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Identification of Host Proteins Required
for HIV Infection Through a Functional

Genomic Screen

Abraham L. Brass, Derek M. Dykxhoorn,3* Yair Benita,** Nan Yan,? Alan Engelman,5
Ramnik J. Xavier,>* Judy Lieberman,? Stephen ]. Elledge®t

HIV-1 exploits multiple host proteins during infection. We performed a large-scale small
interfering RNA screen to identify host factors required by HIV-1 and identified more than

250 HIV-dependency factors (HDFs). These proteins participate in a broad array of cellular
functions and implicate new pathways in the viral life cycle. Further analysis revealed previously
unknown roles for retrograde Golgi transport proteins (Rabé and Vps53) in viral entry, a
karyopherin (TNPO3) in viral integration, and the Mediator complex (Med28) in viral transcription.
Transcriptional analysis revealed that HDF genes were enriched for high expression in immune
cells, suggesting that viruses evolve in host cells that optimally perform the functions required for
their life cycle. This effort illustrates the power with which RNA interference and forward genetics
can be used to expose the dependencies of human pathogens such as HIV, and in so doing

identify potential targets for therapy.

IV-1 encodes only 15 proteins (/) and
chus must exploit multiple host cell

functions for successful infection (2).
Viral entry depends on binding to the receptor
CD4 and either of two co-receptors, CXCR4 or
CCRS. Upon membrane fusion, the viral core,
containing the viral capsid and nucleocapsid
along with the viral genome, reverse transcriptase
(RT), integrase (IN), protease (PR), and the viral
accessory proteins Vif, Nef, and Vpr, is released
into the cytoplasm. Collectively called the re-
verse transcription complex (RTC), this assembly
binds to actin, triggering the synthesis of a
double-stranded viral DNA complement that
forms the preintegration complex (PIC), which
moves along microtubules to the nucleus and
enters via a nuclear pore.

IN binds to host lens epithelium-derived
growth factor (LEDGF) and catalyzes HIV
DNA integration. Proviral transcription depends
on the viral factor Tat, which binds to the trans-
activation response element (TAR) in the proviral
RNA and promotes elongation by recruiting cyclin
T1, HIV-1 Tat specific factor 1 (HTATSF1), and
Cdk9. Unspliced and partially spliced HIV tran-
scripts require the viral Rev protein for nuclear
export. HIV buds directly from the plasma mem-
brane through association with the host class E
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Vps proteins (3). Because of the complexity of
the retroviral life cycle and the small number of
viral proteins, important viral-host relationships
likely remain to be discovered. Toward this goal,
we performed a genome-wide RNA interference
screen to identify host factors involved in HIV-
1 infection.

The siRNA screen. We developed a two-part
screen to detect host proteins needed for HIV in-
fection (Fig. 1A) (4). Part one consisted of infect-
ing small interfering RNA (siRNA)-transfected
cells with the IIIB strain of HIV-1 [HIV-1IIB (4);
SOM Text] and 48 hours later staining for p24,
produced from the HIV gag gene. This screen de-
tects host proteins needed from viral entry through
Gag translation, but is less sensitive for factors
affecting viral assembly and budding. To identify
late-acting factors, we performed part two by in-
cubating culture supernatants from part one with
fresh reporter cells and assaying for Tat-dependent
reporter gene expression after 24 hours. For the
screen, we used HeLa-derived TZM-bl cells,
which express endogenous CXCR4, transgenic
CDA4, and CCRS, and an integrated Tat-dependent
-galactosidase (B-Gal) reporter gene. The screen
was optimized with siRNAs against Tat, CD4, and
Rab9p40; Rab9p40 is required for HIV particle
release (5). siRNAs targeting CD4 or Tat produced
a more than threefold decrease in p24 expres-
sion (Fig. 1, B and C). Only modest protection
was seen upon Rab9p40 depletion (Fig. 1C, part
one). However, after incubation of fresh TZM-bl
cells with transferred cultured supernatant, the
depletion of Rab9p40 scored convincingly (Fig.
1C, part two).

This platform was used for a genome-wide
screen. The siRNA library contains 21,121 pools
of four siRNAs per gene. Pools were classified as
hits if they decreased the percentage of p24-
positive cells or B-Gal activity by >2 SDs from
the plate mean [table S2, column E (4)]. We also
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required that the siRNAs did not decrease viable
cells by >2 SDs. These criteria were met by 386
pools (1.8%). We next rescreened the four
siRNAs from each pool separately. In this val-
idation screen, 273 pools (71%) were confirmed
with at least one siRNA scoring in either part one
or two. There was a strong correlation between
parts one and two. Only 28 genes appeared
specifically in part two, suggesting that these
factors act in late stages of infection (table S2,
SOM Text).

HDF bioinformatics analysis. Of the con-
firmed HDFs, we identified 36 host factors (13%)
previously implicated in HIV pathogenesis (table
S1), including CD4, CXCR4, NMT1, Rab9p40,
and components of the NF-kB and CREB trans-
activation pathways. Among the 237 remaining
genes, more than 100 had two or more individ-
ual siRNAs score, reducing the likelihood of
off-target effects (table S2). Subcellular local-
ization, gene ontology (GO) biological processes,
and molecular functions of the candidates are
shown (Fig. 1, D and E; fig. S1, A and B; and
table S3). One hundred and thirty-six GO bio-
logical process terms, assigned to 103 genes,
were significantly enriched. Analysis of GO mo-
lecular functions identified enrichment for 17
nonredundant statistically significant terms as-
signed to 86 genes.

Several macromolecular complexes were also
detected. The nuclear pore complex (NPC)
Nupl60 subcomplex had four of six subunits
identified (Nup85, Nup107, Nupl133, and
Nupl160). Because Nupl60 subcomplexes are
NPC scaffolds, their loss may impede HIV nu-
clear access (6). Depletion of components of
Mediator (Med4, Med6, Med7, Medl4, and
Med28), which directly couples transcription fac-
tors to RNA polymerase II (Pol 1) (7), inhibited
infection, perhaps shedding light on the require-
ments for activators that bind the viral long ter-
minal repeat (LTR). Two endoplasmic reticulum
(ER)-Golgi—associated assemblages, the con-
served oligomeric Golgi (COG) complex (8),
and the transport protein particle (TRAPP) I
complex (9), also scored with multiple compo-
nents, perhaps due to HIV’s dependency on
transmembrane glycoproteins for nuclear entry.
Three of the late-acting HDFs found in part two,
0OST48, STT3A and DPMI, encode enzymes
involved in glycosylation (10, 11). HIV Env re-
quires glycosylation to be infectious (/2). Early
studies showed that glycosylation inhibitors pre-
vent Env modification and blocked HIV fusion
(13, 14).

Among the unexpected associations was
autophagy, a process essential for the degra-
dation and recycling of cellular components.
Targeted substrates are encapsulated in membrane-
bound autophagosomes by two protein con-
jugation pathways (15). HIV infection depended
on the presence of members of both pathways
[Atg7, Atg8 (GABARAPL2), Atgl2, and
Atgl6L2]. In addition, lysosomal-associated
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HDFs (CLN3, and LapTM5) may also be re-
quired for autophagy.

HeLa cells are not the natural host for HIV.
We wondered whether HDFs showed an expres-
sion bias in other cell types that might explain
HIV tropism. We assessed the expression of 239
genes that were expressed in at least one of the 79

Fig. 1. siRNA screen for
HDFs required for HIV in- A
fection with bioinformatics
analyses. (A) Schematic rep-
resentation of the screen. Ar-
rayed pools of siRNAs were
transfected into TZM-bl cells
in a 384-well format. After
72 hours, HIV-IIB virus was
added, and 48 hours after in-
fection, cultured supernatant
was removed and added to
fresh TZM-bl cells. In part
one, 48 hours after infection,
the siRNA transfected cells
were fixed, permeabilized, B
stained, and imaged for HIV
p24 protein and DNA. In
part two, cells were cultured
for 24 hours after the addi-
tion of supernatant, then
lysed, exposed to a lumines-
cent B-Gal substrate, and D
relative light units (RLU)
recorded. (B) siRNAs against
CD4 or Tat inhibit HIV
infection (green: HIV p24;
blue: cell nuclei). Magnifica-
tion, x4. (C) Screen part one
measuring p24 staining, and
part two measuring infec-
tious virus production with
the indicated siRNAs. (Per-
cent infected is relative to
control throughout.) Values rep-
resent the mean + SD, N > 4.
(D) Subcellular localization.
Genes were manually curated

JAR

o

endoplasmic
reticulum

part II: B-gal
detectlon

fresh TZM-bl cells

cytoskeleton/microtubule
mitochondrion

tissues in the Genomic Institute of the Novartis
Research Fund (GNF) data set and found that 79
of 239 (33%) were enriched for high expression
in immune cells [P < 0.001, top 7% expression;
Fig. 1F and table S3 (4)].

HIV entry requires retrograde vesicular
transport. Rab6A regulates retrograde Golgi

Foo\ed siRNA transfection

24 hrs

supematar\t ce”s
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part I: p24 detection

transport and is important for recycling of
Golgi-resident enzymes (16, /7). Three of four
siRNAs were confirmed in the validation round
for both Rab6A and Rab6A’, which differ by
three amino acids due to alternative splicing
(table S2) (/6). Rab6A’ controls endosomal
trafficking and is the homolog of the yeast Ypt6
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GNF, 79 probes were significantly (P < 0.05) higher when expressed in immune tissues compared to all other tissues and are indicated by black bars on the left.

Gene names and P-values are provided in table S3.
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(16); both isoforms will hence be referred to as
Rab6. Ypt6 mutants are defective in retrograde
Golgi transport, particularly recycling of glycosyl-
transferases (17, 18). Depletion of the homolog of
Rgplp, a guanine nucleotide exchange factor
required for Ypt6 function, also decreased HIV
infection [table S2 (79)].

We generated cells stably expressing short
hairpin RNA (shRNAs) directed against Rab6.
All three shRNAs decreased infection propor-
tional to Rab6 depletion (Fig. 2, A to C) in the
first phase of the life cycle because Rab6 de-
pletion inhibited Tat-dependent reporter expres-
sion 20 hours after infection (Fig. 2B). Expression
of Rab6-GFP (green fluorescent protein) lacking
the Rab6 3'-untranslated region targeted by the
shRNAs rescued susceptibility to infection (Fig. 2,
Ato C, and fig. S2). Given Rab6’s role in vesicular
transport, we examined surface expression of
CD4 and CXCR4 by fluorescence-activated cell
sorting (FACS) in the Rab6 knockdown (Rab6-
KD) lines. CXCR4 expression showed minor
variations that did not correlate with resistance to
HIV or Rab6 depletion and were not restored
upon Rab6 repletion (fig. S3, A and B). CD4
levels were unaltered (fig. S3C). Thus, something
other than receptor expression is defective in
Rab6-KD cells.

To characterize the block to infection further,
we infected Rab6-KD cells with either HIV-
HIB or an HIV strain pseudotyped with the
vesicular stomatitis virus G envelope protein
(VSV-G), containing a yellow fluorescent protein
(YFP) reporter in place of nef (HIV-YFP). Only
HIV-IIIB infection was inhibited (Fig. 2D). In
addition, VSV-G—pseudotyped Moloney leuke-
mia virus—enhanced GFP (MLV-EGFP) infection
was unperturbed. HIV envelope proteins promote
fusion of the virus to the cell membrane. In
contrast, VSV-G pseudotypes are endocytosed,
with endosomal acidification triggering fusion.
Thus, our initial observations suggested that Rab6
acted early in infection. HIV-IIIB has tropism for
the co-receptor CXCR4. To determine whether
inhibition was restricted to CXCR4 virus, we
examined the effect of Rab6 silencing on infec-
tion with HIV-Bal, a CCR5-tropic virus. Targeting
Rab6 did not alter surface CCRS5 expression (fig.
S3G), but did inhibit HIV-Bal infection (Fig. 2E).
Therefore, Rab6 plays a role in infection by both
CCRS and CXCR4 viruses.

Rab6 was required for late reverse tran-
scription of the viral genome, indicating an early
block (Fig. 2F). We therefore tested Rab6’s role
in fusion by coculturing HL2/3 HeLa cells,
which express Tat and HIV receptor proteins
gp41 and gp120, with TZM-bl cells. HL2/3 viral
receptors interact with CD4 and CXCR4 on
TZM-bl cells, prompting cellular fusion via the
same mechanism used by HIV. Upon fusion, Tat
activates B-Gal expression. Decreased Rab6
levels correlated with diminished B-Gal activity,
consistent with inhibition of viral fusion [Fig. 2G
and fig. S4C (4)]. To test Rab6’s role in HIV
infection in a more physiologic cell, we trans-
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Fig. 2. Rabé-depleted cells resist HIV infection. (A and B) TZM-bl HeLa cells stably expressing the indicated
shRNAs, and either the control green fluorescence protein (GFP) or a Rab6-GFP fusion (Rab6-GFP), were
infected with HIV-IIIB and analyzed for (A) p24 at 48 hours after infection or (B) Tat-dependent 3-Gal
expression at 20 hours after infection. Empty vector (mir30), firefly luciferase (FF), shRNAs against Rab6
(shRabé-1, 2, and 3). Values represent the mean = SD, N > 3. (C) Western blots for Rab6 and Rab6-GFP
levels for cells shown in (A) and (B). (D) Rabé depletion specifically inhibits WT-enveloped HIV. The indicated
cell lines were infected with either HIV-IIIB, VSV-G pseudotyped HIV-YFP, or MLV-EGFP. Infection was
monitored by immunofluorescence (IF) of p24 (HIV-IIIB) or the reporter genes (EGFP, YFP) at 48 hours after
infection. Percent infected cells is relative to control throughout. (E) HIV infection via either the CXCR4 or
CCR5 co-receptor is attenuated by Rabé depletion. Cells were infected with either HIV-IIIB or HIV-Bal and
p24 stained at 48 hours after infection. (F) Rabé depletion blocks HIV before late reverse transcription. Cell
lines indicated were infected with HIV-IIIB, and the late reverse transcription products (late RT) were assessed
by gPCR. Percent late-RT product is relative to control. (G) Rabé loss inhibits cell fusion. The indicated TZM-bl
cell lines containing a Tat-dependent 3-Gal reporter were layered for 6 hours with HL2/3 cells expressing
HIV-1 Env and Tat proteins. The relative amount of cell fusion was quantified by assaying B-Gal activity. (H)
Rabé depletion protects T cells from HIV. Jurkat cells were transfected with the indicated siRNAs for 72 hours,
then infected with HIV and analyzed by FACS with antibodies to either p24 (anti-p24) or an isotype matched
control (immunoglobulin G1, 1gG1) antibody at 48 hours after infection. (I) Cells from (H) were examined for
Rabé protein by Western blotting.
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Fig. 3. TNPO3 is required for HIV infection. (A) Cells were transfected with the indicated siRNAs for
72 hours, then infected with HIV-IIIB. After 20 hours, B-Gal activity was measured. Values represent
the mean + SD, N > 3 throughout. (B) Cells were transfected with the indicated siRNAs for 72
hours, then infected with either HIV-IIIB or pseudotyped HIV-YFP, or transfected with the HIV-YFP
plasmid. After 48 hours, the percentage of positive cells was determined by p24 (HIV-1IIB) or YFP
expression (HIV-YFP virus and plasmid). (C) TNPO3 depletion preferentially affects lentiviruses.
TZM-bl cells were transfected with the indicated siRNAs for 72 hours, then infected with the
indicated viruses or transfected with the Tat-independent pHAGE-CMV-ZSG plasmid. After 48 hours,
levels of p24, ZSG, or EGFP were measured. (D) TNPO3 depletion protects T cells from HIV. Jurkat
cells were transfected with the indicated siRNAs for 72 hours, then infected with HIV-IIIB and
analyzed by FACS with either anti-p24 or an isotype control antibody at 48 hours after infection.
(E) TNPO3 mRNA reduction by siRNAs. TZM-bl cells were transfected with the indicated siRNAs for
72 hours, then cDNA was prepared and TNPO3 expression levels were measured by qPCR. (F and G)
TNPO3 depletion inhibits HIV after reverse transcription, but before integration. TZM-bl cells were
transfected with the indicated siRNAs (TNPO3, siRNAs 5 to 8 pooled) and infected with HIV 72
hours later. Late RT levels were assessed by gPCR, and integrated viral DNA (HIV LTR) was
quantified by nested Alu-PCR. (H) IF images showing the block to HIV infection with loss of TNPO3.
Cells were treated as described in (B), with either the luciferase (Luc), negative control siRNA; or
TNPO3, siRNA #8 targeting TNPO3. “Merge” denotes the combined image for nuclei (blue) and HIV
p24 (green).

fected a T cell line, Jurkat, with Rab6 siRNAs,
then infected the cells with HIV. Reduced infec-
tion was seen after transfection with two of three
Rab6 siRNAs tested (Fig. 2H), correlating with
Rab6 depletion (Fig. 21). No effect on receptor
levels was observed in the transfected T cells
(fig. S3, E and F).

Similar results were obtained for Vps53 (figs.
S4, A to F, and S5). Yeast Vps53 is a component
of the Golgi-associated retrograde protein (GARP)
complex. GARP targets transport vesicles traffick-
ing from endosomes to the trans-Golgi network
in a Ypt6-dependent manner (20-23). Together,
these data suggest that retrograde vesicular
trafficking is needed for HIV infection, possibly
at viral entry.

A role for a karyopherin in HIV replication.
Transportin 3 (TNPO3), a karyopherin, imports
multiple proteins into the nucleus, including
histone mRNA stem-loop binding protein
[SLBP (24)], serine/arginine-rich proteins (SR
proteins) that regulate splicing of mRNA (25),
and repressor of splicing factor [RSF1 (26)].
Eight of eight TNPO3 siRNAs lowered infec-
tion in HeLa cells (Fig. 3, A and H). TNPO3
mRNA reduction, as determined by quantita-
tive polymerase chain reaction (QPCR), corre-
lated with the inhibition of infection (Fig. 3E).
Prevention of infection by TNPO3 silencing
was independent of HIV envelope (Fig. 3B).
TNPO3 depletion also inhibited infection of
Jurkat cells (Fig. 3D).

TNPO3 depletion did not significantly affect
MLV-EGFP (Fig. 3C). This could be explained
if TNPO3 depletion impaired SR protein—
dependent splicing of Tat, which is required
for efficient HIV, but not y-retroviral, tran-
scription. However, Tat-dependent reporter gene
expression from a transiently transfected HIV-
YFP plasmid was only weakly affected by
TNPO3 depletion (Fig. 3B). Additionally, an
HIV derivative, pHAGE-CMV-ZSG, that con-
tains HIV Gag and Pol, but expresses a fluo-
rescent reporter protein from an internal CMV
promoter, also showed a dependency on TNPO3
upon viral infection, but not plasmid transfection
(Fig. 3C).

These observations suggest that TNPO3 is
needed before viral mRNA splicing. Assays for
late RT products and integrated viral DNA in
TNPO3-depleted cells showed that the block
occurred after reverse transcription but before
integration (Fig. 3, F and G). Thus, diminished
TNPO3 produces a lentiviral-specific preintegra-
tion block, perhaps at the stage of PIC nuclear
import. Whether TNPO3 directly interacts with
the virus or indirectly, via altered import or
splicing of an HDF required for integration,
remains to be determined.

The Mediator complex in HIV infection.
Depletion of several components of Mediator in-
hibited HIV infection. We focused on Med28
because all four Med28 siRNAs inhibited first-
round HIV infection (Fig. 4A and fig. S6).
Med28 depletion also protected Jurkat cells and
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efficiently decreased target gene protein levels
(Fig. 4, C and D). Loss of Med28 appeared to
specifically affect HIV because it inhibited both
HIV-IIIB and HIV-YFP, but not MLV (Fig. 4B).
We found no decreases in reverse-transcribed
c¢DNA or integrated proviral DNA upon Med28
depletion (Fig. 4, E and F). However, Med28 loss
also decreased YFP expression from a transiently
transfected HIV-YFP plasmid (Fig. 4G). There-
fore, we conclude that Med28 is required for
transcription of viral genes, consistent with its
connection to RNA Pol II.

Discussion. Judging from the diverse cellu-
lar processes detected in our screen, the ex-
ploitation of host cell functions by HIV is
extensive. The functional clustering and con-
firmation of HDFs provide internal validation
for our screen and suggest that most of the 237
proteins identified with no previous links to
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pathogenesis. We have portrayed the HIV viral
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@)].

Additional validation comes from the analy-
sis of the enrichment of genes connected to
known proteins implicated in HIV function. We
find a strong enrichment for connectivity to this
data set [fig. S7 and table S5 (4)]. Furthermore,
although the screen was performed in HeLa cells,
one-third of the confirmed HDFs were signifi-
cantly enriched for high expression in immune
cells. This suggests that immune cells are
especially proficient for the functions HIV needs
for optimal replication and became the selected
host for that reason. It will be interesting to
determine if the virus is especially reliant on this
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Fig. 4. Med28 silencing inhibits HIV replication. (A) Cells were transfected with the indicated siRNAs for
72 hours, then infected with HIV-IIIB. After 20 hours, 3-Gal activity was measured. Values represent the
mean + SD, N > 3, throughout. (B) Loss of Med28 inhibits WT-enveloped and VSV-G—pseudotyped HIV.
TZM-bl cells were transfected with the indicated siRNAs, and then infected with the indicated viruses 72
hours after transfection. Infection was monitored by IF staining for p24 or reporter expression 48 hours
after infection. (C and D) Med28 depletion protects T cells from HIV. Jurkat cells were transfected with the
indicated siRNAs for 72 hours, then infected with HIV and analyzed by FACS with either anti-p24 or an
isotype antibody control at 48 hours after infection. Jurkat cells from these cultures were also assessed for
Med28 protein by Western blotting (D); NS, nonspecific band. (E and F) Med28 depletion inhibits HIV
transcription. TZM-bl cells were transfected with the indicated siRNAs (Med28, siRNAs 1 to 4 pooled) and
infected with HIV 72 hours later. Late RT product levels were assessed by qPCR (E), and integrated viral
DNA (HIV LTR) was quantitated by nested Alu-PCR (F). (G) TZM-bl cells were transfected with the indicated
siRNA pools for 72 hours, then infected with HIV-YFP virus or transfected with HIV-YFP plasmid. Levels of
YFP reporter protein were monitored by IF 48 hours later.
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set of proteins and whether the tropism of other
viruses can be similarly explained.

Rab6 and Vps53 are required for viral fusion
to the membrane through an unknown mecha-
nism. Although we have ruled out alteration of
host co-receptor cell surface expression, several
alternative explanations exist. There could exist a
previously undetected co-receptor, dependent on
Rab6 and Vps53. The screen identified more
than 30 transmembrane proteins with no known
HIV association (table S2). Modification of host
receptors may be aberrant. However, no modifi-
cation of either CD4 or CXCR4 is known to be
required for infection (27, 28). Altematively, the
plasma membrane composition may be affected,
possibly due to alterations in the major supplier
of membrane, the Golgi. Among the candidates
affected by such a perturbation are the glyco-
sphingolipids (GSLs), which are required for
HIV-host cell fusion (29-31). GSLs are synthe-
sized by ER and Golgi enzymes (32) that depend
on retrograde vesicular transport for recycling
(18, 33). Rab6/Ypt6 mutants are defective in
retrograde Golgi transport, resulting in vesicular
scattering and lysosomal degradation of many
Golgi resident enzymes, possibly altering GSL
homeostasis (18, 20) (SOM Text).

The HIV PIC accesses our genome through
the NPC. A candidate for the PIC-associated
karyopherin is TNPO3, depletion of which pro-
foundly blocked provirus formation. This effect
might be indirect if TPNO3 is required for the
activity of another HDF. However, a simpler
model involves the PIC binding to TNPO3, then
entering the nucleus via interactions with two
NPC proteins detected in the screen, RanBP2 and
Nupl53 (34). Although speculative, these are
examples of the kinds of detailed hypotheses that
can be generated from a highly validated, func-
tionally derived data set.

A key pharmacological strategy for treating
individuals living with HIV has been to simulta-
neously target multiple virus-encoded enzymes
required for replication to overcome emergence
of drug resistance. We have taken a parallel
strategy by identifying host factors required for
the HIV life cycle. Such proteins represent thera-
peutic targets that are not plagued by the twin
problems of viral diversity and escape mutation
that interfere with the effectiveness of conven-
tional antiretroviral drugs. We anticipate that HIV
would be hard-pressed to evolve resistance to
drugs targeting cellular proteins, because it would
have to evolve a new capability, not simply
mutate a drug-binding site. This is analogous to
blocking angiogenesis in nontumor cells to de-
prive cancer of a blood supply (35). Support for
the notion that these HDFs may represent po-
tential therapeutic targets arises in part from a
recent genome association study reporting that
single-nucleotide polymorphisms in ZNRD1 are
associated with slowed HIV disease progression
(36). Our screen found that ZNRD1 depletion
inhibited HIV (table S2). This suggests that var-
iants in other HDFs might modulate HIV in-
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Fig. 5. Model of HDF roles in the HIV life cycle. With the stages of the HIV life
cycle as a framework, each HDF was placed at the position most likely to elicit
HIV dependency. The function and subcellular location of HDFs were
determined with the use of multiple databases (rationale, table S4). Some
proteins are in multiple locations to represent more than one possible role in
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