 81. With this logic, one study found success 

at protecting macrophages from HIV-1 infection using treatments to reduce SAMHD1 

phosphorylation82. Most recently, it has been proposed that phosphorylation modulates SAMHD1 
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tetramer dynamics, allowing for ssDNA binding at the dimer-dimer interface, thus abrogating 

dNTPase activity specifically in cellular locations high in ssDNA83. Excitingly, this has the 

potential to bridge earlier contradictory findings and eliminate a central paradox in the field.  

SAMHD1 can be acetylated at residue K405 by arrest-defective protein 1 (ARD) 84. This 

post-translational modification is seen at its highest in G1 phase and results in increased dNTPase 

activity84. Increased acetylation during G1 phase may explain how SAMHD1 is able to lower 

dNTP pools to satisfy the G1 checkpoint and progress to S phase19, 85. Additionally, SAMHD1 

undergoes SUMOylation at residue K59586. This modification is dependent on both the SUMO-

consensus motif (592TPQK595) at the site of SUMOylation and a proximal SUMO-interacting motif 

(SIM) (488LLDV501) which can contribute to the recruitment of SUMOylation machinery86, 87. 

Inactivation of the SUMO consensus motif or the SIM suppresses HIV-1 restriction but does not 

impair dNTPase activity86. Interestingly, this was seen even when the T592 residue was 

dephosphorylated and SAMHD1 was expected to be antivirally active, which highlights the 

complexity of SAMHD1 antiviral regulation86. 

Finally, SAMHD1 can be regulated by reversible oxidation of three surface-exposed 

cysteine residues C341, C350, and C522. Although C522 has been shown to have the highest redox 

activity, several X-ray crystallography studies of SAMHD1 observe the formation of a C341-C350 

disulfide bond20, 49, 55, 88. The Hollis group found that C522 acts as a primary sensor of redox signals 

and can form a disulfide bond with C341 or C350 that destabilizes tetramerization and abolishes 

dNTPase activity89. They also found that SAMHD1 is oxidized in cells in response to proliferation 

signals, which would allow for the accumulation of dNTPs89. Mutants C341A and C350A showed 

decreased tetramerization and dNTPase activity whereas C522A displayed phenotypes 

comparable to wild type89. The Ivanov group obtained similar biochemical results with serine 
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mutants, but observed wild type dNTP depletion activity in vivo for all mutants90. Interestingly, 

the C522S and C341S mutations lose retroviral restriction, whereas the C350S is indistinguishable 

from the WT protein90. Like the T592 phosphorylation, these data show a discrepancy between 

dNTPase activity, dNTP depletion, and HIV restriction. This story is further complicated by 

molecular dynamic simulations from the Bhattacharya group that indicate C341S and C522S 

mutations cause drastic disruptions to the allosteric signaling network that extend to the catalytic 

site91. More recently, their in silico studies have suggested a role for these redox reactions in 

driving affinities for allosteric regulators, thereby fine-tuning the enzyme rather than turning it off 

or on92. The Hollis group recently proposed that phosphorylation of SAMHD1 causes a higher 

proportion of the enzyme to localize to the nucleus, thereby protecting it from oxidization93. 

Certainly, the regulation of SAMHD1 activity involved a tight interplay between nucleic acid 

binding, post-translational modifications, and redox action.  

 

1.5 HIV-1 restriction by human SAMHD1. 

 

 SAMHD1 dNTPase activity has the capacity to restrict HIV-1 at several steps in the viral 

life cycle. The low dNTP pool environment of macrophages established by SAMHD1 suppresses 

both RNA and DNA dependent proviral DNA synthesis of HIV-15. In these conditions RT displays 

an increased strand transfer frequency and is more reliant upon the central polypurine tract to 

complete proviral DNA synthesis94-96. Additionally, these low dNTP conditions result in a 4-80 

fold disparity between the rNTP/dNTP concentration ratio in macrophages compared to activated 

T-cells41. This disparity drives an increase in ribonucleoside triphosphate (rNTP) and rNTP chain 

terminator incorporation during RT mediated-DNA synthesis in macrophages41, 97. The presence 
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of an rNMP in the DNA template induces RT pausing which can result in mutation synthesis51. 

While enzymes such as RNase H2 are usually able to repair rNMP misincorporations, RNase H2 

activity is lower in macrophages than in dividing cells 97. Furthermore, the RNase H2 repair 

process requires DNA gap repair which is dependent upon dNTPs and is therefore kinetically 

limited in non-dividing cells 98. This also restricts HIV-1 at the integration step, as host DNA 

polymerases need cellular dNTPs to repair the gap between single-stranded host DNA and partially 

integrated viral DNA98, 99. Finally, the SAMHD1 mediated low dNTP pools of macrophages 

restricts endogenous reverse transcription (ERT), where partial reverse transcription occurs within 

cell-free viral particles utilizing co-packaged dNTPs 100. HIV-1 virions produced by non-dividing 

cells harbor less dNTPs, consequently limiting ERT activity 100. Notably, SAMHD1 is able to 

suppress HIV-1 LTR driven gene expression in dividing cells and both the phosphorylation mutant 

(T592A) and catalytic site mutant lose this ability101. Although, this effect is more likely to be due 

to changes in nucleic acid binding ability than dNTPase activity, as dNTP levels are already high 

in these dividing cells101. Furthermore, the nucleic acid binding ability of SAMHD1 has recently 

been implicated in retroviral restriction102.  

 

1.6 Viral Protein X (Vpx) counteracts lentiviral restriction by SAMHD1.  

 

HIV-2 and some SIVs can replicate rapidly even in the macrophage environment because 

they encode a viral accessory protein called viral protein X (Vpx), which is able to target SAMHD1 

for proteasomal degradation21, 103-105. Vpx does this by binding to E3-ligase substrate adaptor, 

CUL4-associated factor 1(DCAF 1), which creates a new surface that can recognize SAMHD1106. 

This in turn complexes with DDB1, cullin 4, and ROC1/RBX1 followed by an E2 ligase in order 
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ubiquitinate SAMHD1 and target it for the proteasome21, 103, 106-110. This targeting of SAMHD1 by 

Vpx for proteasomal degradation occurs in the cell nucleus 24-26. The transient degradation of 

SAMHD1 increases dNTP pools 10-fold in macrophages. As this is above the Km of RT, the 

reverse transcription step occurs rapidly and the frequency at which noncanonical rNTPs are 

incorporated during proviral DNA synthesis is lower111. This relieves Vpx coding viruses of the 

various restrictions SAMHD1 poses, which allows SAMHD1 counteracting lentiviruses to 

replicate more efficiently in macrophages than SAMHD1 non-counteracting lentiviruses. Notably, 

Vpx originates from a gene dupplication of viral protein R (Vpr) in an ancestral lentivirus 112-114 

and therefore some Vpr proteins are able to target SAMHD1 for proteasomal degradation107, 115, 

116.  

 

1.7 Host and viral evolution due to the host-pathogen arms-race. 

 

  Restriction factors such as SAMHD1 are engaged in an evolutionary arms-race against the 

viruses they inhibit117, 118. Amino acids involved in the interaction between the restriction factor 

and its viral antagonist often display strong signatures of positive selection, where codons 

experience changes at a higher frequency than what would be expected by neutral drift119-121. In 

fact, old world monkey SAMHD1 displays a positive selection signature in the N-terminal domain 

whereas in new world monkey SAMHD1 displays a positive selection in the C-terminal domain115, 

122. This discrepancy is dictated by the various requirements Vpx/Vpr orthologs have evolved for 

SAMHD1 recognition and degradation123. This evolutionary arms-race between SAMHD1 and 

lentiviruses has also impacted the evolution of reverse transcriptase (RT). Indeed, RTs from 

lentiviruses that cannot counteract SAMHD1 (such as HIV-1) more efficiently polymerize DNA 
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in macrophage conditions than RTs from lentiviruses that do counteract SAMHD1 (such as HIV-

2)42, 124. RT’s from SAMHD1 non-counteracting viruses are more efficient because they have 

evolved to more rapidly execute the conformational change step (kconf) during the incorporation of 

a dNTP125. This increased efficiency allows the virus to by-pass SAMHD1 restriction and replicate 

in the low dNTP pool conditions of macrophages 125. Furthermore, RTs from SIVmac239 Vpx- 

infections acquire numerous amino acid mutations that result in enhanced RT kinetics when 

compared to RTs from SIVmac239 Vpx + infections126. This  suggests that the loss of Vpx during 

an in vivo SIVmac239 infection can drive RT variations to counteract the limited availability of 

dNTPs in macrophages126. 

 

1.8 SAMHD1 and the restriction of other retroviruses.  

 

Like primate lentiviruses, ancestral lentiviruses such as equine infectious anemia virus 

(EIAV) and feline immunodeficiency virus (FIV), are restricted by SAMHD1 in myeloid cells127, 

128. However, EIAV and FIV infections do not target their respective SAMHD1 proteins for 

degradation, despite Vpx from SIVmac239 being able to effectively target eSAMHD1 and 

fSAMHD1 for degradation127, 128. This would suggest that primate lentiviruses have evolved to 

more efficiently counteract SAMHD1 than ancestral lentiviruses. The beta-retrovirus Mason 

Pfizer monkey virus (MPMV)128, Delta-retrovirus human T-lymphotropic virus (HTLV) 129, and 

Gamma-retrovirus murine leukemia virus (MLV) 27, 130, 131 are all restricted in macrophages by 

SAMHD1 dNTPase activity. However, MLV also experiences SAMHD1 independent inhibition 

of viral DNA nuclear import in this cell type131. Alpha retrovirus Rous Sarcoma Virus (RSV) 

cannot infect macrophages, an effect which is not relieved by SAMHD1 knockout or Vpx 
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treatment128. Prototype foamy virus (PFV) is not inhibited by SAMHD1 in macrophages because 

reverse transcription occurs late in the PFV lifecycle, resulting in some mature virions possessing 

nearly complete vDNA128, 132-134.  

 

1.9 SAMHD1 modulates host innate immunity. 

 

Mutations in the SAMHD1 gene were first associated with Aicardi-Goutières Syndrome 

(AGS), a rare congenital neuropathy characterized by aberrant type 1 interferon (IFN) responses135, 

136. AGS patients develop hyperactivation of  the innate immune response in the absence of 

infection, which interferes with brain development and causes death at early ages135, 137. As 

proposed for other AGS-related proteins such as TREX1138-140, RNase H2141 and ADAR142, 

SAMHD1 mutations may interrupt cellular nucleic acid metabolism, which can allow native 

nucleic acids to accumulate and trigger the innate immune response through pattern recognition 

receptors (PRRs) 143. Another proposed mechanism for SAMHD1 mediated IFN downregulation 

suggests that the RNA and DNA binding properties of SAMHD1 may impede RIG-I/MDA5 and 

cGAS/STING mediated sensing of nucleic acids102, 144-148. Additionally, SAMHD1 has been 

observed to directly downregulate the innate immune response by reducing the phosphorylation of 

the NF-κB inhibitory protein, IκBα, and reducing inhibitor-κB kinase ε (IKKε) mediated IRF7 

phosphorylation, thus inhibiting NF-κB and IRF7 activation 149. In non-diving cells this 

downregulation appears to be dependent on the dNTPase activity of SAMHD1, however the effect 

is dNTPase independent in dividing cells149, 150. Further studies have demonstrated that SAMHD1 

mediated NF-κB inhibition occurs through the TRAF6-TAK1 axis151. 
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The ability of a virus to evade the innate immune response is critical to establishing a 

productive infection. A recent review highlights the many strategies HIV-1 employs to subvert the 

innate immune response, including counteracting restriction factors, disrupting signal pathway 

transduction, and masking pattern- associated molecular patterns (PAMPS)152. Some studies have 

proposed that the restricted replication kinetics of HIV-1 in macrophages falls below the threshold 

that would trigger an interferon response49, 52. This would suggest an evolutionarily favorable 

reason for HIV-1 to have lost the Vpx gene and the ability to counteract SAMHD1153. Interestingly, 

as SAMHD1 suppresses innate immune response 137, 143, 148, viruses such as SARS-CoV-2 are 

restricted in Vpx treated cells or SAMHD1 knock-out cells due to the hyperactivated IFN 

environment154. How Vpx-coding lentiviruses overcome this effect is under investigation. Some 

studies have observed that Vpx itself is able to suppress the innate immune antiviral response in 

monocyte derived macrophages and monocytic cell lines 155, 156. One proposed mechanism is that 

Vpx is able to bind to the p65 subunit of NF-κB in order to suppress NF-κB activation156. This 

antagonism was conserved amongst Vpx proteins from distantly related lentiviruses and Vpr from 

SIVmon, which has SAMHD1-degradation activity156. This study is especially enticing 

considering one suggested mechanism for SAMHD1 mediated immune suppression is at the NF-

κB activation level150, 157. Conversely, another study observed that Vpx elevated the innate immune 

response in macrophages independently of SAMHD1158. Understanding how SAMHD1 

counteracting lentiviruses suppress or evade the hyperactive immune response triggered by 

SAMHD1 degradation is an ongoing effort and likely involves a network of mechanisms.   

 

1.10 The role of SAMHD1 in DNA damage repair and cell cycle. 

 



 14 

 

SAMHD1 also has other functions in the cell such as involvement in DNA repair, where it 

localizes to sites of DNA damage 159, 160. During homologous recombination to repair double strand 

DNA breaks SAMHD1 interacts with CtIP in a dNTPase independent manner to stimulate the 

endonuclease activity of Mre11 and begin end resection159. Additionally, SAMHD1 deacetylation 

by SIRT1 promotes ssDNA binding at sites of dsDNA breaks161. Similarly, SAMHD1 promotes 

the degradation of nascent DNA at stalled replication forks by stimulating Mre11 activity162. 

Without SAMHD1, single strand DNA fragments accumulate in the cytosol and trigger the innate 

immune response162. Additionally, SAMHD1 partakes in non-homologous end-joining to repair 

double strand DNA breaks163. Here, the dNTPase activity of SAMHD1 degrades dNTP pools 

thereby limiting aberrant DNA resynthesis during DNA end joining163. This function has been 

shown to be important for DNA repair during antibody class switch recombination in B-cells164. 

Finally, SAMHD1 limits the accumulation harmful DNA:RNA hybrids called R loops at sites of 

transcription-replication conflicts where DNA replication machinery collides with the RNA 

polymerase165. As these R loops can cause replication fork stalling, this is one mechanism by which 

SAMHD1 protects against DNA damage165.  

SAMHD1 is also involved in cell cycle progression as SAMHD1 knockout cells 

accumulate in G1 phase of the cell cycle 85, 166, 167. Additional features of these cells, such as 

proliferatory effects, depends on cell type. For example, SAMHD1 knock out in fibroblasts causes 

a senescent phenotype166, 167, while SAMHD1 knockout in THP-1 cells results in increased 

proliferation and reduced apoptosis85, 168. However, overexpression of SAMHD1 consistently 

reduces cell proliferation, likely because of insufficient dNTP concentrations to synthesize DNA 

for replication169-171.  
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1.11 SAMHD1 in cancer 

 

It is essential for cells to regulate dNTP pools such that sufficient and balanced pools exist 

for DNA replication. Irregular or imbalanced dNTP pools result in lowered replication fidelity and 

an increase in mutation synthesis172-175. For example, alterations in RNR that inhibit its negative 

regulation results in a mutator phenotype176, 177. Such high or imbalanced dNTP pools increase 

mutagenesis by increasing the probability of a misincorporation event178 and by increasing 

mismatch extension, a phenomenon known as next-nucleotide effect179. Aberrant dNTP pools can 

therefore contribute to mutation synthesis and sustain the uncontrolled/rapid cell division and 

higher cell population at S phase of cancer cells85. In fact, elevated dNTP pools serve as a 

biochemical marker for cancer cells as they harbor 6-to 11-fold higher dNTP levels than normal 

cells180. Interestingly, SAMHD1 mutations have been identified in a variety of cancers, including 

leukemias160, 181-184, lymphomas185-187, lung cancer171, and colon cancer188-190. SAMHD1 cancer-

associated mutations are found throughout the entire protein and most cause reduced SAMHD1 

protein levels, likely due to issues with protein stability 160, 191. In some instances, such as 

cutaneous T-cell lymphoma (CTCL) and T-cell acute lymphoblastic leukemia (T-ALL), 

downregulation of SAMHD1 expression is driven by promoter methylation instead of 

mutations185, 192. However, which function of SAMHD1 when downregulated contributes to a 

cancer phenotype remains unknown.191 Cancer cells without SAMHD1 are susceptible to the 

cytotoxic effects of nucleotide accumulation or imbalance193, 194. Therefore, it has been suggested 

that PNP inhibitors such as forodesine which allow for the accumulation of dGTP, can be used to 

specifically target cancer cells lacking SAMHD1 function193, 194. 
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Conversely, SAMHD1 expression can interfere with the anti-cancer efficacy of the 

triphosphorylated forms of some anti-cancer nucleoside analogues due to the enzyme’s ability to 

hydrolyze these compounds 60, 63, 195, 196. SAMHD1 expression has been shown to regulate the 

response of cancer cells to cytarabine (ara-C)62, 197, arabinosylguanine (AraG) 192, and 2′-C-cyano-

2′-deoxy-1-β-D-arabino-pentofuranosyl-cytosine (CNDAC) 198. Additionally, SAMHD1 can 

inactivate the hypomethylating agent, decitabine. 199  

In the clinic, SAMHD1 is known to play a role in Ara-C response in acute myeloid 

leukemia (AML) patients62. Moreover, SAMHD1 expression is highly upregulated in AML 

patients with Ara-C resistance61, 62 and several single nucleotide polymorphisms that predict the 

response of an AML patient to Ara-C have been identified200. Similarly, in chronic lymphocytic 

leukemia, refractory patients on average have a higher rate of SAMHD1 mutations160 and 

SAMHD1 expression has been found to be a negative prognostic biomarker for Hodgkin 

lymphoma201. However, SAMHD1 has not been found to correlate with clinical outcomes in 

mantle-cell lymphoma (MCL) patients, where Ara-C is usually given in combination with other 

therapeutics187, 202. Several suggestions have been made to target SAMHD1 in order to improve 

nucleoside based anti-cancer therapies including: treatment with Vpx to degrade SAMHD161 and 

treatment with RNR inhibitors to induce dNTP pool imbalances and impede SAMHD1 allosteric 

activation 203. Recently, it was found that NONO, a protein involved in DNA damage response, is 

overexpressed in Ara-C resistant cells and protects SAMHD1 from degradation, revealing a novel 

therapeutic target for resistance 204.  

 

1.12 Framework and overview of the dissertation. 
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Proper maintenance of dNTP levels is essential to the health of a host. However, both 

lentiviruses in a non-dividing cell environment and  fast-replicating cancer cells are faced with the 

barrier of insufficient dNTP pools for copying their genomes. To address this, HIV-1 has evolved 

a more efficient RT to synthesize DNA with the low amount of dNTPs available in a non-dividing 

cell42, 125. More common amongst primate lentiviruses, though, is the use of accessory proteins 

Vpx or Vpr to degrade host SAMHD1 and elevate intracellular dNTP levels21, 103. Similarly, cancer 

cells are known to elevate dNTP levels 6-11-fold and this alteration in metabolism has been 

suggested as a hallmark of cancer180. For this reason, several cancer therapies used in the clinic 

target this altered nucleotide metabolism205. Therefore, SAMHD1 counteracting lentiviruses and 

cancer cells both elevate intracellular dNTP pools during the course of their pathogenesis. This 

dissertation seeks to provide mechanistic insights into this shared phenomenon.  

In Chapter 2, I explore what determinants are necessary for successful dNTP pool elevation 

in macrophages upon Vpx treatment.  It is well established that Vpx targets SAMHD1 for E3 

ubiquitin mediated proteasomal degradation in macrophages, resulting in increased dNTP pools21, 

103, 108. However, it has been presumed that macrophages do not maintain dNTP biosynthesis 

capabilities due to the lack of chromosomal replication and low dNTP pools found in this cell 

type5. Thus, it was unclear how dNTP pools could be elevated in macrophages upon SAMHD1 

depletion without active dNTP biosynthesis. Notably, we have previously published that treating 

macrophages with inhibitors of RNR, a dNTP biosynthesis enzyme, abrogated the effect of Vpx 

on dNTP levels22. This finding would suggest the presence of dNTP biosynthesis in macrophages 

and the importance of RNR for Vpx-mediated dNTP elevation. In this work, I monitored known 

dNTP biosynthesis enzymes during monocyte differentiation into monocyte derived macrophages 

(MDMs). Here I find that dNTP biosynthesis machinery is present in MDMs and is absent in 
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monocytes. Additionally, I report dNTP levels in monocytes are significantly lower than in MDMs 

and cannot be elevated by Vpx treatment. These extremely low dNTP concentrations found in 

monocytes impaired DNA synthesis by HIV-1 reverse transcriptase in a biochemical simulation. 

Furthermore, treatment of monocytes with VLPs containing Vpx failed to rescue the transduction 

efficiency of a HIV-1 GFP vector or elevate the copy number of reverse transcription products. 

Together, these data propose that Vpx is reliant upon the active dNTP biosynthesis present in 

macrophages to elevate dNTP levels and counteract SAMHD1.  

In Chapter 3, I seek to define a contribution of SAMHD1 mutations towards a cancer 

phenotype. While SAMHD1 mutations were first reported in AGS patients, there has recently been 

a series of SAMHD1 mutations identified in cancer samples137. Like AGS mutations, these cancer 

mutations were found throughout the gene and results in decreased SAMHD1 expression levels, 

indicative of major structural alterations81, 160. As SAMHD1 has many cellular functions, major 

structural issues would impact several SAMHD1 activities, making it difficult to pinpoint a single 

contribution towards a cancer phenotype. In this work, I identify the R366C/H mutation, found in 

two different cancer types, as having similar stability profiles to wild type SAMHD1. I then probed 

which functions this mutation interferes with and determine that only dNTPase activity is 

abrogated by this mutation. Furthermore, I demonstrate that, in primary CD4+ T-cells, Vpx-

mediated reduction in SAMHD1 protein level, which also reduces overall dNTP hydrolysis 

capacity, can induce the elevated dNTP levels commonly seen in cancer cells. Collectively, this 

work suggests that loss of dNTPase activity induced by SAMHD1 cancer mutations can 

mechanistically contribute to the elevated intracellular dNTP pools commonly observed in cancer 

cells. 
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Finally, in Chapter 4 I summarize the findings of this dissertation, discuss implications of 

these results for the field, and propose future directions for understanding mechanisms of dNTP 

pool alteration during pathogenesis.  
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2.1 Abstract  

 

Replication of HIV-1 in primary monocyte-derived macrophages (MDMs) is kinetically 

restricted at the reverse transcription step due to the low dNTP pool established by host dNTPase, 

SAM and HD domain containing protein 1 (SAMHD1). Lentiviruses such as HIV-2 and some 

SIVs counteract this restriction by coding for viral protein X (Vpx), which targets SAMHD1 for 

proteasomal degradation and elevates intracellular dNTP pools. However, it has been assumed that 

dNTP biosynthesis in terminally differentiated MDMs is absent due to the lack of chromosomal 

DNA synthesis and low dNTP concentrations observed in this cell type. Therefore, how dNTP 

pools increase to relieve restriction after Vpx degrades SAMHD1 in MDMs remains unclear. 

Notably, we have previously reported that treating MDMs with inhibitors of Ribonucleotide 

Reductase (RNR), a key de novo dNTP biosynthesis enzyme, eliminates the effect of Vpx on dNTP 

pools, supporting the possibility that nondividing MDMs may maintain active dNTP biosynthesis 

even in the absence of chromosomal DNA replication. In this study, we monitored known dNTP 

biosynthesis machinery during monocyte differentiation to MDMs using Western Blot and found 

MDMs actively express dNTP biosynthesis enzymes such as RNR, Thymidine Kinase 1 

Deoxycytidine Kinase, and Nucleoside-Diphosphate Kinase. During differentiation the expression 

levels of several biosynthesis enzymes are upregulated, while there is an increase in inactivating 

SAMHD1 phosphorylation. In contrast, SAMHD1 predominantly remains 

active/dephosphorylated in monocytes and several key dNTP biosynthesis enzymes are not 

expressed. Indeed, we observed significantly lower levels of dNTPs in monocytes compared to 

macrophages when measured using LC-MS/MS. Additionally, unlike MDMs, the treatment of 

monocytes with virus like particles (VLPs) containing Vpx resulted in SAMHD1 depletion but 
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failed to elevate dNTPs. These extremely low dNTP concentrations found in monocytes impaired 

DNA synthesis by HIV-1 reverse transcriptase in a biochemical simulation. Furthermore, 

treatment of monocytes with VLPs containing Vpx failed to rescue the transduction efficiency of 

a HIV-1 GFP vector. Collectively, the data from our study suggests that MDMs harbor active 

dNTP biosynthesis and Vpx requires this dNTP biosynthesis to rapidly elevate cellular dNTP 

levels to effectively counteract SAMHD1 and relieve the kinetic block to HIV-1 reverse 

transcription in MDMs. 

 

2.2 Introduction 

 

Deoxynucleoside triphosphates (dNTPs), the molecular precursors and building blocks of 

DNA, are metabolically regulated in all living cells. Dividing cells harbor high dNTP pools to 

support novel chromosomal DNA synthesis during S phase206, 207. Conversely, in nondividing 

cells, it is energetically favorable to maintain lower dNTP pools due to the lack of chromosomal 

DNA replication and dNTP consumption5. In fact, dNTP concentrations in non-

dividing/terminally differentiated macrophages (20–40 nM) are ~200 times lower than 

dividing/activated CD4+ T cells (1–16 μM)5, 41. The dNTP concentration difference between these 

two HIV-1 target cell types is a metabolic outcome of the tight regulation between dNTP synthesis 

and dNTP hydrolysis. Intracellular dNTPs are produced in the cell by two different metabolic 

pathways: the de novo dNTP biosynthesis pathway or the salvage pathway. In the de novo pathway, 

ribonucleoside diphosphates (rNDPs) are reduced by Ribonucleotide Reductase (RNR) to generate 

deoxyribonucleoside diphosphates (dNDPs), which are converted to dNTPs by Nucleoside-

Diphosphate Kinase (NDPK)9, 208, 209. In contrast, a series of cellular deoxynucleoside and 
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deoxynucleotide kinases such as Thymidine Kinase 1 (TK1)210, Deoxycytidine Kinase (DCK)6, 

and NDPK are responsible for mediating phosphorylation events to generate dNTPs from dNs in 

the salvage pathway. Many of these biosynthetic enzymes are upregulated at the G1/S phase 

transition to supply dNTPs for DNA replication13, 14, 18. On the other hand, cellular dNTPs can be 

hydrolyzed into dN and triphosphate subcomponents by a dNTPase, SAM and HD domain 

containing protein 1 (SAMHD1)20. SAMHD1 is inactivated by phosphorylation during the G1/S 

phase transition by CDK1/CyclinA2 to reduce SAMHD1 activity and allow for dNTPs to 

accumulate for DNA synthesis29, 31, 69, 83. SAMHD1 is then dephosphorylated at mitotic exit by 

phosphatase PP2A/B55α to reinstall dNTPase activity32. Importantly, SAMHD1 abundantly exists 

in non-dividing cells such as macrophages to maintain low dNTP levels. Overall, the balance of 

biosynthesis and hydrolysis to regulate intracellular dNTP pools is a necessity for cells. Failure to 

maintain the appropriate amount and balance of dNTPs is a hallmark of cancer cells 180, 211 and can 

support rapid DNA synthesis and mutagenesis85, 173-175.   

 Retroviruses utilize intracellular dNTPs during reverse transcription to generate a DNA 

copy of their RNA genome. Lentiviruses are a unique genus of this family as they replicate in both 

the high dNTP environment of dividing cells and the low dNTP environment of non-dividing 

cells5, 212. HIV-1 replicates rapidly in activated CD4+ T-cells, whereas viral replication is 

kinetically restricted in macrophages21. The low macrophage dNTP concentration established by 

host restriction factor, SAMHD1, falls below the Km of reverse transcriptase (RT) resulting in 

kinetically restricted reverse transcription5, 20-22, 42. Indeed, proviral DNA synthesis during HIV-1 

infection of activated CD4+ T-cells occurs in 12-16 hours whereas reverse transcription requires 

up to 36 hours during infection of macrophages43. However, HIV-2 and some SIVs can replicate 

rapidly even in macrophages due to their accessory protein, viral protein X (Vpx)104, 105. Indeed, 
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Vpx targets SAMHD1 for proteasomal degradation21, 103, 106, relieving restriction in macrophages 

by elevating the intracellular dNTP level above the Km of RT23, 42, 213.  

 Interestingly, previous studies have reported that RNR inhibitors such as gemcitabine213 

and hydroxyurea22 can limit Vpx-mediated dNTP pool elevation in macrophages.  These findings 

would surprisingly imply the presence of RNR, a dNTP biosynthesis enzyme, in these non-

dividing macrophages that lack chromosomal DNA replication. Extensive investigations on RNR 

have been made mainly in dividing cells, particularly cancer cells, and various RNR inhibitors are 

clinically available for anti-cancer treatments214. However, due to the low dNTP concentrations 

that we previously observed in macrophages, dNTP biosynthesis machinery has long been 

presumed to be unavailable in this nondividing cell type. Therefore, only the contribution of dNTP 

hydrolysis by SAMHD1 has been well characterized as a key mechanistic element of HIV-1 

restriction in macrophages.  

In this study, we first investigated the expression levels of several dNTP biosynthesis 

enzymes throughout differentiation of human primary monocytes into macrophages. Notably, we 

found dNTP biosynthesis enzymes present in macrophages and upregulated during the 

differentiation process. We also observed that monocytes harbor extremely low dNTP levels that 

cannot be elevated by Vpx due to the absence of dNTP biosynthesis machinery. Therefore, Vpx 

cannot rescue the block to HIV-1 reverse transcription in monocytes, which could contribute to 

the absence of productive lentivirus replication in monocytes. Collectively, our data support that 

Vpx-mediated dNTP elevation in macrophages is dependent on ongoing active dNTP biosynthesis 

machinery such as RNR.  

 

2.3 Results 
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2.3.1 Ribonucleotide reductase is expressed in monocyte-derived macrophages. 

 

dNTP biosynthesis, which is closely tied with cell cycling, cell division, and chromosomal 

DNA replication, has been presumed to be absent in nondividing cell types where DNA replication 

does not occur. Therefore, it remained unclear how Vpx can elevate cellular dNTP levels in 

terminally differentiated/nondividing macrophages where dNTP biosynthesis is supposed to be 

absent and chromosomal DNA replication permanently lacks. However, we previously reported 

that ribonucleotide reductase (RNR) inhibitors such as gemcitabine213 and hydroxyurea22 block 

Vpx-mediated dNTP elevation in human primary monocyte-derived macrophages (MDMs). This 

striking observation was also confirmed in this study (Figure 2.1A and 2.1B), where we show that 

hydroxyurea and gemcitabine can completely counteract the Vpx-mediated dNTP elevation in 

MDMs. Therefore, these data strongly support the possibility that the key de novo dNTP 

biosynthesis enzyme, RNR, is present and functional in human primary nondividing MDMs even 

though nondividing cells have been long presumed to lack active dNTP biosynthesis.  

Active RNR is a heterodimeric tetramer of two distinct subunits, RNR M1 and RNR M29. 

In dividing cells, M1 is expressed throughout the cell cycle, while M2 is expressed during S phase 

to allow dNTPs to accumulate for DNA synthesis13, 14. Therefore, to assess the expression of the 

functional RNR enzyme in macrophages, we differentiated human primary monocytes isolated and 

pooled from 5 healthy donors into macrophages using GM-CSF. We monitored the expression 

level of both RNR M1 and RNR M2 subunits at several time points during differentiation using 

Western Blot (Figure 2.1C). Inactive and activated CD4+ T-cells (by IL-2/PHA) isolated from the 

same donors were used as a positive cycling cell control and showed increased levels of RNR M1 
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and M2 subunits during the activation of cell cycling. Notably, we detected expression of both the 

RNR M1 and RNR M2 subunits at days 5 and 7 post GM-CSF treatment where the cells are 

attached and fully differentiated into macrophages. However, little to no M1 and M2 subunits were 

detected in freshly isolated human monocytes (Day 0). Therefore, these data suggests that even 

though both monocytes and differentiated macrophages are nondividing cells, only MDMs express 

RNR. Furthermore, these data support the possibility that Vpx-mediated dNTP elevation in MDMs 

requires active biosynthesis such as RNR. 

 

2.3.2 Macrophages, but not monocytes, express dNTP biosynthesis enzymes from the de novo and 

salvage pathways. 

 

Given terminally differentiated macrophages express the dNTP biosynthesis enzyme RNR, 

we next sought to assess the expression levels of other dNTP biosynthesis enzymes during 

monocyte differentiation to macrophages. For this, we collected lysates at several time points 

during primary monocyte differentiation to macrophages by GM-CSF and probed for dNTP 

biosynthesis enzymes using Western Blot (Figure 2.2). Here, we observed that TK1 and dCK, 

kinases involved in the dNTP salvage pathway, are both expressed in macrophages at higher levels, 

compared to monocytes (Figure 2.2A, 2.2B). NDPK, which is utilized in a final phosphorylation 

step to generate dNTPs by both the salvage pathway and the de novo biosynthesis pathway209, is 

also expressed in both monocytes and macrophages (Figure 2.2C). TK1 expression, similar to 

RNR, is not present in monocytes and is significantly upregulated during differentiation into 

macrophages (Figure 2.2A), whereas the dCK level only slightly increased during the 

differentiation (Figure 2.2B).   These data propose active dNTP biosynthesis in macrophages even 
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though overall dNTP levels in this cell type are low. Monocytes, on the other hand, are missing 

key enzymes from both the de novo and salvage pathways such as RNR and TK1.  

 

2.3.3 SAMHD1 in monocytes predominantly remains active/dephosphorylated, but SAMHD1 

phosphorylation increases during differentiation to macrophages.  

 

dNTP biosynthesis is counterbalanced by dNTP hydrolysis by host SAMHD120, 22. The 

dNTPase activity of SAMHD1 is primarily regulated in dividing cells by phosphorylation at the 

C-T T672 residue that inactivates its dNTPase activity to supply sufficient dNTPs for 

chromosomal DNA replication. Therefore, we next monitored both total and phosphorylated/non-

active SAMHD1 levels throughout monocyte differentiation to macrophages as well as CD4+ T 

cell activation as a positive control. As shown in Figure 2.3A, we found SAMHD1 is abundantly 

present in both monocytes and macrophages, and this expression does not change during 

differentiation. Interestingly, there is a substantial population of pSAMHD1 in macrophage lysate, 

indicating a portion of the SAMHD1 present in macrophages is dNTPase inactive59, 77. However, 

no pSAMHD1 was detected in monocyte lysate, suggesting all of the SAMHD1 molecules in 

monocytes are active. This likely means that there is more potential for dNTP hydrolysis in 

monocytes than in macrophages. Therefore, the macrophage dNTP metabolism environment can 

be characterized as having ongoing dNTP biosynthesis coexisting with dNTP hydrolysis whereas 

in monocytes only dNTP hydrolysis is completely present.  Importantly, freshly isolated non-

activated CD4+ T cells, which are non-dividing cells, also do not express the phosphorylated/non-

active form of SAMHD1 (Figure 2.3A), which is consistent with our previous observation of the 
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low dNTP levels in this type of T cell215. However, SAMHD1 became phosphorylated during the 

IL-2/PHA mediated stimulation that leads to the activation of these cells into dividing cells. 

After observing that pSAMHD1 levels increase throughout monocyte differentiation into 

macrophages, we next assessed levels of enzymes that regulate SAMHD1 phosphorylation and 

dephosphorylation during differentiation. As shown in Figure 2.3B, we observed increased 

amounts of the CDK1/CyclinA2 complex that mediates SAMHD1 phosphorylation29 during the 

differentiation from monocytes to macrophages (Figure 2.3B)29, which is consistent with the 

significant SAMHD1 phosphorylation increase during the differentiation to macrophages (Figure 

2.3A). However, we also detected some increase of the PP2A B55α subunit, which is a specificity 

component of PP2A phosphatase that dephosphorylates SAMHD132, throughout monocyte 

differentiation to macrophages (Figure 2.3C). Overall, in monocytes, there is little to no capacity 

for the phosphorylation of SAMHD1 while dephosphorylation machinery is present in monocytes, 

accounting for the lack of pSAMHD1 in monocytes. On the other hand, in macrophages, 

phosphorylation and dephosphorylation of SAMHD1 are both occurring, resulting in a mixed 

population of pSAMHD1 and SAMHD1. However, it is still likely that macrophages express 

significant levels of active/dephosphorylated SAMHD1 protein as indicated by the strong 

expression of PP2A B55α (Figure 3C), which is responsible for the low dNTP level and HIV 

restriction capability of macrophages. 

 

2.3.4 Monocytes enter a G1/S phase-like state during differentiation to macrophages. 

 

Noncycling cells are thought to exist in G0, a phase that exists outside of the cell cycle216. 

Even so, we have observed macrophages express TK118, RNR M213, and several other dNTP 
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biosynthesis enzymes that are normally upregulated at the G1/S transition in cycling cells. 

Therefore, we investigated levels of G1/S phase transition markers throughout monocyte 

differentiation into macrophages (GM-CSF treatment). For this, we monitored the protein levels 

of E2F-1, a master transcription factor regulating genes required for cell cycle progression to S 

phase217, and CDK2, the cyclin dependent kinase that phosphorylates numerous downstream target 

proteins involved in the transition to S phase 218. As shown in Figure 2.4A, both E2F-1 and CDK2 

are not expressed in monocytes, indicating that monocytes exist at G0-like status. However, these 

master cell cycle regulators are upregulated during differentiation, supporting the G1/S phase-like 

state status of macrophages. 

Since macrophages express G1/S transition markers, we next assessed if macrophages were 

entering S phase by measuring genomic DNA synthesis, the hallmark of S phase219. To do this, we 

employed an EdU assay to fluorescently label cells synthesizing DNA, followed by flow 

cytometry. While 27% of 293T cells, the positive cycling cell control, were synthesizing new DNA 

under our experimental conditions, we observed little to no DNA synthesis in both primary 

monocytes and macrophages (Figure 2.4B). Therefore, similar to previous reports72, we conclude 

that macrophages enter a “G1/S-like state” during differentiation but are not entering into S phase. 

Next, we also investigated if dNTP biosynthesis machinery was being upregulated to 

support mitochondrial DNA synthesis during 7-day monocyte differentiation to macrophages. 

Here, we extracted total DNA at several time points during monocyte differentiation or CD4+ T-

cell activation as a positive cycling cell control. We then used qPCR to measure mitochondrial 

DNA copy number normalized to nuclear DNA copy number. Here we observed an increase in 

mitochondrial DNA copy number during T-cell activation by day 5, but not during monocyte 

differentiation into macrophages even at 7 days post differentiation (Figure 2.4C). Thus, the 
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upregulation of dNTP biosynthesis enzymes during differentiation does not appear to function as 

a support for DNA synthesis, either genomic or mitochondrial.  

 

2.3.5 Monocytes have extremely low dNTP levels that cannot be raised by Vpx. 

 

We hypothesized that macrophages have higher dNTP levels than monocytes due to the 

upregulation of dNTP biosynthesis machinery and increased SAMHD1 

phosphorylation/inactivation during differentiation.  To test this hypothesis, we measured dNTP 

levels in monocytes and macrophages using LC-MS/MS 220. Indeed, monocyte dNTP levels are 

significantly lower than the already low dNTP levels of macrophages (Figure 2.5A).  

Next, we tested whether Vpx, which elevates dNTP levels in macrophages22, can also 

elevate dNTP levels in monocytes. Here, we predicted that Vpx would be unable to elevate dNTP 

pools in monocytes due to the absence of dNTP biosynthesis machinery. For this test, first, we 

treated monocytes and macrophages with Vesicular Stomatitis Virus (VSV-G) psuedotyped VLPs 

Vpx+ or VLPs Vpx-, as a negative control, and confirmed SAMHD1 depletion in VLPs Vpx+ 

treated cells (Supporting Figure 2.1A). Next, dNTP levels in these cells were measured using LC-

MS/MS. As shown in Figure 2.5B, we observed an increase in dNTP level in macrophages treated 

with VLPs Vpx+ when compared to macrophages treated with VLPs Vpx-. In contrast, despite 

SAMHD1 depletion in monocytes treated with VLPs Vpx+, we observed no significant change in 

dNTP levels in these cells compared to monocytes treated with VLPs Vpx- (Figure 2.5B). These 

data demonstrate that SAMHD1 depletion is not sufficient for Vpx-mediated dNTP elevation in 

monocytes and further support that Vpx-mediated dNTP elevation requires active dNTP 

biosynthesis as seen in macrophages.  
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2.3.6 dNTP concentrations found in monocytes block efficient reverse transcription.  

 

It has been reported that HIV-1 infection in monocytes is limited even though monocytes 

express the appropriate CD4 receptor and coreceptors221, 222. Moreover, it has been proposed that 

the block to HIV-1 infection in monocytes occurs at a step post-entry221, 223. Therefore, we 

hypothesized that the extremely low dNTP pool of monocytes impairs the reverse transcription 

reaction, thus serving as a major replicative block in this cell type. To test this, we ran a 

biochemical simulation of HIV-1 reverse transcription in CD4+ T-cell, macrophage, and monocyte 

dNTP concentrations using a primer extension assay. First, we calculated the dNTP concentration 

of macrophages and monocytes using previously mentioned dNTP levels (Figure 2.5A) and cell 

volume determined by confocal microscopy. The cell volumes of the monocytes and macrophages 

were found to be 1108 μM3 and 3063 μM3, respectively, comparable to our previous publication 5 

(Supporting Figure 2.2A). Therefore, the dNTP concentration of monocytes is up to 20-fold lower 

than macrophages, with the rate limiting nucleotide being dATP (Figure 2.6A and 2.6B). For the 

biochemical simulation, a 5′ 32P- labeled 17-mer RNA primer annealed to a 40-mer DNA template 

was extended by purified HIV-1 RT protein under reaction conditions that contained dNTP 

concentrations present in activated CD4+ T cells (4 μM), macrophages treated with Vpx (500 nM), 

macrophages without Vpx (40 nM), and monocytes (2 nM) (Figure 2.6C). In this primer extension 

assay, the full extension of the primer (P) by HIV-1 RT produces the 40-mer DNA product (F). 

We conducted the primer extension reactions at the dNTP concentrations found in activated CD4+ 

T cells with three different HIV-1 RT protein amounts (4x, 2x and 1x, Figure 2.6C), which 

generated three different amounts of the fully extended product, validating that the reactions were 
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in the linear range under our experimental conditions. When these reactions were repeated with 

the dNTP concentrations found in macrophages, there was a significant reduction of fully extended 

primer and the exacerbation of a pause site, indicative of replicative stress. However, this restricted 

DNA synthesis was rescued when the same reactions were conducted at the dNTP concentrations 

found in the Vpx treated macrophages, which biochemically validates the anti-SAMHD1 function 

of Vpx. By contrast, in monocyte dNTP conditions we observed no fully extended primer and only 

the generation of new early pause sites. This biochemical simulation suggests that efficient reverse 

transcription cannot occur under monocyte dNTP concentrations, posing a significant block to 

HIV-1 infection in this cell type. 

 

2.3.7 Vpx requires ongoing dNTP biosynthesis to accelerate reverse transcription and rescue HIV-

1 transduction. 

 

The low dNTP pool of macrophages restricts HIV-1 infection at the reverse transcription 

step 5, 20, 42 . However, Vpx overcomes this restriction in macrophages by raising intracellular 

dNTP pools21, 103. As Vpx cannot elevate intracellular dNTP levels in monocytes due to the absence 

of ongoing dNTP biosynthesis, we next tested the hypothesis that Vpx cannot relieve the block to 

reverse transcription and rescue HIV-1 infection in monocytes. For this test, we treated monocytes 

and macrophages with VSV-G pseudotyped VLPs Vpx+ or VLPs Vpx- for 24 hours and SAMHD1 

depletion was confirmed with Western Blot (Supporting Figure 2.1B). Cells were then transduced 

with VSV-G pseudotyped D3-HIV-GFP vector that encodes the entire NL4-3 HIV-1 sequence 

except the env gene is deleted and the nef gene is replaced with GFP. At 72 hours post D3-HIV-

GFP transduction, the cells were assessed for transduction efficiency using flow cytometry. As 
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shown in Figure 7A, while Vpx was able to rescue D3-HIV-GFP transduction in macrophages 

with 13% of the population transduced, Vpx failed to rescue pD3-HIV-GFP transduction in 

monocytes to more than 0.5%. Together, these data support that despite SAMHD1 depletion, Vpx 

cannot rescue HIV-1 infection in monocytes as it is unable to elevate intracellular dNTP pools to 

accelerate reverse transcription in the absence of ongoing dNTP biosynthesis. 

 

2.4 Discussion 

 

Unlike rNTPs that function in multiple biological processes such as RNA synthesis, energy 

carriers (ATP), and cell signaling regulation (ATP and GTP), cellular dNTPs serve one vital 

function, to support DNA synthesis. Therefore, dNTP biosynthesis is tightly regulated to the S 

phase of the cell cycle4, 206, 207. The fidelity of this regulation is critical for proper cell replication 

as exemplified by cancer cells, which upregulate dNTP metabolism to support rapid and 

uncontrolled cell division3, 85, 180, 211. This elevation in turn increases mutation synthesis during 

DNA replication and furthers genomic instability173, 174. RNR has long been recognized as a cancer 

therapeutic target, with inhibitors such as gemcitabine used to treat pancreatic, bladder, and lung 

cancers in the clinic214. Therefore, the regulation of dNTP biosynthesis in dividing cells and how 

this regulation is altered by cancer cells has been extensively studied. On the other hand, dNTP 

metabolism in non-dividing cells such as macrophages has been presumed to be non-existent due 

to their low dNTP levels and absence of chromosomal DNA synthesis for cell division. Although, 

with this assumption, it remained unclear how Vpx could rapidly elevate dNTP levels in 

macrophages, as in the absence of active dNTP biosynthesis, intracellular dNTP levels should 

remain low even after SAMHD1 depletion.  
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In this study, we confirmed the observation that inhibiting RNR activity counteracts Vpx-

mediated dNTP elevation in primary monocyte-derived macrophages (MDMs)22, 213. Moreover, 

we found RNR and other dNTP biosynthesis enzymes including NDPK, TK1, and DCK are 

expressed in macrophages. In comparison, we observed little to no expression of RNR and TK1 in 

monocytes, the nondividing precursors of macrophages. As RNR and TK1 participate in early 

events in their respective biosynthesis pathways, their absence in monocytes likely impairs dNTP 

biosynthesis in this cell type regardless of the expression of enzymes that act later such as NDPK. 

Overall, we observed upregulation of dNTP biosynthesis enzymes during monocyte differentiation 

in macrophages. However, it is possible that in non-dividing cells, the relative contributions from 

enzymes in the de novo synthesis and salvage pathways are different from what is observed in 

dividing cells.  

While the expression levels of dNTP biosynthesis enzymes were upregulated during 

monocyte differentiation into macrophages, we observed an increase in the population of 

pSAMHD1 (enzymatically inactive form). Concurrently, there was an upregulation of 

CDK1/CyclinA2, the complex responsible for phosphorylating SAMHD129, accounting for the 

increase in pSAMHD1 during differentiation. Furthermore, we observed G1/S phase transition 

markers E2F-1 and CDK2 in macrophages without evidence of DNA synthesis. This supports the 

idea that macrophages can enter a “G1/S transition-like state” during differentiation, agreeing with 

a previous report that proposed a G1-like state in macrophages 72. Mechanistically, existing in this 

“G1/S transition-like state” would allow for macrophages to upregulate dNTP biosynthesis and 

turn down dNTP hydrolysis, thus accumulating more dNTPs than monocytes. Although, 

macrophages have much lower dNTP levels than dividing cells due to the coexistence of dNTP 

biosynthesis with dNTP hydrolysis in macrophages5.  
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Indeed, our data demonstrate that macrophages have higher dNTP levels than monocytes 

even though macrophage dNTP levels are still much lower than dNTP levels in activated CD4+ T 

cells. Additionally, Vpx treatment did not significantly elevate dNTP levels in monocytes, despite 

depletion of SAMHD1, which implies Vpx cannot elevate dNTP pools without ongoing dNTP 

biosynthesis. Also, no detection of the phosphorylated form of SAMHD1 in monocytes indicates 

that most of the SAMHD1 molecules are highly active and can constantly degrade dNTPs, which 

likely contributes to the extremely low dNTP levels observed in monocytes. These extremely low 

dNTP concentrations found in monocytes inhibited efficient reverse transcription in our 

biochemical simulation. Furthermore, this block to reverse transcription in monocytes cannot be 

relieved by Vpx due to the inability of Vpx to raise intracellular dNTP pools in this cell type. 

Therefore, Vpx fails to accelerate reverse transcription and rescue transduction efficiency by an 

HIV-1 vector in monocytes. Collectively these data suggest that Vpx requires ongoing active 

dNTP biosynthesis for effectively counteracting the anti-lentivirus activity of SAMHD1 in 

macrophages. More broadly, this study proposes the idea that non-dividing cell subtypes may have 

differences in their dNTP metabolism and this in turn can impact HIV-1 infection. HIV-1 infection 

is also restricted by SAMHD1 and enhanced by Vpx in monocyte-derived dendritic cells and 

quiescent CD4+ T-cells, two non-dividing cell types 21, 224. Based on the results of this study, it is 

possible these cell types also have some level of active dNTP biosynthesis potential that Vpx 

utilizes to enhance HIV-1 infection.  

 

2.5 Experimental Procedures  

 

2.5.1 Cell culture. 



 36 

 

 

293T cells were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented 

with 10% (v/v) fetal bovine serum (FBS) (Omega) and 1% (v/v) penicillin/streptomycin (Gibco). 

Primary human monocytes were isolated from peripheral blood buffy coats of three to five donors 

(New York Blood Center, New York City, New York) as previously described5. Briefly, peripheral 

blood mononuclear cells (PMBCs) were collected using Ficoll density gradients (Accu-Prep, 

Accurate Chemicals & Scientific) in SepMate-50 conicals (Stemcell Technologies). PBMCs were 

incubated for 30 minutes with 150 μL of CD14 antibody conjugated magnetic beads (Miltenyi) 

and monocytes were isolated using positive immunomagnetic selection. Primary human CD4+ T 

cells were then isolated from monocyte-depleted PBMCs by positive selection using anti-CD4 

antibody–conjugated magnetic beads (Miltenyi). Purified human monocytes were differentiated 

into macrophages by culturing in RPMI (Gibco) supplemented with 10% (v/v) FBS (Omega), 1% 

(v/v) penicillin/streptomycin (Gibco), and 15 ng/mL GMC-SF (Miltenyi) for 5 days and incubated 

for an additional two days in the absence of GMC-SF. CD4+ T cells were activated by culturing in 

RPMI (Gibco) supplemented with 10% (v/v) FBS (Omega), 1% (v/v) penicillin/streptomycin 

(Gibco),  5 μg/ml PHA (Sigma), and 5 ng/ml IL-2 (Miltenyi) for 2 days and were incubated for an 

additional two days without PHA. 

 

2.5.2 Vectors. 

 

VLPs Vpx+ and Vpx- were generated as previously described225. 80% confluent T225 

flasks (Falcon) of 293T cells were transfected with 40 μg of pSIV3+ or pSIV3+ ΔVpx (obtained 

from Dr Nathaniel Landau, New York University) and 20 μg of pVSV-G using PEI. Culture media 
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was changed 16 hr post transfection. Culture media was then collected on days 2 and 3 post-

transfection and centrifuged (1500rpm for 10 minutes) to clear cellular debris. VLPs were 

concentrated by ultracentrifugation (23,000rpm, for 2hr, at 4 °C) over a 25% sucrose cushion (25% 

sucrose, 25 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 5 mM EDTA). The resulting pellet was 

resuspended in serum-free RPMI (Gibco) and aliquoted. Aliquots were flash frozen and stored at 

−80 °C unless otherwise indicated.  

D3-HIV-GFP production was modified from a previous protocol85 to obtain a plasmid-free 

preparation. T225 flasks of 80% confluent 293T cells were given serum-free DMEM (Gibco). 

Cells were transfected with 30 μg pD3HIV-GFP, which encodes the full HIV-1 NL4-3 genome 

with an envelope gene deletion and the nef gene replaced by an eGFP gene5, and 5 μg pVSV-g 

using PolyJet (SignaGen Laboratories; SL100688). 5 hr post-transfection, the transfection media 

was replaced by culture media. 48 hr post-transfection culture media was harvested, centrifuged 

at 1500 rpm for 20 minutes and filtered through a 0.45 μm filter to remove cell debris. Cleared 

media was ultracentrifuged (23,000 rpm for 2 hr at 4 °C) and the pellet was resuspended in 

Hanks' Balanced Salt Solution (HBSS) (Gibco). This concentrated vector was treated with Turbo 

DNase (Invitrogen; AM2238) for 1 hr at 37 °C, aliquoted, flash frozen, and stored at -80 °C. To 

test that the vector no longer contains plasmid contamination, 293T cells were transduced with 

D3-HIV-GFP. 24 hr later DNA from these transduced cells was harvested using the Wizard SV 

Genomic DNA Purification System (Promega; A2360). Quantitative polymerase chain reaction 

(qPCR) was conducted to compare the copy number of the beta-lactamase gene, found only on the 

plasmid, to the copy number of late RT-products, a region downstream of the primer binding site 

during RT100. qPCR was conducted in LightCycler 480 Multiwell Plate 96 plates (Roche; 

04729692001) using a Roche LightCycler 480 Instrument. The beta-lactamase primers used were 
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5’-GATGCTGAAGATCAGTTGGGTG-3’ and 5’-CTCAAGGATCTTACCGCTGTTGA-3’. 

The beta-lactamase probe used was 56-FAM/AGTGGGTT A/ZEN/CATCGAAC/3IABkFQ-3’. 

The late RT primers used were 5′-TGTGTGCCCGTCTGTTGTGT-3′ and 5′-

GAGTCCTGCGTCGAGAGATC-3′. The late RT probe used was 5′-/56-

FAM/CAGTGGCGC/ZEN/CCGAACAGGGA/3lABkFQ-3’. Copy number curves were 

generated using known amounts of the pD3-HIV-GFP plasmid in the LightCycler® 480 

Software (Roche) which allowed us to determine copy number in the samples.  

 

2.5.3 RNR Inhibitor Treatment. 

 

Primary macrophages were pre-treated with either no drug, 1 mM Hydroxyurea (MedChem 

Express), 2 mM Hydroxyurea, 40 nM of Gemcitabine (MedChem Express), or 100 nM of 

gemcitabine for 2 hours before treatment with VLPs Vpx - or Vpx +. 24 hours post VLP 

transduction macrophages were trypsinized with Trypsin-EDTA (0.25%), phenol red (Gibco) for 

counting or lysed in the plate for Western Blot and dNTP measurements.  

 

2.5.4 Western Blot. 

 

Cells were lysed in ice cold radioimmunoprecipitation (RIPA) buffer (50 mM Tris–HCl, 

pH 8, 0.1% SDS, 150 mM NaCl, 0.25% deoxycholic acid, 1 mM EDTA, and 1% NP-40) 

supplemented with 1:500 (v/v) protease inhibitor cocktail (Sigma). Lysates were centrifuged 

(13,000 rpm for 10 min at 4 °C) and the cleared lysates were diluted with Laemmli buffer (Bio-

Rad). Lysates were resolved on a 4-15% gradient SDS-PAGE gel (BioRad), transferred onto a 
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nitrocellulose membrane (BioRad), and probed with the indicated primary antibodies and 

corresponding secondary antibodies. Proteins were visualized using SuperSignal West Femto 

Maximum Sensitivity Substrate (ThermoFisher Scientific) and a BioRad ChemiDoc MP Imaging 

System. Primary antibodies used in this study in order of appearance: SAMHD1 (abcam; 67820), 

GAPDH (Cell Signaling; 14C10), RNR M1  (abcam; 137114), RNR M2 (abcam; 172476), 

Thymidine Kinase 1  (abcam; 76495), dCK (abcam; 96599), Nucleoside Diphosphate Kinase 

(abcam; 241162), p-SAMHD1 (Cell Signaling; 89930S), PP2A B55α (Cell Signaling; 4953T), 

CDK1 (abcam; 133327), Cyclin A2 (abcam; 181591), E2F-1 (Cell Signaling; 3742S), and CDK2 

(abcam; 32147). Secondary antibodies used in this study: anti-mouse (Cytiva; NA931V) and anti-

rabbit (Cytiva; NA934V). 

 

2.5.5 dNTP Extraction 

 

 Cells were lysed in the plate with cold 65% methanol, vortexed for 2 min, incubated at 95 

°C for 3 min, and centrifuged at 14,000 rpm for 3 min. The supernatant was transferred to a clean 

Eppendorf tube and dried using a speed vac. 

 

2.5.6 RT-based Cellular dNTP Measurement. 

 

Intracellular dNTP levels were measured by our HIV-1 RT-based dNTP assay as 

previously described5. Dried dNTP extracts were resuspended in 20 μL of water and further diluted 

until the samples were within the linear range of the assay. 5′ 32P-end-labeled 18-mer DNA primer 

(5′-GTCCCTCTTCGGGCGCCA-3′; Integrated DNA Technologies) was annealed to four 
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different 19-mer DNA templates (3′-CAGGGAGAAGCCCGCGGTX-5′; Integrated DNA 

Technologies), where X represents one of the four nucleotides. 2 μL of diluted extract was 

incubated with 200 fmol template/primer, 4 μl of purified RT (HIV-1 HXB2), 25 mM Tris–HCl, 

pH 8.0, 2 mM dithiothreitol, 100 mM KCl, 5 mM MgCl2, and 10 μM oligo (dT) in a 20 μL reaction 

at 37 °C for 5 min. Water or 0.5 mM dNTP mix replaced the diluted dNTP extract for a negative 

and positive control, respectively. Reactions were stopped by adding 10 μl 40 mM EDTA and 99% 

(v/v) formamide and incubating at 95 °C for 2 min. Reactions were resolved on a 14% urea-PAGE 

gel (AmericanBio, Inc) and imaged using an Amersham Typhoon (Cytiva). ImageQuant TL 

(Cytiva) was used to quantify single-nucleotide extensions products which is used to determine 

the amount of dNTP present in the extract. 

 

2.5.7 Edu Assay. 

 

The EdU assay to measure genomic DNA synthesis was conducted using the EdU Assay / 

EdU Staining Proliferation Kit (iFluor 488) (abcam; 219801) following the manufacturer’s 

protocol. Briefly, monocytes, macrophages, and positive control 293T cells were incubated with 

EdU for 2 hours. Cells were fixed with 4% PFA for 15 minutes, permeabilized, and labeled with 

the iFluor 488 dye. Unstained cells and cells that were fixed prior to EdU incubation were used as 

a control for fluorescent background. Flow cytometry was conducted using a FACSymphony A5 

(BD Biosciences) and analyzed using FlowJo software (BD Bioscience) . Cell debris and doublets 

were excluded from iFluor 488 analysis. iFluor 488 gating was established on unstained cell 

populations.  
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2.5.8 Mitochondrial DNA Copy Number qPCR. 

 

Mitochondrial DNA copy number was calculated as previously published226. Total DNA 

was extracted from activated CD4+ T-cells, monocytes, and macrophages at indicated time points 

using the Wizard SV Genomic DNA Purification System (Promega; A2360) following the 

manufacturer’s protocol. Quantitative polymerase chain reaction (qPCR) was performed in 

LightCycler 480 Multiwell Plate 96 plates (Roche; 04729692001) using a Roche LightCycler 480 

Instrument. Each well contained a VIC-labeled assay for a mitochondrial DNA gene (ND1) 

(ThermoFisher; Assay ID Hs02596873_s1) and a FAM labeled assay for a nuclear gene (RPPH1) 

(ThermoFisher; Assay ID Hs03297761_s1). Each biological replicate was run in triplicate. Ct 

values were obtained from the LightCycler® 480 Software (Roche) and Ct values across technical 

replicates were averaged. ΔCt was calculated by subtracting the mitochondrial Ct value from the 

nuclear Ct value. Relative mitochondrial DNA content was calculated as 2 * 2ΔCt.  

 

2.5.9 LC-MS/MS based dNTP measurement.  

 

 To quantify the intracellular dNTPs, an ion pair chromatography-tandem mass 

spectrometry method was applied as previously published 220. Briefly, dNTPs were extracted from 

approximately 6 million cells per replicate. Dried dNTP extracts were resuspended in 100 µL of 

mobile phase A (2 mM of ammonium phosphate monobasic and 3 mM of hexylamine), and 

macrophage samples were further diluted five times. Samples were centrifuged at 12,000 rpm for 

10 min and 45 µL of the resulting supernatant was mixed with 5 µL of 13C and 15N labeled dNTPs 

to serve as internal standards. Calibration curves were generated from standards by serial dilutions 
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in mobile phase A (0.2 – 500 nM). Chromatographic separation and detection was performed on a 

Vanquish Flex System (Thermo Scientific, Waltham, MA) coupled with a TSQ Quantiva triple 

quadrupole mass spectrometer (Thermo Scientific, Waltham, MA). Samples were separated on a 

Kinetex EVO-C18 column (100 X 2.1 mm, 2.6 µm) (Phenomenex, Torrance, CA). The gradient 

increased from 8% to 35% of mobile phase B (acetonitrile) in 5 min then returned to 8% mobile 

phase B. Thermo Xcalibur 3.0 software was used for data collection and processing. Selected 

reaction monitoring in both positive and negative modes was used to detect the four dNTPs: dATP 

(492136, pos), dGTP (508152, pos), dCTP (468112, pos), TTP (481158.9, neg).  

 

2.5.10 VLP Vpx treatment of monocytes and macrophages. 

 

 Freshly isolated monocytes were concentrated to 500,000 cells per 200 μL in a 48-well 

plate and treated with 50 μL freshly harvested VLP Vpx- or Vpx+ for 24-hours. Fully differentiated 

macrophages in 24-well plates were treated with 25 μL freshly harvested VLP Vpx- or Vpx+ for 

24-hours. Approximately 6 million cells were used per replicate. Cells were washed thoroughly 

with saline before dNTP extraction and reserved wells were used for counting and Western Blot. 

dNTP measurement was conducted using mass spectrometry.  

 

2.5.11 Cell Volume of Monocytes and Macrophages. 

 

 Glass bottom chambered coverslips (ibidi; 80807) were treated with 0.1 mg/mL poly-D-

lysine overnight, washed with PBS, and air dried. 200,000 monocytes were loaded with 

CellTracker Green CMFDA Dye (ThermoFischer; C7025) for 30 minutes. Cells were washed, 
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resuspended in 200 uL of PBS, and plated onto the chambered coverslips. Cells were incubated 

for 2hr covered at room temperature to allow cells to settle onto the coverslip. Supernatant was 

gently aspirated, and cells were fixed to the coverslip using 4% PFA for 15 minutes. Cells were 

washed, coated in VECTASHIELD Antifade Mounting Medium (Vector Laboratories; H-1000-

10), and stored at 4 °C until imaging. Macrophages were differentiated and cultured on the treated 

chamber coverslips. Fully differentiated macrophages were loaded with CellTracker Green 

CMFDA Dye, fixed with 4% PFA, washed, covered with VECTASHIELD and stored at 4 °C until 

imaging. Cells were imaged using a 60x objective on a Nikon Spinning Disk Confocal Microscope 

where Z-stacks were taken with 0.2 μM steps. 10 fields of vision were captured per sample. 

Volume for each cell in a field was determined using the surface tool in Imaris software (Oxford 

Instruments; Version 9.9.0). Touching objects were split morphologically and cells on the border 

of the image were excluded. Volume was calculated for over 200 cells per cell type. Median cell 

volume was obtained per field. Final volume is reported as a weighted average of median cell 

volume per field based on cell count per field.  

 

2.5.12 Monocyte and macrophage dNTP Concentration. 

  

 Monocyte and macrophage dNTP concentration was calculated using the mean value from 

the measurement of each dNTP and the reported cell volumes.  

 

2.5.13 Primer Extension Assay. 
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The primer extension assay was modified from previous publications 5, 124. A 5′ 32P-labeled 

17-mer DNA primer (5′-CGCGCCGAATTCCCGCT-3′, Integrated DNA Technologies) was 

annealed to a 40-mer template RNA (5′AAGCUUGGCUGCAGAAUAUUGCUAGC 

GGGAAUUCGGCGCG-3′, Integrated DNA Technologies) in the presence of 3-fold excess 

template. Reactions (20uL) contained 10nM annealed primer/template, 25 mM Tris–HCl, pH 8.0, 

2 mM dithiothreitol, 100 mM KCl, 5 mM MgCl2, 10 μM oligo (dT), indicated dNTP 

concentrations, and a variety of concentrations of HIV-1 RT (from HXB2). Reactions were 

incubated 37 °C for 5 min and stopped by adding 10 μl 40 mM EDTA and 99% (v/v) formamide 

followed by incubation at 95 °C for 2 min. This allows for multiple rounds of extension of the 

DNA primer. A variety of HIV-1 RT concentrations were used to ensure the reactions were 

conducted in the linear range. Reactions were resolved using a 14% urea-PAGE gel (AmericanBio, 

Inc) and imaged using an Amersham Typhoon (Cytiva).  

 

2.5.14 HIV-vector and VLP Vpx treatment of monocytes and macrophages. 

 

Freshly isolated monocytes were concentrated to 500,000 cells per 200 μL in a 48-well 

plate and treated with 50 μL freshly harvested VLP Vpx- or Vpx+ for 24 hr. Fully differentiated 

macrophages in 24-well plates were treated with 25 μL freshly harvested VLP Vpx- or Vpx+ for 

24 hr. After 24 hr monocytes and macrophages were transduced with 40 μL and 20 μL, 

respectively, of D3HIV-GFP. Cells not transduced with either vector were used as a negative 

control. After 72 hr cells were harvested for Western Blot and flow cytometry. Western blot was 

used to measure SAMHD1 expression levels at the time of sample harvest. Flow cytometry was 

used to measure transduction efficiency by measuring GFP+ cell populations. For flow cytometry 
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cells were fixed with 4% PFA and assessed for GFP using a FACSymphony A5 (BD Biosciences). 

Cell debris and doublets were excluded from GFP analysis and GFP gating was established on the 

untransduced negative control cell populations. Samples were analyzed using FlowJo software 

(BD Bioscience).  

 

2.5.15 Statistical Analyses. 

 

All experiments in this study were conducted in triplicate (n = 3). Individual values are 

reported in each figure and the mean of these replicates is reflected by the bars on the graphs. Error 

bars in each figure represent standard deviation. All statistical analyses were conducted using two-

tailed and unpaired Welch's t tests in Prism (Graphpad) and the resulting p-values are included in 

each figure. A p-value < 0.05 was considered to be statistically significant.  

 

2.6 Data Availability  

 

All data generated and analyzed during this study are included in this chapter. 
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Figure 2.1: Effect of RNR inhibition on Vpx-mediated dNTP elevation in macrophages. 

Primary human monocytes were isolated and pooled from 5 independent healthy donors and 

differentiated into monocyte-derived macrophages (MDMs) using GM-CSF. CD4+ T-cells were 

isolated from the same donors and activated with PHA and IL-2. Fully differentiated macrophages 
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were pretreated with indicated drug concentration and transduced using VLP Vpx+ or VLP Vpx- 

as a negative control. A) Cellular SAMHD1 expression was evaluated using Western Blot with 

GAPDH as a loading control. B) Intracellular dATP levels were determined by RT-based dNTP 

assay. Data are the mean of three replicates and error bars reflect standard deviation from the mean. 

P-values were determined using two-tailed, unpaired Welch’s t-test to the no drug, VLP Vpx+ 

condition. C) Samples were collected at indicated time points during primary monocyte 

differentiation into MDMs. Samples from the indicated time points during CD4+ T-cell activation 

were used as a positive cycling cell control. Cellular expression levels of the RNR M1 and RNR 

M2 subunits were evaluated using Western Blot with anti-RNR M1 and anti-RNR M2 antibodies, 

respectively. GAPDH expression was used as a loading control.  
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Figure 2.2: Expression of dNTP biosynthesis enzymes throughout monocyte differentiation 

to macrophages. Primary human monocytes were isolated from 5 healthy independent donors and 

differentiated into monocyte derived macrophages (MDMs) using GM-CSF. CD4+ T-cells isolated 

from these same donors and were activated using PHA and IL-2 as a dividing cell control. Samples 

were collected for Western Blot at indicated time points. Cellular expression levels of A) 

Thymidine Kinase 1 (TK1), B) Deoxycytidine Kinase (DCK), and C) Nucleoside Diphosphate 

Kinase (NDPK) were assessed using respective primary antibodies. GAPDH expression was 

evaluated using an anti-GAPDH antibody as a loading control.  
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Figure 2.3: Expression of SAMHD1 and SAMHD1 dephosphorylation/ phosphorylation 

enzymes throughout monocyte differentiation to macrophages. Primary human monocytes 

were isolated from 5 healthy independent donors and differentiated into monocyte derived 

macrophages (MDMs) using GM-CSF. CD4+ T-cells isolated from these same donors and were 

activated using PHA and IL-2 as a dividing cell control. Samples were collected for Western Blot 

at indicated time points. Cellular expression levels of A) T592 phosphorylated SAMHD1 

(pSAMHD1) and total SAMHD1 B) Cyclin Dependent Kinase 1 (CDK1) and CyclinA2 C) Protein 
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Phosphatase2A B55α subunit (PP2A B55α) were assessed using respective primary antibodies. 

GAPDH expression was evaluated using an anti GAPDH antibody as a loading control.  
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Figure 2.4: Cell cycle state during monocyte differentiation to macrophages. Primary human 

monocytes were isolated from A) 5 and B,C) 3 healthy independent donors and differentiated into 

monocyte derived macrophages (MDMs) using GM-CSF. CD4+ T-cells isolated from these same 

donors and were activated using PHA and IL-2 as a dividing cell control. A) Samples were 

collected for Western Blot at indicated time points. Cellular expression levels of transcription 
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factor E2F1 and Cyclin Dependent Kinase 2 (CDK2) were assessed using respective primary 

antibodies. GAPDH expression was evaluated using an anti-GAPDH antibody as a loading control. 

B) Genomic DNA synthesis was evaluated using an EdU incorporation assay. Primary monocytes 

without GM-CSF exposure and fully differentiated MDMs were incubated with EdU for 2 hours 

followed by EdU labelling with an iFluor 488 florescent azide. 293T cells were used as a dividing 

cell control. iFluor 488 labeled EdU incorporation was determined using flow cytometry. C) 

Mitochondrial DNA copy number was measured at indicated time points throughout CD4+ T-cell 

activation and monocyte differentiation using qPCR. Genomic DNA copy number was measured 

using qPCR within the same samples to normalize the mitochondrial DNA copy number. Data are 

the mean of three replicates and error bars reflect standard deviation from the mean. P-values were 

determined using two-tailed, unpaired Welch’s t-test to the day 0 time point for T-cells or 

monocytes. 
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Figure 2.5: Effect of Vpx on dNTP levels in primary monocytes and macrophages. Primary 

human monocytes were isolated from 3 healthy independent donors and differentiated into 

monocyte derived macrophages (MDMs) using GM-CSF. A) Cellular dNTP levels of fully 

differentiated macrophages and monocytes without GM-CSF exposure were analyzed using LC-

MS/MS. B) Fully differentiated macrophages and monocytes without GM-CSF exposure were 

treated with VLPs Vpx+ for 24 hours. Treatment with VLPs Vpx- was used as a negative control. 

dNTP levels were measured using LC-MS/MS. Data are the mean of three replicates and error bars 

reflect standard deviation from the mean. P-values were determined using two-tailed, unpaired 

Welch’s t-test to A) macrophages and B) VLPs Vpx- treated macrophages or monocytes. 
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Figure 2.6: HIV-1 Reverse transcription biochemical simulation in monocyte dNTP 

concentrations. A) Monocyte and macrophage dNTP concentrations using dNTP levels from 

Figure 2.5A. B) dNTP concentration fold differences between monocytes and macrophages. C) A 

primer extension reaction using 5′ 32P-labeled 17-mer DNA primer (P) annealed to 40-mer 
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template RNA, purified HIV-1 reverse transcriptase (RT), and dNTP concentrations found in 

primary activated CD4+ T-cells, macrophages treated with VLPs Vpx+, macrophages treated with 

VLPs Vpx-, and monocytes. A variety of RT was utilized to ensure the reactions were in the linear 

range. -: Negative control using water in place of dNTPs. +: Positive control using 5 µM dNTPs 

and undiluted RT. P: 17-mer unextended primer. F: 40-mer fully extended primer.  
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Figure 2.7: Effect of Vpx on HIV-1 vector transduction of monocytes and macrophages: A) 

Primary human monocytes were isolated from 3 healthy independent donors and differentiated 

into monocyte derived macrophages (MDMs) using GM-CSF. Fully differentiated macrophages 

and monocytes without GM-CSF exposure were treated with VLPs Vpx+ for 24 hours. VLPs Vpx- 

treatment was used as a negative control. Cells were then transduced with a VSV-G pseudotyped 

and GFP labelled HIV-1 vector. 72 hours later cells were harvested, and transduction efficiency 

was measured using flow cytometry. Data are the mean of three replicates and error bars reflect 

standard deviation from the mean. P-values were determined using two-tailed, unpaired Welch’s 

t-test to VLPs Vpx- treated macrophages or monocytes. 
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Supporting Figure 2.1: SAMHD1 expression in macrophages and monocytes treated with 

VLPs: Western Blots for cellular SAMHD1 in macrophages and monocytes treated with VLPs 

Vpx- or VLPs Vpx+ for A) dNTP measurements (Figure 2.5B) and B) 24 and 72 hours post HIV-

1 vector transduction (Figure 2.7A). Western Blot for GAPDH was used as a loading control.  

 

 

 

 

 

 

 

 

 

 



 60 

 

 

Supporting Table 2.1: Monocyte and Macrophage Cell Volume Statistics. 
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3.1 Abstract 

 

Elevated intracellular levels of deoxy-nucleotide triphosphates (dNTPs) have been shown 

to be a biochemical marker of cancer cells. Recently, a series of mutations in the multi-functional 

dNTPase, SAMHD1, have been reported in various cancers.  Here we investigated the structure 

and functions of SAMHD1 R366C/H mutants, found in colon cancer and leukemia. Unlike many 

other cancer-specific mutations, the SAMHD1 R366 mutations do not alter cellular protein levels 

of the enzyme. However, R366C/H mutant proteins exhibit a loss of dNTPase activity, and their 

X-ray structures demonstrate the absence of dGTP substrate in their active site, likely due to loss 

of interaction with γ-phosphate of the substrate. The R366C/H mutants failed to reduce 

intracellular dNTP levels and restrict HIV-1 replication, functions of SAMHD1 that are dependent 

on the ability of the enzyme to hydrolyze dNTPs. However, these mutants retain dNTPase-

independent functions, including mediating double-stranded DNA break repair, interacting with 

CtIP and Cyclin A2, and suppressing innate immune responses. Finally, SAMHD1 degradation in 

human primary activated/dividing CD4+ T cells further elevates cellular dNTP levels. This study 

suggests that the loss of SAMHD1 dNTPase activity induced by R366 mutations can 

mechanistically contribute to the elevated dNTP levels commonly found in cancer cells. 

 

3.2 Introduction 

 

Sterile alpha motif (SAM) domain and histidine-aspartic acid (HD) domain containing 

protein 1 (SAMHD1) is  a dNTP triphosphohydrolase (dNTPase) that hydrolyzes dNTP substrates 

into their deoxynucleotide (dN) and triphosphate (TP) subparts19, 20, 53.  Mutations in SAMHD1 
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were first reported in patients with a rare genetic neuro-immunological disorder, Aicardi-Goutières 

Syndrome (AGS)137. AGS patients develop hyperactivation of  the innate immune response in the 

absence of infection, which interferes with brain development and causes death at early ages135. 

As proposed for other AGS-related proteins such as TREX1138, RNase H2141 and ADAR142, 

SAMHD1 mutations may interrupt cellular nucleic acid metabolism, which can trigger hyper-

interferon responses143. In addition, SAMHD1 dNTPase activity restricts HIV-1 infection in 

nondividing myeloid cells21, 103. SAMHD1 mediated intracellular dNTP depletion kinetically 

suppresses the reverse transcription step of HIV-1, which consumes intracellular dNTPs during 

proviral DNA synthesis22, 23. SAMHD1 also inhibits the replication of other viruses27, 127, 157, 225, 227 

as well as retrotransposons228, 229.  

SAMHD1 harbors additional biological activities that are independent of the enzyme’s 

dNTPase capability. First, SAMHD1 is involved in dsDNA break repair, which requires 

interaction with CtlP in order to promote DNA end resection and homologous recombination 

during repair159. Next, SAMHD1 promotes cellular DNA replication by facilitating the removal of 

nascent DNAs at stalled replication forks by enhancing Mre11 nuclease162. This process appears 

to reduce the synthesis of cellular nucleic acid products that can induce innate immunity 

activation162. Additionally, SAMHD1 suppresses the innate immune response by inhibiting NF-

κB and IRF7 activation by reducing the phosphorylation of the NF-κB inhibitory protein, IκBα, 

and reducing inhibitor-κB kinase ε (IKKε) mediated IRF7 phosphorylation, respectively148, 150. 

SAMHD1 also blocks LTR-mediated HIV-1 transcription,101 a process known to require NF-

κB230.  Finally, SAMHD1 binds single-stranded nucleic acids, primarily when in the monomeric 

form102, 144. 
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SAMHD1 activity is regulated at multiple levels. First, the enzymatically active SAMHD1 

tetramer is formed when dGTP/GTP and dNTPs bind to two allosteric sites of SAMHD1, A1 and 

A2, respectively51, 52, 54. Second, the phosphorylation of SAMHD1 residue T592 at the enzyme’s 

C-terminal tail by Cyclin A2/CDK1/CDK2 regulates HIV-1 restriction activity69. However, 

phosphorylated inactive SAMHD1 becomes dephosphorylated by cellular PP2A-B55a 

phosphatase during mitotic exit of dividing cells32. Finally, while SAMHD1 restricts HIV-1 

replication in nondividing myeloid cells such as macrophages and microglia, HIV-2 and some SIV 

strains effectively escape from SAMHD1 restriction by employing their accessary proteins , Vpx 

or Vpr, to proteasomally degrade SAMHD1 and elevate dNTP levels21, 103, 115, which enables these 

lentiviruses to replicate rapidly even in nondividing myeloid cells23, 105. 

Cancer cells harbor 6-11-fold higher intracellular dNTP levels than normal cells and this 

dNTP elevation is a biochemical marker of cancer cells180. Elevated intracellular dNTP level is 

mechanistically tied with uncontrolled/rapid cell division and higher cell population at S phase of 

cancer cells where dNTP biosynthesis is activated85. Recently, a series of SAMHD1 mutations 

have been reported in various cancer cells including leukemias160, 181-184, lymphomas185, 186, lung 

cancer171, and colon cancer188-190. However, it is unclear how these SAMHD1 mutations 

mechanistically contribute to cancer cell phenotypes. Importantly, as observed for SAMHD1 

mutations in AGS cells81, 135, SAMHD1 cancer-associated mutations are found throughout the 

entire protein and most cause reduced SAMHD1 protein levels160. These low protein levels could 

be indicative of their structural alterations, which makes it difficult to investigate the mechanistic 

and functional alternations made by the SAMHD1 cancer mutations. In this report, we structurally 

and functionally investigated R366C/H SAMHD1 mutations, found in leukemia184 and colon 

cancer188, 189, but not in AGS. Notably, the R366C/H mutants possess protein stability profiles 
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comparable to wild type and retained all functions tested except dNTPase activity. This study 

suggests that SAMHD1 mutations can contribute to the intracellular dNTP level elevation 

commonly observed in cancer cells. 

 

3.3 Results 

 

3.3.1 R366C/H mutants are cancer-associated mutants with wild type protein expression level. 

 

To investigate the impact of cancer-associated mutations on SAMHD1 functions, we 

searched for SAMHD1 mutants showing wild type level cellular protein stability. For this, we 

conducted a screen of multiple SAMHD1 mutants for their cellular stability in 293T cells 

transfected with an equal amount of SAMHD1 expression plasmids (Figure 3.1A). SAMHD1 

mutants selected for the screen include Leukemia-associated mutants160, R145Q, Y155C, P158S, 

and R451C, which are located in the allosteric sites of the enzyme (Figure 3.1B). R366C, found in 

both colon cancer189 and leukemia184, and R366H, found in colon cancer188, are located in the 

enzyme’s catalytic site (Figure 3.1B). Notably, the R366 residue coordinates the γ-phosphate 

group of the dNTP substrate in the catalytic pocket. Finally, I201N, found in leukemia160 is located 

outside of both of these functional domains (Figure 3.1A). As shown in an immunoblot assay with 

the transfected 293T cells (Figure 3.1C), R145Q, Y155C, P158S, I201N, and R451C displayed a 

marked reduction in expression level when compared to wild type SAMHD1, suggesting their 

cellular protein instability. This finding is consistent with previous reports which show decreased 

SAMHD1 expression in primary cells harboring SAMHD1 mutations isolated from Leukemia 

patients160. Importantly, the R366C/H mutants show similar expression levels to wild type 
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SAMHD1. Mutants from this initial screen that have poor cellular expression profiles likely 

possess several functional impairments due their general protein instability. However, the 

unaltered cellular expression of R366C and R366H allowed us to use these mutants as a tool for 

investigating which functions of SAMHD1 may be implicated in the enzyme’s role in cancer cells.  

 

3.3.2 Biochemical analyses of protein stability and structural integrity of R366C/H mutants. 

 

In order to further probe the overall protein stability changes induced by the R366C/H 

mutations, we overexpressed wild type and mutant SAMHD1 proteins in E. coli and purified these 

proteins for several biochemical and biophysical analyses. First, we employed a thermal shift assay 

to monitor the temperature-dependent stability of the SAMHD1 proteins. For this, each protein 

was incubated with activator dGTP and Sypro Orange, and denaturation was monitored by 

increased relative fluorescence, as a function of temperature (Figure 3.2A). Y155C, which 

displayed reduced cellular expression levels in 293T cells (Figure 3.1C), exhibited an altered 

thermal shift curve and melting temperature (Tm). Conversely, R366C and R366H displayed only 

minor alterations in thermal shift curves and melting temperatures. These minor alterations are not 

sufficient to induce changes in cellular protein level (Figure 3.1C). As mutants that showed altered 

cellular protein stability had alterations in the allosteric site residues, it is possible that these 

stability changes are due to an inability to form the more stable tetramer conformation. To 

understand how differences in ability to form tetramers might underpin the stability changes 

provoked by these mutations we utilized a cross-linking assay50. Purified proteins were incubated 

with activator dGTP in order to induce tetramerization and formaldehyde cross-linked products 

were analyzed using SDS-PAGE (Figure 3.2B). The two stable R366C/H mutants were able to 
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form tetramers comparable to wild type SAMHD1. However, Y155C, representative of an unstable 

mutant, was unable to form tetramers. This suggests that the ability to form tetramers in the 

presence of dGTP activator may lead to the instability displayed by some cancer mutants. 

However, these data would suggest that the R366C/H mutations do not impair oligomerization, 

further supporting the intact structural integrity of the two R366C/H mutant proteins. 

HIV-2 and SIV code for Viral Protein X (Vpx) which targets SAMHD1 for proteolytic 

degradation, thus relieving restriction in non-dividing cells21, 103, 108. As the Vpx binding site on 

SAMHD1 is dependent on the protein’s three-dimensional structure106, we utilized a Vpx 

degradation assay to further probe changes in structure127. For this test, we transiently co-

overexpressed Vpx with wild type or R366C/H SAMHD1 in 293T cells and monitored SAMHD1 

degradation using immunoblot (Figure 3.2C). Wild type SAMHD1 was successfully degraded by 

Vpx and R366C/H was comparably degraded. Overall, the multiple biochemical and cellular 

analyses validate that the three-dimensional structure of these R366C/H mutants is relatively 

preserved.   

 

3.3.3 Cancer-associated SAMHD1 mutants have significantly reduced dNTPase activity. 

 

 SAMHD1 is a dNTP triphosphohydrolase that degrades dNTPs into their deoxynucleotide 

and triphosphate components19, 20, 53. As dNTP levels in cancer cells are 6-11-fold higher than that 

of normal cells180, we hypothesized that cancer-associated SAMHD1 mutants would have reduced 

dNTPase activity, ultimately elevating intracellular dNTP levels. To test the dNTPase activity of 

SAMHD1 cancer mutants, we purified the catalytic core HD domain (residues 113-626) of some 

SAMHD1 mutants including R366C/H. We then incubated the purified enzymes with [α-32P]dGTP 
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in the presence of an excess unlabeled dGTP54. dGTP not only binds to the two allosteric sites of 

SAMHD1 for activation but also serves as a substrate20, 53. Production of labeled triphosphate 

product (PPP) was monitored by TLC-based dNTPase assay (Figure 3.3A). A no-enzyme control 

(NE) and a calf intestinal phosphatase control (CIP) were used to detect [α-32P]dGTP substrate and 

monophosphates (P), respectively. Incubation times were chosen such that product formation was 

in the linear range under saturating dNTP concentrations. Percent dGTP hydrolysis was calculated 

by dividing the triphosphate product by the lane total (Supporting Figure 3.1). Relative dGTPase 

activity was calculated by subtracting the no enzyme control condition from percent hydrolysis 

and normalizing to WT. Interestingly, the dGTPase activity of R145Q, Y155C, P158S, and R366C 

is severely impaired compared to wild type SAMHD1 (Figure 3.3B). R366H possesses 

significantly lower dGTPase activity than wild type, but is more active than R366C. It is possible 

that the substitution of a positively charged histidine residue at position 366 is able to mediate 

minor coordination of the negatively charged  γ-phosphate group of the dNTP substrate, whereas 

cysteine cannot mediate this interaction.  

Given the R366C/H mutants displayed unaltered cellular protein levels but possessed 

reduced dGTPase activity, we performed a complete analysis of the dNTPase activity of these 

mutants. Therefore, we conducted the TLC-based dNTPase assay with the three remaining 

radioactive dNTP substrates (dATP, dCTP, and dTTP) where the unlabeled substrate and activator 

dGTP were in excess (Figure 3.3C). Both the R366C and R366H mutants showed reduced 

dNTPase activity when incubated with each dNTP tested in comparison to wild type SAMHD1. 

Together with the unaltered cellular protein level of R366C and R366H, this significantly impaired 

hydrolysis activity suggests that alterations in the dNTPase activity of SAMHD1 may 

mechanistically involve the enzyme in the elevated dNTP pools observed in cancer cells.  
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3.3.4 X-ray crystal structures of R366C/H mutants.  

 

For both the R366C and R366H mutants, we crystallized the HD domain of SAMHD1 

(residues 113-626) in the presence of dGTP, which is capable of binding both allosteric sites 1 and 

2 as well as the catalytic site of SAMHD152. In the catalytic site of wild type protein, the R366 

guanidinium group neutralizes the negative charge of the dNTP substrate γ-phosphate and interacts 

with D506 to stabilize the bound nucleotide (Figure 3.4A). An established catalytically inactive 

mutant (H206R/D207N; SAMHD1HD/RN) was used to prevent hydrolysis but retain binding 

capacity of dGTP during crystallization. Crystals for R366C and R366H diffracted to a resolution 

of 1.9 Å and 3.6 Å, respectively.  

Inspection of each R366 mutant structure shows neither mutation impairs oligomerization 

or induces significant deviations from its tetramer structure as compared to a previously solved 

dGTP-bound SAMHD1HD/RN tetramer (RMSDR366C: 0.36 Å and RMSDR366H: 0.39 Å when 

compared with PDB 4BZB). However, unlike wild type protein structure that displays dGTP 

substrate bound to the catalytic site, no nucleotide density was observed in the catalytic pocket of 

either mutant (Figure 3.4B, Supporting Figure 3.2), thus confirming that substitution of a cysteine 

or histidine side chain at residue 366 renders SAMHD1HD/RN  deficient in stably binding dGTP at 

the catalytic site despite tetramerization. Uniquely, when dGTP was modelled to fit the catalytic 

site of R366H mutant, N ε2 of the mutant R366H side chain sits close to the γ-phosphate position 

in a modeled dGTP-bound structure and is therefore theoretically capable of an interaction, which 

could explain the higher relative R366H enzymatic activity for dGTP versus other mutants (Figure 

3.2B). 
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3.3.5 Impact of the R366C/H mutation on SAMHD1 restriction of HIV-1. 

 

SAMHD1 restricts HIV-1 replication in non-dividing cells by impairing reverse 

transcription22, 23. As this restriction activity correlates to the dNTPase activity of SAMHD1, we 

predicted that the R366C/H mutants would be unable to restrict HIV-1. To examine this, we 

utilized U937 cells, which lack endogenous SAMHD121. U937 cells were transduced to express 

wild type or R366C/H SAMHD1 and their equal cellular protein levels were confirmed with an 

immunoblot (Figure 3.5A). SAMHD1 D311A active site mutant was used a negative control as 

this mutant is known to have dNTPase and HIV-1 restriction deficits231. We differentiated the 

transduced U937 cells into non-dividing macrophages and challenged with increasing amounts of 

HIV-1-GFP vector (Figure 3.5B)81.  While expression of WT SAMHD1 was sufficient to restrict 

HIV-1-GFP transduction, the R366C/H mutants were unable to restrict transduction, similar to the 

D311A mutant. Next, we measured the dNTP levels of these differentiated cell lines using a 

reverse transcription-based single-nucleotide incorporation assay (Figure 3.5C)5. Consistent with 

our biochemical dNTPase activity characterization, cells expressing R366C and R366H had raised 

intracellular dNTP levels when compared to cells expressing wild type SAMHD1, which is 

responsible for the failed restriction against HIV-1. Importantly, this elevation of dNTP pools in 

cells expressing R366C/H SAMHD1 mimics the cancer cell phenotype. 

 

3.3.6 R366C/H mutants have unaltered interactions with CtIP for dsDNA break repair and Cyclin 

A2. 
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 SAMHD1 has multiple dNTPase independent functions including interacting with cell 

cycle proteins29, mediating dsDNA break repair159, restricting transcription from the HIV-1 

proviral LTR 101, suppression of the innate immune response150, 157, and nucleic acid binding144. 

Thus, we investigated whether these functions were preserved in the R366C/H mutants. First, we 

tested binding to cell cycle protein, Cyclin A2, by overexpressing HA-SAMHD1 or HA-SAMHD1 

R366C/H in 293T cells and performing a co-immunoprecipitation (Figure 3.6A). 

Immunoprecipitation of both R366C and R366H SAMHD1 pulled down Cyclin A2 similarly to 

wild type SAMHD1, indicating binding to cell cycle proteins is maintained by these mutants. 

SAMHD1 was recently implicated in double-strand DNA break repair by homologous 

recombination through its interaction with CtIP 159. To test binding of the R366C/H mutants to 

CtIP we probed for CtIP in the HA-SAMHD1 pull-downs described above (Figure 3.6A). Similar 

to Cyclin A2, we found that R366C and R366H maintained binding to CtIP.  

Next, we investigated the ability of the R366C/H mutants to mediate double-stranded DNA 

damage repair by homologous recombination. For this, we utilized U20S cells containing an 

integrated direct-repeat GFP construct with a I-SceI cut site159. Upon addition of I-SceI 

endonuclease, a double strand DNA break is generated which, when repaired by homologous 

recombination, results in a functional GFP construct. We knocked-down endogenous SAMHD1 

using siRNA and expressed either siRNA resistant RFP-WT or RFP-R366C/H SAMHD1. 

Therefore, the ability of the mutants to promote homologous recombination can be determined by 

monitoring GFP expression in RFP expressing cells. As shown in Figure 3.6B, both R366C and 

R366H were able to mediate homologous recombination similar to wild type SAMHD1, indicating 

that R366C/H maintain the dNTPase independent dsDNA damage repair function. 
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3.3.7 R366C/H mutants suppress HIV-1 LTR activation and innate immune activation. 

 

 In addition to restricting replication at the reverse-transcription step, SAMHD1 has been 

implicated in suppressing viral transcription from the HIV-1 LTR101. Next, we tested the ability of 

the dNTPase impaired R366C/H mutants to suppress expression from the proviral LTR by co-

transfecting 293T cells with wild type or mutant SAMHD1 expression plasmids and an HIV-1 

LTR-Luciferase construct (Figure 3.6C). As observed with wild type SAMHD1, the R366C and 

R366H mutants were able to suppress LTR driven luciferase production.  

SAMHD1 suppresses the innate immune response in dividing cells independent of 

dNTPase activity through interactions with IRF7 and NF-κB150, 157. To assess for alterations in the 

ability of R366C/H to suppress the innate immune response, we transiently co-expressed firefly 

luciferase under the control of an interferon stimulated response element (ISRE-Luc), transfection 

control Renilla luciferase, IRF7-Flag, and SAMHD1 WT, HD/RN, R366C, or R366H in 293T 

cells. 24-hours post-transfection firefly luciferase activity was assessed as a measure of innate 

immune response stimulation and normalized to Renilla luciferase activity (Figure 3.6D). As 

anticipated, WT and HD/RN SAMHD1 both suppressed firefly luciferase activity in this assay. 

R366C and R366H also displayed suppressed firefly luciferase. Thus, the R366C/H mutations do 

not alter the SAMHD1 function for innate immune response suppression in dividing cells.  

 

3.3.8 R366C/H mutants showed reduced nucleic acid binding activity.  

 

SAMHD1 has been shown to bind nucleic acids, which seems to play a role in HIV-1 

restriction 102, 144. We investigated whether the R366C/H mutations induced changes in nucleic 
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acid binding using a fluorescent polarization assay. R366C and R366H showed reduced nucleic 

acid binding affinity in this assay (Figure 3.6E). It is possible that this is a consequence of overlap 

between the dNTPase catalytic site and the nucleic acid binding domain102. However, it is unclear 

at present that this altered nucleic acid binding activity has a connection to cancer cell phenotypes.  

 

3.3.9 SAMHD1 reduction in human primary normal dividing cells further elevates intracellular 

dNTP levels. 

 

Finally, we sought to evaluate the contribution of SAMHD1 alterations in driving elevated 

dNTP levels, a key molecular signature of cancer, in a primary cell model. To this end, we obtained 

activated/dividing CD4+T cells positively selected from Peripheral Blood Mononuclear Cells 

(PBMCs) of three healthy donors and stimulated with PHA and IL-2 media for 3 days. In fact, we 

previously reported that human primary activated CD4+ T cells already harbor high dNTP 

concentrations5. Furthermore, these primary dividing cells also express SAMHD1 as shown in 

Figure 3.7A.  To test whether SAMHD1 level decrease can elevate dNTP concentration in 

activated CD4+ T cells, we treated these CD4+ T cells with virus-like particles containing Vpx 

(VLPs Vpx+) to degrade endogenous SAMHD1 or VLPs Vpx- as a negative control. We then 

measured intracellular dNTP levels of these treated cells. As shown in Figure 7A, even though the 

proportion of SAMHD1 degraded was small, 30%, we observed a significant increase in dNTP 

levels in the cells treated with VLPs Vpx +, compared to the cells treated with VLPs Vpx - (Figure 

3.7B). These data suggests that, in the context of a primary cell model, reduction in SAMHD1 

protein level, which also reduces overall dNTP hydrolysis capacity, can induce the elevated dNTP 

levels commonly seen in cancer cells.  
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3.4 Discussion 

 

The sole utility of intracellular dNTPs is DNA synthesis, whereas rNTPs harbor highly 

versatile utilities in cells, including RNA synthesis, kinase substrates and energy carriers. 

Intracellular dNTP concentrations are several hundred times lower than rNTP concentrations41 and 

dNTP biosynthesis is tightly regulated during cell cycle in dividing cells13, 18. However, elevated 

dNTP levels is a biochemical marker of cancer cells180, likely because the uncontrolled cell 

division observed in these cells requires an abundant dNTP supply. dNTP biosynthesis pathways 

are extensively investigated, particularly in the field of cancer biology, which led to discovery of 

various anti-cancer therapeutics targeting dNTP biosynthesis pathways3. However, the 

understanding of cellular dNTP degradation and hydrolysis mechanisms was relatively limited 

until the discovery of SAMHD1 dNTPase20, 53.  Recent identification of mutations in SAMHD1 in 

various cancer cell types generated a unique opportunity to understand the role of  the enzymatic 

dNTP hydrolysis and its regulation in the elevated intracellular dNTP pools observed in cancer 

cells. 

A majority of the SAMHD1 cancer associated mutations tested were found to be 

structurally destructive, consistent with SAMHD1 mutations observed in the AGS patients81, 135. 

However, R366C/H mutations, which were identified in two different cancer cell types184, 188, 189, 

clearly do not affect the overall structural integrity essential for its various biological functions, 

enabling us to directly link the biochemical change induced by these mutations to a potential 

functional role of SAMHD1 in cancer cells. Indeed, among all biological and biochemical assays 

related to SAMHD1 activities and functions that were investigated, the loss of dNTPase activity 
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is clearly the sole and prominent defect induced by R366C/H mutations. The loss of the interaction 

with γ -phosphate of the dNTP substrate at the catalytic site is directly supported by our observation 

that dGTP is absent in the catalytic site of the crystal packs of both R366C and R366H SAMHD1 

tetramers even though we observed two dGTP molecules bound to the two allosteric sites in the 

same crystals.  

Interestingly, several studies reported another role of SAMHD1 in anti-cancer therapeutics. 

We and others reported that SAMHD1 hydrolyzes ara-CTP60, 61, and more interestingly, that 

cellular SAMHD1 protein levels are co-related with cellular araC resistance62, 232. Clearly, 

SAMHD1, which hydrolyzes both araCTP and dCTP, a competitor of araCTP, can regulate 

balance between the steady state cellular levels of araCTP and dCTP that is important for araC 

anti-cancer efficacy. 

It remains unclear whether the genetic loss of SAMHD1 in AGS is co-related with cancers, 

mainly because of the rare incidence and early death of patients with this severe immune 

disorder135. Interestingly, SAMHD KO mice did not display an AGS phenotype233, 234 and there is 

no report of cancer development in SAMHD1 KO mice, indicating that SAMHD1 functions may 

be species -dependent. Overall, our study reveals that loss of dNTPase activity induced by 

SAMHD1 cancer R366 mutations can mechanistically contribute to the elevated intracellular 

dNTP pools commonly observed in cancer cells.  

 

3.5 Experimental Procedures 

 

3.5.1 Cell culture.  
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293T cells were cultured in DMEM (Gibco) supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% (v/v) penicillin/streptomycin. U20S cells were grown in DMEM 

supplemented with 7.5% FBS. U937 cells were grown in in RPMI (Corning) supplemented with 

10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. Primary human CD4+ T-cells were isolated 

from monocyte depleted peripheral blood buffy coats of 3 donors (New York Blood Center, New 

York, New York) by positive selection using anti-CD4 antibody conjugated magnetic beads as 

previously described5. CD4+ T-cells were activated by culturing in RPMI supplemented with 10% 

(v/v) FBS, 1% (v/v) penicillin/streptomycin, 5 μg/mL PHA (Sigma), and 5 ng/mL IL-2 (Miltenyi) 

for five days.  

 

3.5.2 Structural Model with Location of Mutant Residues. 

 

 Visual Molecular Dynamics (VMD) version 1.9.4 was used to visualize the structure of 

wild type SAMHD1 bound to dGTP (PDB:4BZB52) to identify the location of selected mutations. 

  

3.5.3 Mutant Cellular Expression. 

 

 Plasmids expressing SAMHD1 cancer-associated mutations were generated by 

QuikChange (Agilent), using either pKH3-SAMHD1-3xHA159 or plvx-mCherry-SAMHD1-3xHA 

(Genscript) as a template and mutation specific primers (IDT). For the experiment using pKH3-

3xHA constructs, 4 μg of pKH3-SAMHD1-3xHA plasmids were cotransfected with 4 μg GFP as 

a transfection control. For plvx-mCherry-3xHA plasmids, 4 μg of plvx-mCherry-SAMHD1-3xHA 

plasmids were transfected. Both experiments transfected 6-well plates of 293T cells using 
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polyethyleneimine (PEI) (Polysciences Inc.). Transfection media was changed 16 hr post 

transfection. 48 hr after transfection the cells were washed with PBS and detached using 0.25% 

trypsin (Corning). Half of each sample was fixed in 1% PFA and gated for GFP or mCherry using 

flow cytometry (MACSQuant VYB with MACSQuantify Software) to determine transfection 

efficiency (Supporting Table 3.1). The other half of the sample was lysed with cold RIPA buffer 

(50 mM Tris HCl pH 8, 0.1% SDS, 150 mM NaCl, 0.25% Deoxycholic acid, 1 mM EDTA, and 

1% NP-40) supplemented 1:500 (v/v) with  protease inhibitor cocktail (Sigma). Lysates were 

clarified using centrifugation (13,000 rpm for 10 min at 4 °C) and the supernatants were stored at 

-80 °C for immunoblot.  

 

3.5.4 Immunoblots. 

 

 Lysates were diluted with Laemmli Buffer (BioRad), resolved by SDS-PAGE, and 

transferred onto a nitrocellulose membrane. These membranes were probed using the indicated 

primary antibodies and the corresponding secondary antibodies. The membranes were then imaged 

using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific). The 

following primary antibodies were using during this study: SAMHD1 (abcam 67820), GAPDH 

(Cell Signaling 14C10), HA (Cell Signaling C23F4), CtIP (Santa Cruz 271339), Cyclin A2 

(Abcam 181591), FLAG (Abcam 18230). The following secondary antibodies were used during 

this study: anti-mouse (Cytiva NA931V) and anti-rabbit (Cytiva NA934V).  

 

3.5.5 SAMHD1 protein expression and purification. 
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 Plasmids expressing the HD domain (residues 113-626) of SAMHD1 cancer-associated 

mutations were generated by QuikChange using pet14b-SAMHD1 as a template and mutation 

specific primers. The N-terminal His-tag SAMHD1 proteins were overexpressed in Rosetta DE3 

cells (Novagen) by inducing with 0.2 mM IPTG at an optical density of 0.5-0.8 for 48 hr at 16 °C. 

Cells were harvested by centrifugation (3,500 rpm for 30 min at 4 °C), resuspended in lysis buffer 

(40 mM Tris HCl  pH 7.5, 250 mM KCl, 5% glycerol, 0.1% Triton X-100, 5 mM β-

mercaptoethanol and 0.1 mM PMSF), and sonicated. Cleared lysate was obtained by centrifugation 

(15,000 rpm for 30 min at 4 °C). The cleared lysate was loaded onto a HisTrap FF column (Cytiva) 

equilibrated with binding buffer (40 mM Tris-HCl pH 7.5, 10% glycerol, 500 mM NaCl, 5 mM β-

mercaptoethanol, and 20 mM imidazole). The column was washed with 75 mL binding buffer 

followed by 30 mL of high salt wash buffer (40mM Tris-HCl pH 7.5, 10% glycerol, 2000 mM 

NaCl, 5 mM β-mercaptoethanol, and 20 mM imidazole). Protein was eluted with 50% binding 

buffer and 50% elution buffer (40 mM Tris-HCl pH 7.5, 10% glycerol, 300 mM NaCl, 5 mM β-

mercaptoethanol, and 500 mM imidazole). Fractions were assessed for the presence of SAMHD1 

using SDS-PAGE. Fractions containing SAMHD1 were combined and further purified on 

Superdex S200 (GE healthcare) with gel filtration buffer (50 mM Tris-HCl pH 7.5, 20% glycerol, 

150 mM NaCl, and 5 mM β-mercaptoethanol). Fractions were assessed using SDS-PAGE and 

those containing SAMHD1 were combined, flash frozen, and stored at -80°C. 

 

3.5.6 Thermal shift assay. 

 

Thermal shift reaction mixtures (40 μL) were made using 2.5μM SAMHD1 WT or mutant 

proteins in SAMHD1 storage buffer (50 mM Tris-HCl pH 7.5, 20% glycerol, 150 mM NaCl, and 
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5mM β-mercaptoethanol), 1 μL Sypro Orange Protein Gel Stain (Sigma-Aldrich) diluted 1:20 in 

SAMHD1 storage buffer, and 10 μM dGTP. Reactions were performed in triplicate and wells 

containing no SAMHD1 or no dye served as negative controls. Reactions mixtures were added to 

a 96 well plate (Lightcycler 480 Multiwell Plate 96 white, Roche) and heated from 32 °C to 99 °C 

at the rate of 0.02 °C per second by a real-time PCR device (LightCycler 480 II, Roche). 

Florescence was read at 533-660 and 30 acquisitions were taken per °C to monitor protein 

unfolding signified by increased Sypro Orange fluorescence. Fluorescent intensity was plotted 

against temperature using Spyder Software (Anaconda). Melting temperature (Tm) was calculated 

for each well using the transition midpoint.  

 

3.5.7 Cross-linking based tetramerization assay.  

 

The SAMHD1 cross-linking assay was adapted from a protocol previously described50. 

Reaction mixtures (20 μL) contained 10 μM wild type or mutant SAMHD1 in cross-linking buffer 

(50 mM HEPES 7.4, 20% Glycerol, 150 mM KCl, 1 mM β-mercaptoethanol), 25 0mM KCl, and 

25 mM MgCl2) . These reactions contained no dGTP or 2 mM dGTP as specified in the text. 

Reactions were incubated on ice for 30 min followed by incubation at room temperature for 5 min. 

An equal amount of 2% formaldehyde was added and the reactions were incubated at 37 °C for 15 

min. Reactions were quenched by adding glycine to a final concentration of 250 mM and 

incubating at room temperature for 15 min. Reactions were diluted with 4x Laemmli buffer without  

β-mercaptoethanol supplemented and loaded onto an SDS-PAGE gel (Mini-PROTEAN TGX 

Stain-Free Precast Gel, Biorad). The gel was imaged using ChemiDoc Touch Imaging System 

(BioRad).  
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3.5.8 SAMHD1 degradation assay. 

 

Vpx-mediated degradation was performed as previously described127. Briefly, 1x106 293T 

cells were co-transfected with 2 μg of pSIV3+ or pSIV3+ ΔVpx (obtained from Dr. Nathaniel 

Landau, New York University) and 0.1 ug of pKH3-3xHA or pKH3-SAMHD1-3xHA (WT, 

R366C, or R366H) plasmids by PEI. Transfection media was changed 16 hr post transfection. 48 

hr after transfection the cells were washed with PBS, and lysed with cold RIPA buffer 

supplemented 1:500 (v/v) with a protease inhibitor cocktail (Sigma). Lysates were clarified using 

centrifugation (13,000 rpm for 10 min at 4 °C) and the supernatants were stored at -80 °C for 

immunoblot.  

 

3.5.9 Thin-layer chromatography based dNTPase assay. 

 

TLC-based dNTPase assay was adapted from a protocol described previously54. 0.02 μM 

WT or mutant SAMHD1 protein was incubated with 1 μCi/μl [α-32P]dGTP (Easytide, 

PerkinElmer), 200 μM unlabeled dGTP (Invitrogen), in TLC reaction buffer (50 mM Tris-HCl pH 

8, 50 mM KCl, 5 mM MgCl2, and 0.1% Triton X-100) at 37°C for 60 minutes. Reactions were 

performed in triplicate. This incubation time was chosen because wild type displays significant 

dNTP hydrolysis at this time point, while still being under saturating substrate concentrations 

during a preliminary time course experiment. The reactions were heat inactivated by incubating at 

70 °C for 5 minutes. 0.5 μL of each reaction was spotted onto a PolyGram 300 CEL TLC plate 

(Macherey-Nagel). The radioactive dGTP substrate and triphosphate product were separated using 
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the mobile phase (800 mM LiCl and 100 mM Tris-HCl pH 8). Radioactivity was detected using 

Amersham Typhoon IP (Cytiva) and densitrometry analysis was performed using ImageQuant TL 

8.2 (Cytiva). Relative activity was determined by dividing triphosphate by the lane total and 

normalizing to WT. This was repeated for the other dNTP substrates with a modified reaction 

condition to account for the necessary dGTP activation: 0.04 μM WT or mutant SAMHD1 protein 

was incubated with 1 μCi/μl [α-32P]dNTP, 200 μM unlabeled dNTP, and 200 μM unlabeled dGTP 

in TLC reaction buffer at 37 °C for 60 minutes.  

 

3.5.10 Crystallization and data collection. 

 

Crystals for the HD domain of SAMHD1 (residues 113-626) R366C/H were obtained using 

catalytically inactive H206R/D207N constructs52 with the microbatch under oil method. R366C or 

R366H (4 mg/mL; 50 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgCl2, 0.5 mM TCEP) was mixed 

with 4 mM dGTP, incubated on ice for 15 min, and added 1:1 with crystallization buffer (100 mM 

succinic acid-phosphate-glycine (SPG) buffer, 30% w/v PEG1500; Qiagen). R366C crystallized 

at pH 8.2 in ~2 weeks at room temperature. R366H crystallized at pH 9.0 within 1-2 days at room 

temperature. Both constructs were cryoprotected with 25% v/v glycerol and flash frozen in liquid 

nitrogen. Diffraction data were collected on the NECAT beamline 24-ID-E at the Advanced 

Photon Source (APS), Argonne National Lab. Data statistics are summarized in Supporting Table 

2.  

 

3.5.11 Structure determination and refinement. 
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Diffraction images were processed using HKL2000235. Structures were solved via 

molecular replacement (Phaser)236 using PDB 4BZB as a search model. Models were refined 

through iterative rounds of restrained and TLS refinement (REFMAC5)237, and model building 

(Coot)238. The R366H crystal was twinned with twinning fractions of 0.57 and 0.43 for the (H, K, 

L) and (H, -K, -H-L) twinning operators, respectively. Residues 278-283 were unresolved. 

Refinement statistics are summarized in Supporting Table 3.2. Coordinate and structure factors 

were deposited in the PDB under accession codes 7LTT and 7LU5 for R366C and R366H, 

respectively. 

 

3.5.12 Generation of U937 cells expressing SAMHD1 mutations.  

 

Plasmids expressing SAMHD1 cancer-associated mutations were generated using LPCX-

SAMHD1-Flag as a template and mutation specific primers. LPCX-Flag was used as a negative 

“empty” control. Retroviral vectors were generated as previously reported69. Transduced U937 

cells were selected in 0.4 μg /ml puromycin. Transduction was confirmed by lysing cells in RIPA 

buffer and performing an immunoblot. 

 

3.5.13 HIV-1 vector transduction. 

 

Recombinant HIV-1 expressing GFP and pseudotyped with the VSV-G glycoprotein were 

prepared as described81. For transductions, 6 × 104 cells seeded in 24-well plates were first treated 

with 10 ng/mL phorbol-12-myristate-3-acetate (PMA) for 16 hours to induce differentiation into 

macrophage-like cells. Cells were then transduced with the pseudotyped HIV-1 in the amounts 
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noted in the text. 48 hours post transduction the percentage of GFP-positive cells was determined 

by flow cytometry (Becton Dickinson).  

 

3.5.14 Cellular dNTP measurement. 

 

Cellular dNTP was measured by HIV-1 RT-based dNTP assay as described5. Briefly, 2x106 

cells for each cell type were washed with PBS and resuspended in ice cold 65% methanol. To lyse, 

cells were vortexed for 2 min and incubated at 95 °C for 3 min. Cells were centrifuged at 14,000 

rpm for 3 min and the supernatant was dried using a speed vac. The dried sample was resuspended 

in water and diluted to be within the linear range of the assay. 5′ 32P-end-labeled 18-mer DNA 

primer (5′-GTCCCTCTTCGGGCGCCA-3′, Integrated DNA Technologies) was individually 

annealed to one of four 19-mer DNA templates (3′-CAGGGAGAAGCCCGCGGTN-5′, Integrated 

DNA Technologies), where N represents the nucleotide variation at the 5’ end. Reactions (20μL) 

contained 200 fmol template/primer, 4 μL of purified RT (HIV-1 HXB2), 25 mM Tris–HCl, pH 

8.0, 2 mM dithiothreitol, 100 mM KCl, 5 mM MgCl2, and 10 μM oligo (dT), and cellular dNTP 

extracts. Water or 0.5 mM dNTP mix was used as a negative and positive control, respectively. 

Reactions were incubated at 37 °C for 5 min and stopped by adding 10 μL 40 mM EDTA and 99% 

(vol/vol) formamide followed by incubation at 95 °C for 2 min. Reactions were resolved on a 14% 

urea-PAGE gel (AmericanBio, Inc.) and analyzed using PharosFX molecular imager. Image Lab 

software Version 5.1.2 (Biorad) was used to quantify single-nucleotide extensions products. 

 

3.5.15 Immunoprecipitation.  
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293T cells in 10 cm dishes were transfected with pKH3-3xHA or pKH3-SAMHD1-3xHA 

(WT, R366C, or R366H) using PEI. Transfection media was changed 16hr post transfection. 48 

hr after transfection the cells were lysed in immunoprecipitation lysis buffer (25 mM Tris-HCl pH, 

50 nM NaCl, 5% glycerol, and 0.375% CHAPS) supplemented 1:500 (v/v) protease inhibitor 

cocktail (Sigma) and centrifuged to obtain cleared lysate (14,000 rpm for 5 min at 4 °C). 

Monoclonal Anti-HA Agarose (Sigma) was washed three times in RIPA buffer, added to the 

cleared lysate, and incubated overnight at 4 °C with gentle rocking. The next day the sample was 

centrifuged (3,000 x g for 2 min at 4 °C) to pellet the resin and bound protein. The supernatant 

was discarded and the resin was loaded onto HA spin column. The column was washed 3 times 

with RIPA buffer supplemented with protease inhibitor cocktail. The remaining bound protein was 

eluted with 8 M urea (Sigma) and stored at -80°C for immunoblot. 

 

3.5.16 DSB Reporter Assay.  

 

Measurement of double strand DNA break repair by homologous recombination was 

conducted as reported previously159. Briefly, U20S cells stably expressing a DR-GFP reporter gene 

were transfected with 30 nM siRNA using Lipofectamine RNAiMax. The following day, 

transfection media was changed and cells were transfected with I-SceI and RFP or SAMHD1-RFP 

(WT, R366C, or R366H) plasmids. Cells were harvested 72 hours after transfection of plasmids. 

RFP expressing cells were gated and analyzed for homologous recombination based on GFP 

expression using FACS. This experiment was performed in quadruplicate (n=4).  

 

3.5.17 LTR and ISRE Luciferase Assays. 
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293T cells were seeded in 12-well plates. For LTR suppression cells were transfected with 

100 ng pBlue3'LTR-luc-C (NIH AIDS # 4789), 100 ng Renilla-Luciferase, and 300 ng pKH3-

3xHA or pKH3-SAMHD1-3xHA (WT, R366C, or R366H) using PEI101. For ISRE suppression 

cells were transfected with 100 ng ISRE-Luc (obtained from Li Wu, Ohio State University), 100 

ng Renilla-Luciferase, 200 ng IRF7-Flag (obtained from Li Wu, Ohio State University), and 300 

ng pKH3-3xHA or pKH3-SAMHD1-3xHA (WT, HD/RN, R366C, or R366H) using PEI148. 16 hr 

later transfection media was changed to fresh media. 24 hr post transfection cells were lysed and 

assessed for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega) 

following the manufacturer’s instructions. The remaining lysate was stored at -20 °C for 

immunoblot. LTR and ISRE activity was calculated by dividing Firefly Luciferase activity by 

Renilla Luciferase activity and normalizing to the Empty Vector condition. The immunoblot was 

quantified using Image Lab Software (Biorad) (Supporting Figure 3). SAMHD1 signal/ GAPDH 

signal was normalized to the WT condition. The previous luciferase calculation was divided by 

the normalized Western Blot signal in order to account for variations in expression. 

 

3.5.18 Oligonucleotide Binding by Fluorescence Polarization. 

 

Wild type and mutant variants of HD-domain SAMHD (114-626) constructs were 

expressed using a bacterial expression system and purified, as previously described77. The binding 

of SAMHD1 to various oligonucleotides was monitored by fluorescence polarization. The reporter 

oligonucleotides containing a 6-carboxyfluoroscein (6-FAM) label at the 5’ end were purchased 

from IDT. ssDNA57 and ssRNA40 oligonucleotides had the same sequences as in the original 
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study144. The binding assay contained 50 nM of fluorescently-labeled oligonucleotide and was 

prepared in the following buffer: 50 mM Tris-HCl pH 8.0, 50 mM KCl, and 1 mM EDTA. 

Fluorescence polarization measurements were performed in 384-well plates (Corning 3575) on a 

Synergy 2 microplate reader (Biotek) using 485/20 nm excitation and 530/20 nm emission 

bandpass filters. All experiments were performed in duplicate with 20 μL solution volume in each 

well. 

 

3.5.19 Virus-like particle transduction of CD4+ T-cells.  

 

Virus like-particles (VLPs) Vpx+ and Vpx- were prepared as previously described225. 

Briefly, 293T cells were transfected with 40 μg of pSIV3+ or pSIV3+ ΔVpx (obtained from Dr. 

Nathaniel Landau, New York University) and 20 μg of pVSV-G using PEI. Supernatant was 

collected 2 and 3 days post-transfection and centrifuged to clear cellular debris (1,200 rpm for 7 

minutes). Cleared supernatant was overlaid above a 25% sucrose solution ( 25% Sucrose, 25 mM 

Tris HCl pH 7.5, 150 mM NaCl, 5 mM EDTA) and concentrated by ultracentrifugation (23,000 

rpm, for 2 hr at 4°C). Pellets were resuspended in Hanks' balanced salt solution (GIBCO), 

aliquoted, flash-frozen, and stored at −80 °C. Activated CD4+ T-cells were transduced with either 

VLP Vpx+ or VLP Vpx-. Cells were harvested for Western Blot and dNTP measurements 24 hours 

post transduction. 

 

3.5.20 Statistical Analyses.  
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All statistical analyses were conducted using two-tailed, unpaired Welch’s t-tests. P-values 

obtained from each analysis are included in the figure. The cutoff for statistical significance in this 

study is a p-value <0.05. All experiments were performed in triplicate (n=3) unless otherwise 

noted. Values are reported as the mean of these replicates and error bars in each figure represent 

standard deviation. 

 

3.6 Data Availability  

 

The atomic coordinates and structure factors have been deposited in the Protein Data Bank. 

SAMHD1(113-626) H206R D207N R366C PDB ID 7LTT. SAMHD1(113-626) H206R D207N 

R366H PDB ID 7LU5. 
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Figure 3.1: Structural locations of selected SAMHD1 cancer mutations and their impact on 

intracellular SAMHD1 protein levels. A) Linear map of SAMHD1 mutations selected in this 

study. Cancer specific mutations are in red at the bottom, and residues in catalytic sites and two 

allosteric sites are marked in different colors. B) Structural locations of SAMHD1 cancer 

mutations found in the allosteric or catalytic sites. Our previously solved wild type HD domain 

tetramer structure (4BZB), which is bound to dGTP at its two allosteric sites (dGTP-1 and dGTP-

2) and catalytic site, was used for locating the selected mutations. Subunits of the tetramers are 

displayed in different colors.  C) The SAMHD1 protein levels in 293T cells transfected with an 

equal amount of plasmids expressing HA-tagged SAMHD1 proteins. Empty: Backbone plasmids, 

pKH3-3xHA (left) and pLVX-IRES-mCherry (right). Transfection efficiency was determined by 

GFP expression from the co-transfected eGFP control plasmid (left) or from mCherry expression 

(right) by flow cytometry. (Supporting Table 1). The relative SAMHD1 protein levels were 

normalized by GAPDH protein level and the ratios between wild type and mutant SAMHD1 

protein levels were calculated.  
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Figure 3.2: Thermostability, tetramerization, and Vpx-mediated degradation of SAMHD1 

mutant proteins. A) Thermal shift assay of wild type and mutant HD proteins was conducted after 
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preincubation with SYPRO Orange dye. The melting temperature (Tm) of each protein was 

calculated as described in Methods. Tm: WT= 63.5 ± 0.1°C, Y155C= 60.2 ± 0.3°C, R366C= 62.0 

± 0.4°C, R366H= 62.3 ± 0.1°C  B) Tetramerization of wild type and mutant HD domain proteins 

was analyzed by SDS-PAGE after formaldehyde-mediated crosslinking in the presence and 

absence of 2mM dGTP. M: Monomer, D: Dimer, T: Tetramer. M: Molecular weight markers. C: 

No formaldehyde control. C) Vpx-mediated proteasomal degradation of wild type and mutant 

SAMHD1 proteins in cells was monitored.  293T cells were co-transfected with SAMHD1 

expressing plasmids and Vpx expressing (Vpx+) or non-expressing (Vpx-) plasmid. SAMHD1 

protein levels in the transfected cells were determined by immunoblot with anti-SAMHD1 

antibody. 
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Figure 3.3: Biochemical dNTPase activity comparison of wild type and cancer mutant 

SAMHD1 proteins. A)  TLC-based dNTPase assay was conducted using the same concentration 

of purified HD domain protein for each mutant. This assay monitors the production of triphosphate 

from α32P-dNTP substrate under the condition that triphosphate product generation was linear to 

protein amounts at the saturating dNTP substrate concentration. The reactions were analyzed by 

TLC as described in Methods. CIP: calf-intestinal phosphatase control. NE: No enzyme negative 

control. P: Monophosphate. PPP: Triphosphate. B) Relative dGTPase activity of wild type and 
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mutant SAMHD1 proteins (HD domain) was calculated by dividing the triphosphate product by 

the lane total and normalizing to wild type dGTPase activity. C) The relative dNTPase activities 

of wild type, R336C and R366H proteins were determined for dATP, dCTP, and dTTP. nd: not 

detected. Data are the mean of three replicates and error bars reflect standard deviation from the 

mean. P-values were determined using two-tailed, unpaired Welch’s t-test with WT, wild type. 
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Figure 3.4. R366C/H mutations abrogate catalytic nucleotide binding. A) Overall structure of 

the SAMHD1 tetramer in surface representation (left). The right inset shows selected interactions 

of R336 and the catalytic nucleotide in SAMHD1HD/RN. H-bonds and salt bridges are shown as 

dashed lines. B)  R336C (left) or R366H (right) leads to the disruption of the interactions and the 

loss of nucleotide binding at the catalytic site. The catalytic nucleotides (gray) are modeled in 

based on their positions in SAMHD1HD/RN. Portions of the structure have been hidden for clarity. 
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Figure 3.5: HIV-1 restriction capability of R366H/C SAMHD1 mutants. A) U937 cells were 

transduced with lentiviral vector expressing FLAG-tagged wild type, D311A inactive mutant, 

R366C, and R366H proteins. The expression level of each SAMHD1 protein was determined by 

western blot with anti-FLAG antibody and normalized with GAPDH. B) The transduced U937 

cells were differentiated to nondividing macrophage stage, and transduced with eGFP expressing 

HIV-1 vector. Transduction efficiency using different quantities of HIV-1 vector was determined 

using flow cytometry. C) Intracellular dNTP levels in differentiated U937 cells expressing wild 

type and mutant SAMHD1 proteins were determined by RT-based dNTP assay. Data are the mean 

of three replicates and error bars reflect standard deviation from the mean. P-values were 

determined using two-tailed, unpaired Welch’s t-test to WT knock-in cells. 
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Figure 3.6: Effect of R366C and R366H SAMHD1 mutations on SAMHD1 dNTPase 

independent functions. A) Immunoprecipitation of Cyclin A2 and CtlP nuclease by SAMHD1. 

293T cells were transfected with an equal amount of HA-tagged SAMHD1 expressing plasmids, 

and the expressed SAMHD1 proteins were pulled down by HA antibody beads. The lysates (Input) 

of the transfected cells and the pulldown fractions (IP:HA) were assessed by immunoblot using 

anti-HA antibody, Cyclin A2 antibody, and CtlP antibody. GAPDH was used for the loading 

control. Empty: Empty plasmid (pLVX-IRES-mCherry). B)  dsDNA break repair activity of wild 

type and R366C/H mutants. U20S cells with integrated DR-GFP reporter construct were 
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transfected with I-Sce-I, SAMHD1-UTR siRNA, and RFP-SAMHD1 WT or R366C/H cDNA. 

Flow cytometry was used to assess for homologous recombination, as measured by GFP 

expression in cells expressing RFP. Empty: RFP plasmid. C) Suppression of LTR driven gene 

expression by wild type and R366C/H mutants. 293T cells were transfected with SAMHD1 

expressing plasmids, HIV-1 LTR-firefly luciferase plasmid (LTR-Luc), and Renilla luciferase 

plasmid as a transfection control. Firefly luciferase activity was measured and normalized to 

Renilla luciferase activity 24 hr post-transfection. D) Suppression of ISRE stimulation by wild 

type ad R366C/H mutants. 293T cells were transfected by SAMHD1 expressing plasmids, ISRE- 

firefly luciferase plasmid (ISRE-Luc), IRF7 plasmid, and Renilla luciferase plasmid as a 

transfection control. Firefly luciferase activity was measured and normalized to Renilla luciferase 

activity 24hr post-transfection. E) Nucleic acid binding curves and binding constants of wild type 

and two R366 mutant SAMHD1 proteins were determined using fluorescence polarization. 6FAM-

deoxy(C*G*C*C*T): WT Kd= 146.8± 8.3 nM, R366C Kd =689 ± 39 nM ,R366H Kd= 606 ± 46 

nM. 6FAM-ribo(C*G*C*C*U): WT Kd= 153.8 ± 4.2 nM, R366C Kd= 1449 ± 51 nM , R366H 

Kd= 1125 ± 42 nM. 6FAM-ssDNA57: WT Kd= 387.2 ± 45.4 nM, R366C Kd= 3825 ± 340 nM, 

R366H Kd= 2965 ± 328 nM. 6FAM-ssRNA40: WT Kd= 884.8 ± 59.9 nM, R366C Kd= 2252 ± 249 

nM , R366H Kd= 2476 ± 264 nM. Data are the mean of three replicates and error bars reflect 

standard deviation from the mean. P-values were determined using two-tailed, unpaired Welch’s 

t-test to b. SAMHD1 siRNA +Empty, c. Empty, d. Empty. 
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Figure 3.7: Effect of SAMHD1 degradation on intracellular dNTP levels in human primary 

activated/dividing CD4+ T cells. Human primary CD4+ T cells were isolated from 3 healthy 

donors, activated by PHA and IL-2 for 5 days, and treated with VLP Vpx (-) or VLP Vpx (+)  for 

24 hours. A) Cellular SAMHD1 protein levels were determined by immunoblot using anti-

SAMHD1 antibody and anti-GAPDH antibody as a loading control. The relative SAMHD1 protein 

levels were normalized by GAPDH protein level and the ratios between wild type and mutant 

SAMHD1 protein levels were calculated. B) Intracellular dNTP levels were determined by RT-

based dNTP assay. Data are the mean of three replicates and error bars reflect standard deviation 
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from the mean. P-values were determined using two-tailed, unpaired Welch’s t-test to VLP Vpx- 

condition. 
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Supporting Table 3.1: Transfection efficiency of SAMHD1 cancer mutants. A) 293T cells 

were transfected with SAMHD1 plasmids and a GFP plasmid or B) an mCherry labelled SAMHD1 

plasmid. Half of the sample was fixed and analyzed for GFP or mCherry using flow cytometry to 

determine transfection efficiency. 
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  R366C R366H 

Data collection     

   Wavelength (Å) 0.97918 0.97918 

   Space group  P21 P21 

   Cell dimensions 

a, b, c (Å)  

α, β, γ (˚) 

80.9, 140.1, 97.2 

90.0, 114.2, 90.0 

83.7, 573.5, 100.5 

90.0, 114.7, 90.0 

   No. molecules/asymmetric unit 4 16 

   Resolution (Å)  50.0-1.9 (1.93-1.90) 50.0-3.60 (3.66-3.60) 

   Rmerge 0.071 (>1) 0.143 (>1) 

   Mean I / σI 17.3 (1.0) 13.8 (1.6) 

   CC1/2 0.999 (0.297) 0.996 (0.690) 

   Completeness (%) 99.1 (98.8) 85.6 (83.1) 

   Redundancy 3.3 (3.3) 5.1 (4.8) 

   Unique reflections 153,730 (7,622) 84,897 (4,131) 

Refinement     

   No. nonhydrogen atoms 16,683 64,032 

   Rwork/Rfree 0.173/0.207 0.227/0.259 

   Mean B-factor (Å2) 31 144 

   R.m.s.d. 

Bond lengths (Å) 

Bond angles (˚) 

0.012 

1.7 

  

0.008 

1.4 
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Ramachandran 

  Favored (%) 

  Allowed (%) 

Outliers (%) 

98.64 

1.26 

0.10 

97.84 

2.11 

0.05 

 

Supporting Table 3.2: Crystal Structure data collection and refinement statistics. 
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Supporting Figure 3.1:  Percent dGTP hydrolysis of SAMHD1 mutants. A) Wild type and 

mutant SAMHD1 were incubated with α32P-dGTP in the presence of excess unlabeled dGTP. 

Reaction substrate and product were separated using TLC (Figure 3.3A). Densitometry analysis of 

the TLC plate was performed and percent dGTP hydrolysis was calculated by dividing the 

triphosphate product by the lane total. 
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Supporting Figure 3.2:  Electron density in the allosteric and catalytic sites of R366C/H. 2Fo-

Fc electron density (1s level, gray mesh) of the regions around the allosteric nucleotides of the 

R366C structure (top) and the catalytic site of the R366C (bottom left), the R366H (bottom middle, 

sharpened by a B-factor of -80 Å2), and the SAMHD1HD/RN (bottom right, PDB 4BZB) structures. 

There is a lack of nucleotide density in the catalytic site of the R366C/H mutant structures, where 

the nucleotide substrate (green) was modeled in based on its position in the SAMHD1HD/RN 

structure. 
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Supporting Figure 3.3: Immunoblot for SAMHD1 expression levels. A) dsDNA repair by 

Homologous Recombination B) LTR-Luciferase assay C) ISRE-Luciferase assay. Expression 

levels of SAMHD1 were used to normalize activity data in Figure 3.6.  
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4.1  Abstract 

 

 The findings described in Chapter 2 and Chapter 3 of this work provide mechanistic insight 

into how lentiviruses and cancer cells, respectively, modulate intracellular dNTP pools during 

pathogenesis. In this chapter, I 1) summarize and contextualize these findings with respect to 

outstanding questions in their respective fields and 2) discuss future directions for addressing these 

remaining gaps in knowledge.  

 

4.2 Macrophage tropism as a driver of lentiviral evolution. 

 

4.2.1 Lentiviruses have acquired adaptations to infect macrophages over evolutionary time. 

 

 HIV-1 primarily infects and kills CD4+ T-cells, which is why HIV disease progression in 

the clinic is monitored using CD4+ T-cell count. dNTPs, substrates of reverse transcriptase, are 

~200-fold higher in CD4+T-cells than in macrophages, resulting in faster replication kinetics and 

a more permissive infection in CD4+T-cells when compared to macrophages5. Indeed, previous 

work from our laboratory established that the dNTP concentrations available in macrophages is 

lower than the KM of reverse transcriptase, thus providing a kinetic block to reverse transcription42. 

This begs the question: why infect macrophages? Interestingly, many non-primate lentiviruses 

including equine infectious anemia virus239, ovine lentivirus240, visna-maedi virus241, and caprine 

arthritis-encephalitis virus242 are mainly or exclusively macrophage trophic. The lack of a dUTPase 

gene in all primate lentiviruses and the distance between primate lentiviruses as compared to the 

distance between other mammalian lentiviruses, suggest that non-primate lentiviruses served as 
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the evolutionary ancestor of the primate lentiviruses243. Therefore, macrophage tropism can be 

viewed as a more intrinsic property of the lentivirus, with T-cell tropism emerging later in 

evolutionary history.  

 Due to the conservation of macrophages as targets of lentiviral infection, it is likely that 

macrophage tropism posed an important selective pressure on these viruses over evolutionary time. 

One example of adaptation to the low dNTP pools present during macrophage infection is the 

ability to directly counteract SAMHD1. While mammals have functional SAMHD1 that restricts 

non-primate lentiviruses, feline, equine, and bovine lentiviruses do not have the ability target 

SAMHD1 for proteasomal degradation127. This would imply that non-primate lentiviruses do not 

have the ability to counteract SAMHD1 and that this function evolved specifically in primate 

lentiviruses. Indeed, phylogenetic evidence suggests that Vpr was neofunctionalized to degrade 

SAMHD1 leading up to the split of the SIVagm and SIVdeb/mus/mon lineages115. Thereafter, a 

gene duplication of Vpr occurred leading to the origin of Vpx.115 Due to the host-pathogen 

evolutionary arms-race, SAMHD1 was rapidly diversifying to escape Vpr recognition and some 

have speculated that this gene duplication event allowed for the virus to maintain other Vpr targets 

while maximizing the ability to target SAMHD1115.  Notably, Chapter 2 of this work highlights 

that the SAMHD1 counteracting function of Vpr/Vpx  could only evolve due to the presence of 

ongoing dNTP biosynthesis in macrophages. In addition to just degrading SAMHD1, lentiviruses 

must exploit the active dNTP biosynthesis in macrophages in order to raise intracellular dNTP 

pools and relieve restriction. Future work can confirm this through a similar study using a 

SAMHD1-counteracting Vpr.  

 While some lentiviral lineages have evolved a mechanism to directly counteract SAMHD1 

and elevate dNTP pools in order to replicate in macrophages, HIV-1 has evolved a different 
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approach, likely due to the distinct ancestry of the virus. Globally, HIV-1 infections are dominated 

by group M244, which originated from a cross-species transmission event from chimpanzees, 

SIVcpz, which lacks Vpx245, 246. SIVcpz, in turn was generated from an interspecies transmission 

event and recombination between SIVrcm from red-capped mangabeys and SIVmus/mon/gsn 

from Cercopithecus monkeys247. Phylogenic analyses demonstrate that SIVcpz acquired Vif and 

Vpr from SIVrcm, but interestingly, SIVrcm codes for Vpx between these two genes246. Phylogeny 

would suggest a deletion event of Vpx occurred in SIVcpz which also resulted in a 160bp deletion 

in Vif in an area of overlap113. Due to a related overprinting event during this recombination, Vif 

aquired 61 bp from the 5’ end of Vpr and a completely novel 60–75 bp, thus producing a unique 

Vif C-terminal domain113. Strikingly, these novel 60-75 bases did not match known lentiviral or 

primate genomic sequences and are unique to SIVcpz and related strains113. However, these 

sequences harbor the “cullin box” and PPLP motif necessary for HIV-1 to degrade host 

APOBEC3G248, a cytidine deaminase that restricts viral replication through hypermutation249, 250.  

This may suggest that the selective pressure exerted from the cross-species jump from old world 

monkeys to chimpanzees favored a virus that could counteract APOBEC3G to a virus that could 

counteract SAMHD1113. However, it is also possible that SIVcpz acquired functions to circumvent 

the absence of a direct SAMHD1 antagonism. In the case of HIV-1, a more efficient reverse 

transcriptase evolved that can more efficiently polymerize DNA than the RTs of SAMHD1 

counteracting lentiviruses42, 124.  This is a result of a faster conformational change step (kconf) 

during polymerization125. This increased efficiency allows HIV-1 to bypass SAMHD1 restriction 

and replicate in the low dNTP pool environment of macrophages125. Moreover, previous work 

from our laboratory has shown that RTs from SIVmac239 Vpx- infections acquire mutations that 

result in enhanced RT kinetics when compared to RTs from SIVmac239 Vpx+ infections126. This 
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strongly suggests that the absence of Vpx in SIVcpz and HIV-1 could have directly driven HIV-1 

RT to become more efficient in order to indirectly counteract the limited availability of dNTPs in 

macrophages. 

 

4.2.2 Herpesviruses have evolved adaptations distinct from lentiviruses for macrophage 

infection. 

 

 More broadly, other macrophage-tropic viruses that utilize dNTPs during their replicative 

processes, like herpesviruses, have uniquely adapted to infect macrophages251. For example, 

herpesviruses encode for orthologous serine and threonine protein kinases known as conserved 

herpesvirus protein kinases (CHPKs)252. These CHPKs are known to phosphorylate a number of 

cellular targets in order to facilitate viral replication253-255. More recently, SAMHD1 was identified 

as a shared target of CHPKs from betaherpesviruses, such as CMV pUL97,  and 

gammaherpesviruses, such as EBV BGLF4256, 257. This phosphorylation event inactivates 

SAMHD1 dNTPase activity in biochemical assays256, but future studies are needed to demonstrate 

conclusively that this translates to elevated dNTP levels in macrophages during infection. Based 

on work from Chapter 2, it could be proposed that this direct counteraction of SAMHD1 is also 

dependent on the presence of ongoing dNTP biosynthesis in macrophages to elevate dNTPs once 

SAMHD1 has been inactivated. While further work would be needed to test this hypothesis, this 

mechanism is potentially another example of viral adaptation to macrophage infection that could 

only be possible due to active dNTP biosynthesis. At the same time, some herpesviruses encode 

their own dNTP biosynthesis machinery as an adaptation to infection in low dNTP pools251, 258. 

For example, alphaherpesviruses, such as HSV-1259, 260, and gammherpesviruses, such as EBV261, 
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262, encode for a viral thymidine kinase (TK). Additionally, herpesviruses contain a viral RNR263. 

Although, all herpesviruses encode for the large subunit of RNR, M1264, 265, only 

alphaherpesviruses and gammaherpesviruses code for the small unit of RNR, R28, 266, to make an 

enzymatically active protein. Taken together, herpesviruses have evolved distinct mechanisms 

from lentiviruses to ensure productive replication in the macrophage environment.  

 

4.2.3 The inhibitory “cost” of individual adaptations to infect macrophages depends on viral 

background. 

 

The types of mechanisms different viruses have evolved to adapt to infection in 

macrophages is likely dependent on a variety of factors. One consideration, as discussed previously 

for HIV-1, is viral lineage. As HIV-1 and HIV-2 came from separate paths before transmission to 

humans, their lineages were influenced by different cross-species transmission events. These 

events provided distinct sources for bottlenecks and selective pressures established by adaptations 

to different hosts. In short, HIV-1 likely developed a more efficient RT to replicate in macrophages 

because it came from a lineage without Vpx to directly counteract SAMHD1. Another 

consideration is the trade-offs associated with different mechanisms and how “expensive” those 

trade-offs would be for a particular type of virus. For example, SAMHD1 suppresses the innate 

immune response148, 150 and therefore SAMHD1 depletion results in a hyper-interferon (IFN) state 

as seen in AGS patients137, 143. This would generate a hostile environment for infection and, indeed, 

SAMHD1 depletion inhibits the replication of viruses such as SARS-CoV-2154.  However, 

lentiviruses such as HIV-1 utilize NF-κB, an element of the innate immune response, to drive 

proviral transcription230, 267, 268 and HIV-1 stimulates NF-κB activity with accessory protein Tat 
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for this reason 269, 270. In addition to exploiting elements of the innate immune response for 

transcription, every transmission event selects for viruses that have maximized IFN 

insensitivities271. Due to these aspects, a lentivirus may have been able to afford the “cost” of an 

adaptation that depletes SAMHD1 whereas this would not be as feasible for other viruses. For 

viruses like herpesviruses, simply inactivating SAMHD1 dNTPase activity with a viral kinase or 

coding for viral dNTP biosynthesis enzymes may have served as a way to counteract SAMHD1 

without inducing the innate immune response. Although, coding additional enzymes is a luxury 

that typically only DNA viruses with large genomes like herpesviruses can afford272, making this 

adaptation not practical for a lentivirus. HIV-1, on the other hand, evolved an RT with a lower KM 

than that of SAMHD1 counteracting viruses in order to replicate in macrophage dNTP 

concentrations42. In a previous review273, we proposed that adapting to replicate in these low dNTP 

concentrations was also the selective pressure that drove the error prone nature of HIV-1. In low 

dNTP concentrations polymerases are more likely to pause, generating mutation hot spots 175. 

However, to survive and generate progeny the virus must complete reverse transcription regardless 

of the likely increase in mutation synthesis due to these low dNTPs. The ability to extend after 

nucleotide misincorporation would be a replicative advantage in this environment therefore 

selecting for the efficient mismatch extension capabilities and increased error rate of HIV-1 RT274. 

Given this hypothesis, evolving a more efficient polymerase at the cost of increased error rate 

would be inhibitory for viruses such as herpesviruses, which are able to maintain large genome 

sizes with increased coding capacity due to the fidelity of their replicative cycles.  

 

4.2.4 The search for the significance of macrophage infection to lentiviruses is ongoing. 
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 It is clear the evolution of lentiviruses has been shaped by macrophage tropism. However, 

if macrophages do not serve as the primary target for primate lentiviruses, are difficult to establish 

infection in, and require the virus to have additional adaptations, why have these viruses 

maintained their macrophage tropism? That primate lentiviruses have accepted certain costly 

trade-offs to preserve macrophage tropism is, perhaps, indicative of some importance. However, 

this importance remains unclear. For a time, scientists in the field believed that macrophages 

served an important role during HIV-1 transmission. Macrophages patrolling the lamina would be 

among the first cells that an infecting virus would encounter275 and infected macrophages can 

transfer virus to uninfected cells through synapses276-278. Additionally, transmitted founder viruses 

are almost exclusively CCR5 (R5) coreceptor trophic, a phenotype originally associated with 

macrophage tropism279. The virus then undergoes a change in coreceptor usage to predominantly 

use CXCR4 (X4) later in the course of infection280. Later research demonstrated this was an 

oversimplification that led to erroneous conclusions281. While transmitted founder viruses are 

indeed R5 tropic, they poorly infect low density CD4+ cells such as macrophages282, 283. Whereas 

the primary targets of these initial founder viruses are CCR5+ cells with high density CD4 that is 

characteristic of memory T-cells284, 285. The coreceptor switch that occurs later in infection aids 

the virus in infecting naïve T-cells284, 285, possibly when running low on the preferential T-cell 

target281. Macrophage tropic viruses arise from T-cell R5 tropic viruses that bind CD4 more 

strongly and can enter low CD4 density cells such as macrophages281. These variants are not 

typically found in the blood286, 287 and are instead associated with compartmentalized replication 

in the central nervous system (CNS)288, 289. To more strongly bind CD4, envelope needs to adopt 

a slightly more open conformation that makes it more susceptible to CD4-binding site 
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antibodies290. This is turn might restrict more viruses from adopting a high CD4 affinity even 

though it would, in theory, allow entry into T-cells and macrophages281.  

 That founder viruses are T-cell tropic and macrophage infection generally occurs in 

compartments may indicate that the importance of macrophage infection does not lie in early viral 

transmission or dissemination. A study using SIVmac239 without Vpx demonstrated that during 

infection in rhesus macaques Vpx is required for macrophage infection, but macaques infected 

with SIVmac239Δvpx still progressed to AIDS291. However, SIVmac239Δvpx infected monkeys 

had lower viral loads and a slower progression to AIDS, suggesting some significance of 

macrophage infection in overall disease progression291. Indeed, compartments like the CNS serve 

as viral sanctuaries that contribute to viral persistence due to their immune privilege and relative 

difficulty in being reached by antiretroviral therapy292-294. Infections in these areas can contribute 

to the viral reservoir as infected macrophages can persist even in antiretroviral therapy (ART) 

treated patients with undetectable viral loads295, 296.  Though, macrophage contribution to the viral 

reservoir is controversial and one study has found that most rebound viruses after ART cessation 

required high levels of CD4 for entry, suggesting rebound viruses originated from T-cells rather 

than macrophages297. Nevertheless, macrophage infection in the CNS contributes to HIV-

associated neurocognitive disorders (HAND)298, 299 which even affects patients treated effectively 

with ART300-302. 

 As it stands, the importance of maintaining macrophage tropism to primate lentiviruses 

remains unclear. One hypothesis is that macrophages serve as sites of mutation synthesis and 

therefore, infection in this cell type contributes to the overall genetic diversity during infection. 

Polymerases are more likely to pause in low dNTP pool environments, which can generate 

mutational hot spots175. HIV-1 RT, as discussed previously, has a high rate of mismatched primer 
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extension after mutation synthesis274. From these biochemical data it would be reasonable to 

expect the mutation rate of HIV-1 in macrophages to be higher than that in T-cells. Although, a 

study using primary monocyte-derived-macrophages (MDMs) and T-cells conversely found the 

mutation rate of HIV-1 to be higher in T-cells than in MDMs303. While the types of mutations 

observed in MDMs vs T-cells were similar, the authors did not comment on the location of these 

mutations or potential differences in mutational hotspots depending on cell type303. Therefore, it 

is possible that HIV-1 infection in macrophages produces unique mutation patterns that benefit 

viral diversity. This is plausible given biochemical data indicating that the limited dNTP 

concentration in macrophages generates unique pause sites during reverse transcription and these 

pause sites can serve as sites of mutation synthesis5, 175. While the Mak group did not observe 

increased mutation frequency in macrophages, they did observe more recombination events during 

macrophage infection than in T-cell infection303, which is consistent with other studies94, 304. These 

recombination events provide an additional mechanism of genetic diversity whereby the virus 

switches between the two co-packaged viral RNA templates during reverse transcription305, 306. 

Therefore, HIV-1 infection in macrophages may uniquely contribute to the overall genetic 

diversity during an infection through increased recombination events. An interesting way to further 

probe the impact of macrophage infection on viral diversity would be to compare the overall viral 

genetic diversity in macaques infected with SIVmac239, which infects macrophages, to that of 

macaques infected with SIVmac239Δvpx, which cannot infect macrophages. The importance of 

viral diversity to evading the immune response and ART to maintain infection at the population 

level cannot be understated and could prove to be a reason primate lentivirus have adapted to 

maintain their macrophage tropism.   
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4.3 Mechanisms of cancer cell dNTP pool elevation and therapeutic implications. 

 

4.3.1 Cancer cells utilize diverse mechanisms to elevate intracellular dNTP pools. 

 

Cancer cells, like lentiviruses infecting macrophages, encounter the obstacle of insufficient 

dNTPs for genome replication. Cancer cells ubiquitously address this problem by elevating dNTP 

concentrations 6-11 fold180 to support rapid genomic DNA synthesis and cell replication307. In fact, 

nucleotide metabolism can be considered a critical link in tumorigenesis, as providing sufficient 

amounts of dNTPs requires the upregulation of several metabolic pathways that produce 

nonessential amino acids, ribose, and one-carbon donors205, 308. Therefore, cancer cells can use a 

variety of mechanisms to achieve dNTP elevation211. Many pathways that are commonly 

manipulated by cancer have an influence on dNTP metabolism. For example, 70% of cancers 

constitutively and aberrantly express c-myc, a master transcription factor known to also regulate 

nucleotide biosynthesis enzymes309, 310. c-myc induces the expression of phosphoribosyl 

pyrophosphate synthetase 2 (PRPS2) and carbamoyl phosphate synthetase II (CAD), which initiate 

purine and pyrimidine ring biosynthesis, respectively311-313. Additionally, 50-65% of cancers will 

have mutations in p53, a tumor suppressor314, 315. Some mutant p53 associate with the promoters 

of genes coding for nucleotide biosynthesis enzymes such as deoxycytidine kinase (dCK) and 

thymidine kinase (TK1) to drive their transcription316. pRb is a tumor suppressor that is also 

frequently mutated in a variety of cancers317. Loss of function in pRb overactivates E2F-1, a major 

G1/S phase transition transcription factor318. E2F-1 the controls expression thymidylate synthase 

(TYMS), which catalyzes the methylation dUMP to generate dTMP to feed into the dNTP salvage 

pathway, and dihydrofolate reductase (DHFR), which restores the methyl group donor for the 
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TYMS reaction, MTHF319, 320. DHFR can also reduce folic acid from the environment to THF 

which it can subsequently restore to MTHF to generate additional cofactors for TYMS321. E2F-1 

is also a transcription factor for RNR M2 and thymidine kinase 1 (TK1)318, 322. Finally, 38% of 

cancers will have a mutation in the PI3K/AKT/mTOR pathway323. This is pertinent as activation 

of mTORC1 stimulates de novo synthesis of both purines and pyrimidines324, 325 and activation of 

mTORC2 enhances RNR activity326. Overexpression of RNR M2 is considered to be 

tumorigenic327 and it has been proposed to use RNR M2 as a prognostic and diagnostic biomarker 

for cancer328-331. 

While cancers can influence dNTP metabolism indirectly with common mutations that 

upregulate broad acting pathways, some cancers take a more direct approach. Recently, SAMHD1 

has become of interest to the cancer field as downregulation of the enzyme could in theory lead to 

an accumulation of dNTPs for hyperproliferation. Indeed, SAMHD1 expression was found to be 

reduced in cutaneous T-cell lymphoma (CTCL), T-cell acute lymphoblastic leukemia (T-ALL), 

and lung cell adenocarcinoma due to promoter methylation90, 185, 192. SAMHD1 mutations have 

also been identified in cancers including leukemias160, 181-184, lymphomas185-187, lung cancer171, and 

colon cancer188-190. In one study, SAMHD1 mutations were found in 18% of patients with T-cell 

prolymphocytic leukemia (T-PLL) making it the second most frequently mutated gene in the 

study182. SAMHD1 cancer-associated mutations are found throughout the entire protein and often 

cause reduced SAMHD1 protein levels32, 332. In this work, most of the SAMHD1 cancer mutants 

tested had poor stability profiles191. Therefore, decreased SAMHD1 expression in patients with 

these mutations is likely a result of altered protein structure causing instability, which results in 

cell clearance. These decreased expression patterns made it difficult to pinpoint which function of 

SAMHD1 was contributing to a cancer phenotype. However, Chapter 3 of this work identified the 
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R366C/H mutant from leukemia and colon cancer as having similar expression and stability 

profiles to wild type SAMHD1. Importantly, this mutant could then serve as a tool to assess which 

functions of SAMHD1 might contribute to cancer. Strikingly, the R366C/H mutant was only 

impaired in dNTPase activity. Therefore, this work found that mutations in SAMHD1 can impact 

overall dNTPase activity and contribute to the dNTP pool elevation observed in cancer. Notably, 

this establishes SAMHD1 mutations as a direct mechanism that cancer cells can utilize to elevate 

dNTP pools. 

 

4.3.2 Cancer therapies target dNTP metabolism. 

 

 Due to the importance of altered dNTP metabolism to cancer cells, many FDA approved 

cancer therapies target dNTP metabolism205. Methotrexate, for example, was FDA approved in 

1953 and is used to target a wide array of caners type such as acute lymphoblastic leukemia, breast 

cancer, lung cancer, and advanced non-Hodgkin’s lymphoma205. Methotrexate inhibits dNTP 

biosynthesis by targeting enzymes such as thymidylate synthase (TYMS) and dihydrofolate 

reductase (DHFR) to inhibit the salvage pathway333, 334.  In fact, TYMS is a common target for this 

class of cancer therapies with Fluorouracil335, Floxuridine336, Capecitabine337, and Pemetrexed338 

all targeting this enzyme. RNR also serves as a common therapeutic target205. Fludarabine339, 

Cladribine340, and Clofarabine341 all inhibit RNR and are used in front line drug-combination 

treatments for various leukemias. Gemcitabine, another RNR inhibitor, is utilized in combination 

treatment strategies for breast342, ovarian343, lung344, and pancreatic cancers345. In general, more 

success has been found with these types of inhibitors that directly target dNTP metabolism 

enzymes, rather than targeting the overarching disruptions like c-myc and mTOR that are causing 
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the elevations. In both cases, due to the multifaceted nature of the pathways they are involved in, 

inhibiting c-myc or mTOR leads to toxicity or incomplete inhibition310, 346. Although, further work 

increasing the specificity of these types of inhibitors may prove successful. Due to the success of 

drugs targeting dNTP metabolism in the clinic, more are in the research pipeline. This includes 

recently completed phase 1 trials of  4-hydroxysalicylanilide (HDS), an RNR inhibitor, for 

multiple myeloma347 and of CT900, a TYMS inhibitor, for ovarian cancer348. 

 

4.3.3 Therapeutic implications of SAMHD1. 

 

SAMHD1 can be considered a double-edged sword when considering the role of the 

enzyme in cancer. One on hand, intact SAMHD1 expression can interfere with the efficacy of the 

triphosphorylated forms of some anti-cancer nucleoside analogues due to the enzyme’s ability to 

hydrolyze these compounds 60, 63, 195, 196. SAMHD1 expression has been shown to regulate the 

response of cancer cells to cytarabine (ara-C)62, 197, arabinosylguanine (AraG) 192, and 2′-C-cyano-

2′-deoxy-1-β-D-arabino-pentofuranosyl-cytosine (CNDAC) 198,  and decitabine. 199 Given these 

biochemical findings, it is possible that SAMHD1 can mediate resistance to nucleotide analog 

based therapies. In fact, one study found that while 3% of CLL patients harbored SAMHD1 

mutations pre-treatment, this percentage climbed to 11% in the relapsed group160.  Moreover, 

another CLL study found that pre-existing subclones with SAMHD1  were enriched after therapy 

in a cohort of relapsed patients181. SAMHD1 is also known to play a role in Ara-C response in 

acute myeloid leukemia (AML) patients62, 198 and expression of SAMHD1 is highly upregulated 

in AML patients with Ara-C resistance61, 62. In a study of solid tumors, high SAMHD1 expression 

was associated with a poorer prognosis in breast, ovarian, and non-small cell lung cancer 
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patients349. To remedy SAMHD1 interference with cancer treatments and help prognosis, several 

suggestions have been made including treatment with Vpx to degrade SAMHD1 61 and treatment 

with RNR inhibitors to induce dNTP pool imbalances and inhibit SAMHD1 allosteric activation 

203.  

On the other hand, as previously discussed, SAMHD1 mutations can contribute to the 

elevated dNTP level cancer cells need to support their hyperproliferation. One current shortcoming 

of the field is that it mainly uses SAMHD1 expression levels in analyses of the impact of SAMHD1 

on treatment outcomes. This work has provided an example of a SAMHD1 mutant that expresses 

well but lacks dNTPase activity191. Therefore, to truly analyze the prognostic value of SAMHD1 

future work needs to move towards more sequencing-based methods with functional follow-ups. 

Otherwise, cases of well expressing SAMHD1 without dNTPase activity may be missed. This is 

especially pertinent in the age of personalized medicine when assessing treatment options for 

individual patients. SAMHD1 low expressing cancers may have different treatment options 

compared to SAMHD1 dNTPase inactive cancers. While SAMHD1 low expressing cancers often 

show better treatment prognoses, additional ways to target these cells might help patient outcomes. 

For example, low SAMHD1 expressing tumors showed increased γ-H2AX and apoptosis, likely 

due to the role of SAMHD1 in DNA damage repair159, 349. Therefore, tumors with low level 

SAMHD1 expression may be more sensitive to chemotherapeutics that induce DNA damage, such 

as platinum-based drugs or etoposides350. However, both low SAMHD1 expressing cancers and 

SAMHD1 dNTPase inactive cancers should be more susceptible to the cytotoxic effects of 

nucleotide accumulation or imbalance193, 194. Therefore, treatment PNP inhibitors such as 

forodesine which allow for the accumulation of dGTP, might be able to specifically target these 

cancers193, 194. 
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4.3.4 Refining the role of SAMHD1 in cancer continues. 

 

 Several big picture questions about the role of SAMHD1 in cancer remain unanswered. 

Most obviously, more studies assessing the diagnostic and prognostic value of SAMHD1 in 

different cancer types and treatment courses are needed before SAMHD1 can be leveraged as a 

true biomarker for cancer. Additionally, it remains unclear what percentage of SAMHD1 low 

expressing cancers are caused by direct mutation or by promoter methylation. Hopefully, these 

studies will also help to address another outstanding question in the field: whether the functionality 

of SAMHD1 as a biomarker differs in blood cancers vs solid tumors. Many of the original studies 

of SAMHD1 in cancer were conducted in blood cancers including cutaneous T-cell lymphoma 

(CTCL)185, 186, T-cell acute lymphoblastic leukemia (T-ALL)192, T-cell prolymphocytic 

leukemia182, chronic lymphocytic leukemia (CLL)160, 181, 351-353, acute myeloid leukemia (AML)61, 

183, acute lymphoblastic leukemia (ALL)192, 198, Hodgkin lymphoma201, and mantle cell 

lymphoma187. Much less data are available on SAMHD1 in solid tumors despite mutations being 

identified in the International Cancer Genome Consortium (ICGC) database332. Indeed, data have 

been limited to colon cancers188-190, lung adenocarcinoma (LAC)171, non-small lung cancer 

(NSLC)354, lung adenocarcinoma332, cutaneous melanoma355, and breast cancer160. Moreover, 

several of the solid tumor studies have identified SAMHD1 downregulation but have not directly 

studied SAMHD1 as is the case in blood cancers. At present, it remains unclear whether this is 

because SAMHD1 truly plays a larger role in blood cancers or if this is due to a selection effect.  

 Due to the above studies many groups have called to designate SAMHD1 as a tumor 

suppressor, which is a gene that regulates normal cell proliferation and therefore is typically 
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repressed by cancers356. However, a more complicated issue is the potential of SAMHD1 as a 

driver of cancer. Driver genes, when mutated confer a growth advantage to cancer cells and can 

promote tumorigenesis357. Conversely, mutations that do not confer this advantage when mutated 

are termed passenger genes357. Definitionally, it seems like SAMHD1 could function as a driver 

of cancer, but the data to support this is limited. In one CLL patient, a mutation in SAMHD1 was 

detected in a founder subclone, indicating it could have served as a driver in this instance351. 

SAMHD1 is recurrently mutated in CLL, but at 2.5% the frequency of SAMHD1 mutations occurs 

at a much lower level than established CLL driver genes358. Moreover, only one report of an AGS 

patient with a SAMHD1 deficiency developing cancer exists160. Although, it is unclear if this is 

because AGS patients typically die at a young age perhaps before cancer would be aquired135. 

There is no cancer reported in SAMHD1 knock-out mice, however, these mice also do not display 

the traditional AGS phenotype, indicating some SAMHD1 functions could be species specific233, 

234. Certainly, more data are needed before SAMHD1 can be classified as a driver and it is possible 

that the driver status of SAMHD1 is dependent on cancer type and progression state332.  

Interestingly, SAMHD1 has been found to exert a mutator phenotype more strongly when paired 

with mutations in DNA repair pathways188. This may suggest that SAMHD1 belongs to a newer 

category of genes termed “mini-drivers”. Mutations in mini-drivers only slightly increase the 

fitness of a cancer cell, but this effect can in combination with mutations in other mini-drivers add 

up to an advantage comparable to a mutation in a driver gene359. If SAMHD1 is indeed a “mini-

driver”, advantages of a mutation would be highly context dependent. Therefore, future work 

would need to characterize the co-occurrence of SAMHD1 with mutations across other pathways. 
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4.4 Summary 

 

 Both lentiviruses and cancer cells use distinct, but intrinsically linked mechanisms to 

modulate dNTP pools during pathogenesis. This work established the presence of active dNTP 

biosynthesis in non-dividing macrophages as a major determinant of the ability of Vpx to raise 

intracellular dNTP levels in this cell type. While the significance of macrophage tropism to overall 

lentiviral infection is undetermined, lentiviruses have adapted to maintain macrophage tropism 

over evolutionary time. An entire lineage of lentiviruses evolved the ability to counteract 

SAMHD1 to preserve macrophage tropism based on the ongoing dNTP biosynthesis uncovered 

by this work. This work also utilized a well expressed and stable cancer associated SAMHD1 

mutant to demonstrate that mutations in SAMHD1 can contribute to the increase in dNTP pools 

characteristic of cancer cells. The overall significance of mutations in SAMHD1 as a driver of 

cancer or as a prognostic/diagnostic marker are open questions with the potential for large clinical 

impact. Together, this dissertation highlights dNTP elevation as a mechanistic crossroad 

underlying lentiviral and cancer pathogenesis.  
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