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SUMMARY

A successful HIV-1 cure strategy may require enhancing HIV-1 latency to silence HIV-1
transcription. Modulators of gene expression show promise as latency-promoting agents /in vitro
and /n vivo. Here, we identify Su(var)3-9, enhancer-of-zeste, and trithorax (SET) and myeloid,
Nervy, and DEAF-1 (MYND) domain-containing protein 5 (SMYD?5) as a host factor required for
HIV-1 transcription. SMYDS5 is expressed in CD4* T cells and activates the HIV-1 promoter with
or without the viral Tat protein, while knockdown of SMYD5 decreases HIV-1 transcription in
cell lines and primary T cells. SMYDS5 associates /n vivo with the HIV-1 promoter and binds the
HIV trans-activation response (TAR) element RNA and Tat. Tat is methylated by SMYD5 in vitro,
and in cells expressing Tat, SMYD5 protein levels are increased. The latter requires expression of
the Tat cofactor and ubiquitin-specific peptidase 11 (USP11). We propose that SMYD?5 is a host
activator of HIV-1 transcription stabilized by Tat and USP11 and, together with USP11, a possible
target for latency-promoting therapy.
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The data presented here connect the lysine methyltransferase SMY D5 with HIV-1 transcription.
Boehm et al. propose that SMYDS5 is a host coactivator of HIV-1 transcription by itself but is also
stabilized by the viral Tat protein and the ubiquitin-specific peptidase 11 (USP11) and a possible
target for latency-promoting therapy.

Graphical Abstract

Latent HIV
Infection

< Knockdown
. Methyltransferases

ChiP
In Vitro Methylation
Primary CD4+*T Cell >

Experiments
Co-IPs \

INTRODUCTION

Epigenetic regulation by methylation and acetylation of DNA and methylation, acetylation,
and ubiquitination of histone and non-histone proteins play an important role in HIV
transcription and are targets in preclinical efforts to tackle HIV-1 latency, a major hurdle

to curing HIV-1 infection. HIV-1 latency is established after viral DNA integrates into

the host chromatin.! When integrated, proviral cDNA is transcriptionally silenced and
becomes subject to regulation by host chromatin-modifying enzymes, including lysine
methyltransferases (KMTs) and demethylases.2~ These epigenetic modulators are targets
for latency-reversing or latency-promoting therapeutic strategies where either transcriptional
corepressors or coactivators are inhibited, respectively, to eradicate latent HIV-1. Although
many transcriptional activators for HIV-1 have been identified, they have so far failed to
significantly reduce the size and impact of latent HIV-1 reservoirs.
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A critical virus-encoded regulator of HIV-1 transcription is the Tat protein. Tat binds to

an RNA stem-loop structure called HIV trans-activation response (TAR) element at the

5" end of all nascent viral transcripts and recruits the positive transcription elongation
factor P-TEFb, composed of Cyclin T1 and the CDK9 kinase, which, together with other
elongation factors, form a “super elongation complex” at the elongating RNA polymerase

|1 that potently activates HIV-1 transcription.>~’ Tat is the target of latency-promoting
therapies,®9 and its interactions with TAR and P-TEFb are regulated by a wide variety

of post-translational modifications, including phosphorylation, acetylation, methylation, and
polyubiquitylation.10-15

Latent HIV-1 proviruses are primarily found integrated into actively transcribed genes and
yet display heterochromatic features.16:17 These features include methylation marks in
histones associated with the viral promoter located in the 5” long terminal repeat (LTR).
KMTs covalently transfer methyl groups from the cofactor S-adenosine methionine (SAM)
to lysines within histone or non-histone proteins.18 However, lysines can be reversibly
mono-, di-, or tri-methylated, which results in transcriptional activation or repression,
depending on the amino acid residue that is methylated and the state of methylation.

More than 50 human KMTs are known or predicted to methylate histones or non-histone
substrates; seven of them are known to silence and two to activate HIV-1 transcription by
modifying histones or Tat.19 KMTs, however, represent underexplored therapeutic targets in
HIV-1 latency.

Here, we identify a methyltransferase, Su(var)3-9, enhancer-of-zeste, and trithorax (SET)
and myeloid, nervy, and DEAF-1 (MYND) domain-containing protein 5 (SMYD5), that
activates HIV-1 transcription. Previously, we performed an unbiased small hairpin RNA
(shRNA) screen to identify host methyltransferases that contribute to HIV-1 latency in
infected T cell lines.29 We found that knockdown of SMY D5 reproducibly and robustly
repressed HIV-1 transcription identifying SMYD5 as a potential transcriptional activator.
SMYDS5 contains a SET domain that is split by a zinc finger containing the myeloid
translocation protein-8, Nervy, and DEAF-1 (MYND) motif followed by a cysteine-rich
post-SET domain.2! Unlike other SMYD family members (SMYD1-SMYD4), SMYD5
lacks a C-terminal tetratrico peptide repeat domain but has a C-terminal glutamate-rich
extension instead.2?

To date, only few papers have been published about SMYD5’s role in transcription. For
example, SMY D5 associates with NCoR corepressor complexes and tri-methylates histone
4 lysine 20 (H4K20me3) at the promoters of Toll-like receptor 4 (TLR4) target genes in
macrophages, thereby negatively regulating inflammatory responses.23 In addition, histone
3 lysine 36 (H3K36) has been reported as substrate of SMYD5 in two recent publications.
A study in mouse embryonic stem cells (MESCs) showed that SMYD?5 is recruited to
chromatin by RNA polymerase 11 and catalyzes tri-methylation of H3K3624; Aljazi et al.2>
reported that SMY D5 mono-methylates H3K36 and H3K37 (H3K36/K37mel) /n vitro. The
full physiological function of SMYD5 remains largely unknown. In this work, we find

that SMYDS5 is upregulated in activated CD4* T cells and powerfully activates the HIV-1
promoter with and without Tat. While SMYD5 methylates Tat /n vitro more efficiently than
any histone target tested, Tat, through its associated cofactor USP11, increases SMYD5
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protein levels in T cells to amplify HIV-1 transcription. We propose that SMYD5 is a critical
HIV-1 host activator in activated CD4" T cells and a possible target for silencing-promoting
therapies.

RESULTS

SMYD?5 activates HIV-1 transcription in cell lines and primary T cells

To identify epigenetic regulators of HIV-1 latency, we completed a ShRNA screen of

46 KMTs and identified 12 whose knockdown suppressed basal or CD3/CD28-induced
transcription of the latent HIV-1 LTR.20 We also participated in a genome-wide screen for
cellular latency regulators using a pooled ultracomplex shRNA library with the Verdin and
Weissman labs at the Buck Institute, Gladstone Institutes, and University of California San
Francisco (UCSF).28 In both screens, a little-known KMT, SMYD5, was identified as a

top activating factor necessary for basal and CD3/CD28-induced HIV-1 transcription. To
confirm results from the shRNA screens, we knocked down SMYD5 in the CD4* J-Lat
5A8 cell line. This cell line harbors a latent full-length HIV-1 provirus with the fluorescent
marker GFP inserted into the nefopen reading frame, which allows us to monitor the
provirus’s transcriptional activity by flow cytometry (Figure 1A).27 HIV-1 transcription can
be induced in this cell line with a CD3/CD28 antibodies, which mimics physiological T cell
receptor engagement. The line also closely clustered with patient-derived cells in a study
comparing different latency-reversing agents (LRAS) in distinct models of HIV-1 latency.28

Cells were transduced with lentiviral vectors expressing two different shRNAs targeting
SMYD?5 or a non-targeting control, followed by puromycin treatment to select successfully
transduced cells. sShRNA knockdown was confirmed using western blotting and was ~80%
effective (Figure 1B). Cells were then stimulated with medium or saturating doses of aCD3/
CD28 antibodies or left untreated for 24 h, followed by flow cytometry of GFP. Knockdown
of SMYDS5 effectively suppressed residual HIV-1 expression under basal conditions as

well as impaired reactivation of viral transcription at low aCD3/CD28 concentrations by
almost 50% and by up to 75% at high aCD3/28 concentrations (Figure 1C). Cell viability
was monitored by live/death stain and forward/side scatter analysis and showed very little
difference between control and SMY D5 knockdown cells (Figure 1D). To control for the
specificity of the effect, we performed a SMYD?5 rescue experiment. J-Lat 5A8 cells were
transduced with SMYD5 shRNAs, selected with puromycin for 3 days, and infected a
second time with vesicular stomatitis virus G protein (VSV-G) pseudotyped lentiviruses
containing a SMYDS5 expression plasmid. After 72 h and 96 h, GFP* cells were analyzed
by flow cytometry, which showed that SMY D5 overexpression fully restored basal HIV-1
expression in SMYD5 knockdown cells (Figure 1E).

To exclude a cell-dependent effect, we knocked down SMYD?5 in two other J-Lat clones,
AT72 and A2. These clones contain HIV-1 minigenomes composed of just the HIV-1
promoter in the 5" LTR that drives GFP expression (LTR-GFP; A72) or an LTR-Tat-internal
ribosome entry site (IRES)-GFP cassette where transcriptional activity is driven by Tat
(A2).29:30 |n both cell lines, we observed suppression of GFP expression in cells lacking
SMYD?5 (Figures SIA-S1D).
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We also examined the role of SMYD?5 in primary T cells. SMYD5 has been shown to

be highly expressed in human CD4* T cells.3! We confirmed this finding in CD4* T
cells isolated from six independent blood donors (Figures 2A and S2A). Furthermore, we
observed that SMY D5 protein expression consistently increases in primary CD4* T cells
upon activation with aCD3/CD28 Dynabeads and less consistently with tumor necrosis
factor alpha (TNF-a) treatment (Figures 2A and S2A).

To examine the effect of SMY D5 knockdown in primary CD4* T cells, we used modified
lentiviral vectors expressing ShRNAs against SMY D5 or non-targeting control shRNAs.
These vectors express the mCherry protein instead of the puromycin selection marker, which
allows identification of successfully transduced cells by flow cytometry.32:33 Primary CD4*
T cells isolated from three uninfected blood donors (Figure S2B) were activated with aCD3/
CD28 Dynabeads for 3 days and transduced first with lentiviral particles encoding sShRNAs
against SMYD5 or non-targeting control ShRNAs (Figure 2B). SMYD5 expression was
efficiently suppressed in all three donors 3 days after infection (Figure 2E). Transduced
CD4* T cell cultures were subsequently infected with a molecular clone of the viral isolate
HIV-1y 4-3 (Figure 2B). This virus contains the GFP open reading frame in place of nef,
allowing identification of infected cells by flow cytometry (Figure S2C), and a frameshift
mutation in the envgene, thereby restricting infection to a single cycle.30 Knockdown

of SMYDS5, as marked by mCherry expression, in all donors caused a reduction in GFP
expression compared with cells expressing the non-targeting sShRNA control (Figure 2C),
confirming that SMY D5 activates HIV-1 transcription in primary T cells. Cell viability was
not affected by SMYD5 knockdown (Figure 2D), and SMY D5 knockdown efficiency was
confirmed by gRTPCR (Figure 2E).

SMYDS5 associates with the activated HIV-1 promoter

HIV-1 transcription depends heavily on the viral protein Tat. To test whether SMYD5’s
effect on HIV-1 was Tat dependent, we overexpressed SMY D5, with or without Tat, in

HeLa cells along with a viral LTR-luciferase reporter. We observed a 300-fold increase of
LTR activity when SMYD5 was co-expressed with low doses of Tat (Figure 3B). Notably,
we observed a 100-fold increase in LTR activity with SMYD5 alone in the absence of Tat
(Figure 3A). To demonstrate that this effect is specific for the HIV-1 LTR, we used an EFla-
Renillaluciferase construct and showed that it is insensitive to overexpression of SMYD5
(Figure S3C). These observations led us to hypothesize that SMY D5 associates with the
HIV-1 promoter. To test this hypothesis, we carried out chromatin immunoprecipitation
(ChlIP) experiments in J-Lat cells.

Chromatin was prepared from J-Lat 5A8 cells either unstimulated or stimulated with
TNF-a, incubated with SMYD5 or immunoglobulin (IgG) control antibodies, and
immunoprecipitated as described previously.3* DNA extracted from the immunoprecipitated
material or the input control was subjected to quantitative PCR analysis with primers
specific for the HIV-1 promoter or for the control RPL30 gene.3> While SMY D5 was not
detected associated with the latent HI\-1 promoter, significant enrichment over the input
and the IgG control was observed after TNF-a activation, similar to the enrichment of

RNA polymerase Il (RNA Pol I1) after activation (Figure 3C). SMYD5 was not recruited
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to the RPL30 gene with or without TNF-a., while /n vivo association of RNA Pol Il

was detected after TNF-a treatment (Figure 3D), demonstrating a specific association of
SMYD?5 with the actively transcribing HIV-1 promoter. The same was observed in the

AT72 cell line lacking Tat (Figures S3A and S3B). Importantly, RNA Pol Il association and
recruitment of the CDK?9 subunit of P-TEFb were found to be critically dependent on the
presence of SMY D5 because binding of both factors was markedly diminished across the
HIV-1 LTR after SMYD5 knockdown (Figures 3E, 3F, and S3F). Furthermore, H3K4me3, a
histone modification that is associated with transcriptionally active promoters was strongly
diminished across the HIV-1 LTR after SMYD5 knockdown, while for H3K36me3, no
significant reduction was observed. Collectively, our data identify SMYD5 as an activator
of HIV-1 transcription that acts with or without Tat and is physically recruited to the HIV-1
promoter in vivo and supports association of RNA Pol Il and recruitment of P-TEFb to the
HIV-1 promoter, consistent with a possible role in transcription elongation.

SMYDS5 forms a complex with TAR RNA and methylates Tat

The TAR RNA element is a characteristic stem-loop structure at the 5" end of all viral
transcripts and recruits the Tat protein to the HIV-1 promoter. To examine whether SMYD5
could also bind TAR, we performed electrophoretic mobility shift assays (EMSAs) with
recombinant SMYD5 and radiolabeled TAR RNA as a probe. Surprisingly, addition of
SMYD?5 alone efficiently shifted the TAR RNA probe, pointing to an RNA-binding property
of SMYDS5 (Figure 4C). Like Tat, SMYD5 required the bulge region of the TAR stem to
bind to TAR RNA (Figure 4C) and was successfully competed off with unlabeled TAR RNA
(Figure 4D). This could explain how SMYD?5 is recruited to the HIV-1 promoter during
HIV-1 transcription.

To identify the protein targets of the SMY D5 methyltransferase activity at the HIV-1
promoter, we performed /n vitro methylation assays with recombinant SMY D5 and several
factors playing a critical role in HIV transcription, such as histones, nuclear factor xB
(NF-xB) RelA, Sp1, and the P-TEFb complex composed of Cyclin T1 and CDK?9. We

also assessed the /n vitro methylation of Tat peptides spanning amino acids (aa) 1-72.
Reactions included 3H-SAM and were performed with or without recombinant SMYD5
enzyme. Following gel electrophoresis, Coomassie staining, and autoradiography, Tat was
prominently methylated by SMY D5, while no methylation was detected on NF-xB RelA,
Sp1, Cyclin T1, and CDK9 (Figure 4B). In addition, SMY D5 methylated histones H1, H2B,
H3, and weakly H4, but not histone H2A, /n vitro (Figure 4A). Collectively, these data show
that SMYD5 can methylate histones and Tat at the HIV-1 promoter and can by itself bind
TAR RNA as a possible way of recruitment.

SMYDS5 levels increase in complex with Tat and the Tat cofactor USP11

To investigate how SMYD5 synergizes with Tat, we performed co-immunoprecipitation
experiments and found that SMY D5 associated with Tat in cells (Figure 5A and 5B).
Interestingly, co-expression of Tat led to an upregulation of SMY D5 protein levels

in HEK293T cells overexpressing both proteins (Figure 5C). Similarly, we found that
endogenous SMYDS5 protein levels were increased in a dose-dependent manner when Tat
expression was induced by increasing amounts of TNF-a (Figure 5D). This occurred at
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the posttranscriptional level because SMYD5 mRNA levels measured by gRT-PCR were
unaffected (Figure 5E).

Ubiquitination, the attachment of ubiquitin to target proteins, is an important regulator

of protein stability and cell signaling and is reversed by deubiquitinating enzymes or
ubiquitin-specific proteases (USPs). In a large HIV-1:host protein interactome in HEK293T
cells, the Tat protein associated with USP113¢ (Figure 6A). This interaction was recently
confirmed in a large CRISPR-Cas9-mediated knockout screen in primary human CD4+ T
cells, where USP11 was found to be a potential HIV-1 dependency or restriction factor.3”
USP11 is known to deubiquitinate multiple proteins, including the human papilloma

virus (HPV16) E7 protein, where it regulates the levels of E7 protein and subsequently
affects the biological function of E7.38:39 Further, USP11 is implicated in the initiation

and progression of several malignancies, including cervical, brain, lung, liver, and colon
cancer.38:40-44 \We hypothesized that the stabilization of SMYD5 by Tat may implicate
USP11. We confirmed the interaction of USP11 and Tat by co-immunoprecipitating
endogenous USP11 with overexpressed Tat in HEK293T cells (Figure 6B). This was not
observed with the empty vector control or FLAG-GFP overexpression. Endogenous USP11
also co-immunoprecipitated with overexpressed SMY D5; this was observed regardless of
whether Tat was co-expressed and also co-immunoprecipitated with SMYD5 (Figure 6C).

Notably, USP11 was well expressed in primary CD4* T cells isolated from the two
independent blood donors shown in Figure 2A by western blot analysis and gRT-PCR.

The protein and mRNA levels were increased upon activation with aCD3/CD28 antibodies,
while the levels of another deubiquitinase, USP8, remained unchanged (Figure S4A). To
examine the functional relevance of USP11 in Tat-mediated SMY D5 upregulation, we
performed knockdown experiments with USP11 in HEK293 cells (Figures 6D and 6E). Loss
of USP11 resulted in an ~10-fold decrease in SMY D5 upregulation without affecting Tat
levels, indicating that USP11 plays a role in causing the increased SMY D5 expression by
Tat.

DISCUSSION

Here, we report that SMYD5, a little-studied methyltransferase with previously reported
corepressor function, potently activates the HIV-1 promoter. Our data show inhibition of
HIV-1 transcription after sSARNA-mediated knockdown of SMYD?5 in latently infected T
cell lines and primary CD4* T cells and /n vivo association of SMYD5 with the HIV-1
LTR during active transcription. While SMYD5 can bind and activate the HIV-1 LTR by
itself and is required for efficient RNA Pol 11 association and CDK®9 recruitment, this effect
is amplified in the presence of the viral protein Tat. SMYD?5 is not detected to associate
with the HIV-1 LTR in non-induced cells, which supports the model where SMYD?5 is
only lowly expressed but upregulated in expression after induction. We speculate that the
documented RNA-binding capacity of SMYD5 could tether low levels of the protein to
the HIV-1 LTR in the absence of Tat, which is greatly enhanced after TNF-a stimulation
and Tat expression, because more protein is expressed and better recruited to the promoter.
Our findings suggest that Tat stabilizes SMY D5 protein levels through deubiquitination
by USP11 (Figure 7). SMYDS5, in turn, methylates Tat, thereby possibly contributing to
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activation of HIV-1 transcription (Figure 7). Because SMY D5 mostly binds to the activated
promoter, we propose that SMYD?5 is a host factor critically amplifying HIV-1 latency
reversal in activated T cells and, therefore, a target for silencing-promoting therapies.

The finding that SMYDS5 is a coactivator of HIV-1 transcription was unexpected because
Kidder et al. demonstrated SMYD5’s corepressor role in mESCs; they found SMYD5
enriched at long interspersed nuclear elements (LINE) and LTR regions and reduced
heterochromatin protein a (HP-1a) levels as well as the histone marks H4K20me3 and
H3K9me3 in shSmyd5 cells.*> HP-1a and H4K20me3 have been implicated in gene
silencing.#6:47 Further, the H3K9me3 mark has been linked to HIV-1 latency and has strong
ties to heterochromatin formation.*® However, in some cases, H3K9me3 is permissive to, or
even required for, transcription.#® Other recent findings suggest that H4K20me3 co-localizes
with H3K4me3 at a subset of regions, suggesting that H4K20me3 marks transcriptionally
dynamic regions in ESCs.%0

We work in human CD4" T cells and show strong cellular expression and /n vivo
recruitment of SMYD?5 to the HIV-1 LTR upon activation. Further, we show that SMY D5
in vitro methylates all histones, except histone 2A, and only weakly methylates histone

4. We therefore speculate that histone 4 is not the primary target of SMYD5 and that
SMYD?5 has different action modes depending on the substrate and interaction partner; in
our case, the HIV-1 Tat protein. This may also explain why we do not find a difference

in H3K36me3 marks in SMYD5 knockdown cells. Such a mechanism of action has

been shown previously for another methyltransferase, EZH2. EZH2 catalyzes H3K27me3
dependent on polycomb repressive complex 2 (PCR2), which contributes to transcriptional
silencing.1:52 However, EZH2 is also capable of methylating several non-histone proteins,
including STAT3 and talin, which contributes to transcriptional activation.>3:54 The finding
that SMYD5 synergizes with Tat to activate the HIV-1 promoter indicates a positive effect
of SMYD-mediated methylation on Tat function. Future experiments will map the SMYD5-
methylated lysine(s) in Tat and determine their function in Tat-mediated transactivation of
the HIV-1 LTR.

USP11 is a so far unrecognized deubiquitinase linked to SMYD5. USP11 has been

shown to preferentially cleave K6- and K63-linked ubiquitin chains in vitro.3? K63-linked
ubiquitination has non-degradative functions in several processes, including intracellular
trafficking, kinase signaling, and DNA damage response, but recently has also been reported
to play an important role in lysosomal sorting of several proteins for degradation.?5-57 As
we continue the study of USP11 and SMY D5, we will also focus on defining possible
ubiquitination modifications of SMYD5. Notably, SMYD5 has been shown to interact with
ubiquitin C (UBC),%8:9 and we found that SM'YD5 co-immunoprecipitates with ubiquitin
(Figure S4B). Future experiments will examine whether SMYD?5 is ubiquitinated in cells
and whether it is a direct target for the deubiquitinase activity of USP11 and explore the
therapeutic potential of SMYD5 or USP11 enzymatic inhibitors in durably silencing HIV-1
transcription.
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Limitations of the study

This study explores the role of SMYD5 in HIV-1 transcription. Although we characterize the
cellular interaction between SMY D5 with the viral protein Tat and the host protein USP11
and their effect on HIV-1 transcription, additional work is necessary to translate this into
clinical application. One of the limitations of the study is that we performed experiments

in shRNA-containing cells with partial knockdown only. We were unable to perform any
experiments using a SMYD?5 inhibitor. This is due to unavailability of a SMYD?5 inhibitor
when these experiments were initially planned and performed. We are actively screening

for an inhibitor. Therefore, future studies using a SMYD5 inhibitor should examine whether
endogenous SMYDS5 is an ideal cellular target for durably silencing HIV-1 transcription.
Another limitation of the study is that the potential mechanism of action is not fully
elucidated. Specifically, determining whether SMYDS5 is altering a particular histone mark
or modifies another cellular protein, ideally in infected cells, would give better insight into
the functional consequences of SMYD5 protein function.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Melanie Ott (mott@gladstone.ucsf.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

. Data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK?293T and HeLa cells were obtained from the American Type Culture
Collection. J-Lat (clones A2, A72, 5A8) cell lines were provided by the Verdin and Greene
laboratories.2”-30 HEK293T and HeLa cells were cultured in DMEM supplemented with
10% FBS (Sigma-Aldrich), 1% L-glutamine (Corning) and 1% penicillin-streptomycin
(Corning). J-Lat cells were cultured in RPMI supplemented with 10% FBS, 1% L-glutamine
and 1% penicillin-streptomycin. TNFa (Sigma-Aldrich) was used at 0.5-20 ng/ml. Human
aCD3/CD28 Dynabeads (Invitrogen) were used at a ratio of 1 bead per 2 cells.

Primary CD4+ T cell cultures—Human primary CD4* T cells were isolated

from leukocyte reduction chambers (Vitalant Blood Donation, San Francisco, CA) by
negative selection using RosetteSep Human CD4* T Cell Enrichment Cocktail (StemCell
Technologies). Red blood cells (RBC) were removed by addition of RBC lysis solution (83
mg NH4CI, 10 mg KHCO3, 18 ul EDTA 5%, ddH,O to a final volume of 10 ml) followed

Cell Rep. Author manuscript; available in PMC 2023 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boehm et al. Page 10

by centrifugation at 1200 x g for 10 min. Isolated primary CD4* T cells were cultured at
1 x 108 cells/ml in RPMI 1640 containing 10% FBS, 1% L-glutamine (Corning) and 1%
penicillin-streptomycin (Corning) and supplemented with IL-2 (20 U/ml, Sigma-Aldrich).

Age and gender of the human donors used for CD4+ T
cell isolation

Age Gender
68 Male
25 Male

29 Female

27 Male
35 Male
53 Male

65 Female
62 Male
21 Female
78 Male
56 Female
61 Male
76 Male
45 Female
71 Female

74 Male

METHOD DETAILS

Plasmids—V5-SMY D5-expressing vectors (HsCD00329698, HsCD00829682) were
purchased from the DNASU Plasmid repository. The cDNA for WT SMY D5 was amplified
and tagged with Flag, HA, or V5 by PCR and ligated into EF-1a.-pBOS vector. The
plasmid pLKO.1-mCherry was a gift from Dr. Oskar Laur (Addgene plasmid #128073).
Phosphorylated Primers for SMYD5 shRNAs #1 and #2 were annealed and ligated into

a pLKO.1-mCherry vector using the Agel and EcoRl restriction sites. Ligated constructs
were transformed into Stbl-3 competent cells (NEB) and correct inserts were confirmed by
sequencing.

ShRNA-mediated knockdown—ShRNA-expressing lentiviral vectors were purchased
from Sigma-Aldrich. The plasmids TRCN0000155095 and TRCN0000156306 were used

to deplete SMYDS5, and TRCN0000007358 and TRCN0000315152 to deplete USP11.

The pLKO.1 vector containing a non-targeting ShRNA was used as control. Pseudotyped
viral stocks were produced in 2 x 108 HEK293T cells by co-transfecting 10 ug of ShRNA-
expressing lentiviral vectors, 6.5 ug of the lentiviral packaging construct pCMVdelta R8.91
and 3.5 pg of VSV-G glycoprotein-expressing vector®® using X-tremeGENE™ 9 DNA
transfection reagent (Sigma-Aldrich), and titered for p24 content. HeLa cells were incubated
with virus (1 ng of p24 per 108 cells) containing sShRNAs against SMYD5, USP11 or
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non-targeting control for 24 hrs. J-Lat A2, A72, 6.3, 11.1 or 5A8 cells were spininfected at
32°C, 1341g, for 2 hrs with virus (1 ng of p24 per 106 cells) containing sShRNAs against
SMYD?5 or scramble control. Infected HelLa or J-Lat cells were selected with puromycin (2
pg/ml, Sigma-Aldrich) for 3-5 days. Knockdown efficiency was determined by western blot
and gPCR.

Viral infections in CD4+ T cells—Before infection, CD4* T cells (at a concentration

of 5 x 10%/ml) were activated with Human T-Activator a CD3/CD28 Dynabeads (1 bead

per 2 cells) in a CO, incubator at 37°C. Three days post-activation, CD4* T cells

were transduced with lentiviral vectors containing shRNAs against SMYD5 (shSMYD5-1,
shSMYD5-2) or the non-targeting shRNA control. These lentiviral vectors also express

the mCherry protein. Pseudotyped viral stocks were produced in 40 x 106 HEK293T cells
by co-transfecting 20 ug of ShRNA-expressing lentiviral vectors, 6.5 pg of the lentiviral
packaging construct pCMVdelta R8.91 and 3.5 g of VSV-G glycoprotein-expressing
vector®® using X-tremeGENE™ 9 DNA transfection reagent (Sigma-Aldrich), and titered
for p24 content. Typically, 10,000 ng p24%39/ml was used. Spinoculations were performed in
96-well V-bottom plates in volumes of 30 pl. Cells and virus were centrifuged at 800 x g for
2 h at 32 °C. After spinoculation, cells were pooled and cultured at 5x10° cells/ml in RPMI
1640 containing 10% FBS, 1% L-glutamine (Corning) and 1% penicillin-streptomycin
(Corning) and supplemented with IL-2 (20 U/ml). Four days after infection, cells were
re-infected with viral particles produced from the molecular clone HIV-1y 4_3-GFP. The
percentage of GFP+ mCherry+ cells was monitored by flow cytometry three and four days
after the second infection.

Protein extraction and western blot—Cells were lysed in cold FLAG-IP buffer
(50mM Tris-HCI pH 7.4, 150mM NaCl, 1ImM EDTA, 1% Triton X-100) supplemented
with protease and phosphatase inhibitors and centrifuged at 15,000 x g for 10 min at

4 °C. Supernatant was collected as whole cell extract (WCE). Equal amounts of protein
were resolved by SDS-polyacrylamide gel electrophoresis, transferred onto nitrocellulose
membranes, and incubated for 4 h in 5% milk blocking buffer. The membranes were
incubated with SMYD5, USP11, a-Tubulin, GAPDH, Flag, V5 or Tat antibodies overnight,
followed by incubation with a secondary a-rabbit or a-mouse antibody conjugated to HRP
at a dilution of 1:10000 for 1 h. Blotted membranes were developed by using Lumi-Light
Western Blotting Substrate (Roche) or SuperSignal™ West Femto (Thermo Fisher Scientific)
and imaged with Amersham Hyperfilm ECL or ChemiDoc Imaging Systems (Bio-Rad). All
western blots were performed at least three times.

Immunoprecipitation—Cells were lysed in 1ml cold FLAG-IP buffer (50mM Tris-HCI
pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100) supplemented with protease and
phosphatase inhibitors and centrifuged at 15,000 x g for 10 min at 4 °C. Cellular debris was
pelleted, and the supernatant was recovered. 10% of supernatant was kept as input control,
the remaining 90% of lysate was incubated overnight at 4°C with 5 g V5 antibody of
M2-Flag agarose (which was washed 4x with Flag-1P buffer before adding to the lysate).
Protein A/G Dynabeads™ were blocked with BSA, washed and resuspended in FLAG-IP
buffer. Blocked protein A/G Dynabeads™ beads were added to the V5 immunoprecipitation
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and rotated at 4°C for 2 h to collect the V5 antibody. A/G Dynabeads™ agarose beads
were washed five times with 1ml Flag-IP buffer, resuspended in 120ul Flag-IP buffer and
40ul 4x Laemmli sample buffer (Bio-Rad). M2-Flag agarose was washed five times with
1ml FLAG-IP buffer, resuspended in 120ul Flag-1P buffer and 40ul 4x Laemmli sample
buffer. Immunoprecipitates and input controls were resolved by SDS-polyacrylamide gel
electrophoresis and subjected to western blotting.

RNA isolation, reverse transcription, and quantitative RT-PCR—RNA was
isolated using RNeasy Plus Mini Kit (Qiagen) or Direct-zol RNA Miniprep Kit (Zymo
Research) and reverse-transcribed using AMV Reverse Transcriptase (Promega) as per the
manufacturer’s instructions. Quantitative RT-PCR was carried out using Maxima SYBR
Green gPCR Master Mix (Thermo Scientific) on SDS 2.4 software (Applied Biosystems) in
a total volume of 12 pL. Primer efficiencies were around 100%. Dissociation curve analysis
was performed after the end of the gPCR to confirm the presence of a single and specific
product.

Flow cytometry—For primary CD4* T cells, the percentage of cells that were both

GFP* and mCherry™ was monitored by flow cytometry three and four days after the

second infection using a BD LSRFortessa™ X-20 Flow Cytometer (BD Biosciences). J-Lat
cells were treated with the indicated concentration of drugs or left untreated. After 18 h,

the percentage of GFP* cells was determined using a MACSQuant VYB FACS analyzer
(Miltenyi Biotech GmbH) or FACSCalibur Flow Cytometer (BD Biosciences). Cell viability
of primary CD4* T cells and J-Lat cells was monitored by eBioscience™ fixable viability
dye eFluor™ 780 (Invitrogen) and forward-and-side scatter measurement. Analysis was
conducted on 3 x 20,000-1Mio. live cells per condition. Data were analyzed using FlowJo
9.5 to 10.8 (Tree Star). All flow cytometry sorting gate strategies are provided in Figure S2.

In-vitro methylation assays—For methylation assays, 2 ug of histones (purchased
from NEB), recombinant proteins p65, SP1 (both Active Motif), Cyclin T1/CDK9 (Sigma-
Aldrich) or synthetic Tat peptides (M. Schnolzer, German Cancer Research Center
Heidelberg, Germany) were incubated with recombinant SMYDS5 (Active Motif) in a buffer
containing 50 mM Tris-HCI, pH 9, 0.01% Tween 20, 2 mM DTT and 1.1 pCi of H3-labeled
SAM (Perkin Elmer) for 2hr at 30°C. Reaction mixtures were fractionated on 15% SDS-
PAGE for proteins or on 10-20% Tris-Tricine gradient gels for peptides (BioRad). After
Coomassie staining, gels were treated with Amplify (GE Healthcare) for 30 min, dried and
exposed to Amersham Hyperfilm (GE Healthcare) overnight.

RNA electrophoretic mobility shift assays (EMSA)—TAR RNAs (WT, Abulge and
Aloop) were synthesized in /n-vitro transcription reactions with the Riboprobe system
(Promega).3® Transcripts were treated with 2 U of DNase | (Promega), extracted with

a phenol:chloroform mixture and purified over an Illustra MicroSpin G50 column (GE
Healthcare). Gel-mobility reactions (12 ul final volume) were carried out in binding buffer
(50 mM Tris, pH 7.4, 0.5 mM EGTA, 150 mM NacCl, 2% glycerol, 0.2% Tween 20, 0.5
mM DTT, 90 mM ZnS04, 0.005% BSA and 100 uM ATP) and contained 2x104 cpm TAR
probes/reaction and the indicated concentrations of Tat and recombinant SMYD5 (Active
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Motif). Reactions were incubated for 30 min at 30 °C and separated on a pre-run 4%
Tris-glycine gel. The gels were dried and exposed to Amersham Hyperfilm (GE Healthcare)
overnight.

Chromatin immunoprecipitation—J-Lat 5A8, A2 and A72 cells were treated with
TNFa (10 ng/ml) for 18 h. Cells were fixed with 1% formaldehyde (v/v) in fixation

buffer (1 mM EDTA, 0.5 mM EGTA, 50 mM Hepes, pH 8.0, 100 mM NaCl), and

fixation was stopped after 10 min by addition of glycine to 125 mM. The cell membrane
was lysed for 15 min on ice (5 mM Pipes, pH 8.0, 85 mM KCI, 0.5% NP40, protease
inhibitors). After washing with nuclear swell buffer (25 mM HEPES, pH 7.5, 4 mM KCl,

1 mM DTT, 0.5% NP-40, 0.5 mM PMSF) and micrococcal nuclease (MNase) digestion
buffer (20 mM Tris pH 7.5, 2.5 mM CaCl,, 5 mM NaCl, 1 mM DTT, 0.5 % NP-40),

the pellet was resuspended in MNase buffer (15 mM Tris-HCI, pH 7.5, 5 mM MgCly,

1 mM CacCls,, and 25 mM NacCl). Subsequently, samples were incubated with MNase

(New England Biolabs) for 10 min at RT. The reaction was quenched with 0.5 M EDTA
and incubated on ice for 5 min. Cells were lysed (1% SDS, 10 mM EDTA, 50 mM
Tris-HCI, pH 8.1, protease inhibitors), and chromatin DNA was sheared to 200-1000-bp
average size through sonication (Ultrasonic Processor CP-130, Cole Parmer). Cellular debris
was pelleted, and the supernatant was recovered. Protein A/G Dynabeads were blocked
with single-stranded salmon sperm DNA (10 pug/ml) and BSA (10 pg/ml), washed and
resuspended in immunoprecipitation buffer. Blocked protein A/G Dynabeads were added to
the digested chromatin fractions and rotated at 4°C for 2 h to preclear chromatin. Lysates
were incubated overnight at 4°C with 5-10 ug of SMYD5, NFxB RelA, Pol Il antibodies,
or 1gG control. After incubation with protein A/G Dynabeads for 2 h and washing three
times with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.1, 150 mM NacCl), one time with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI, pH 8.1, 500 mM NaCl) and twice with TE-buffer (1 mM EDTA,
10 mM Tris-HCI, pH 8.1). Proteins were eluted from A/G Dynabeads and lysates and input
DNA were treated with RNase H (New England Biolabs) and Proteinase K (Sigma-Aldrich)
at 37 °C for 30 min. Crosslinks were reversed with 0.2 M NaCl and by incubating 12—

16 hours at 65°C in a thermoshaker. Chromatin was recovered with Agencourt AMPure

XP beads (Beckman Coulter). Immunoprecipitated chromatin was quantified by real-time
PCR using the Maxima SYBR Green gPCR Master Mix (Thermo Scientific) and the ABI
7700 Sequence Detection System (Applied Biosystems). The SDS 2.4 software (Applied
Biosystems) was used for analysis. The specificity of each PCR reaction was confirmed

by melting curve analysis using the Dissociation Curve software (Applied Biosystems).

All chromatin immunoprecipitations and gqPCRs were repeated at least three times, and
representative results were shown. Primer sequences are listed in the key resources table.

Luciferase assays—3x10° HeLa cells were transfected with 25 ng HIV-LTR-Luc, 0.25-
250 ng SMYD5 WT and 2 ng WT Tat-expressing plasmids or corresponding amounts of the
empty vector (EF-1a-pBOS) using X-tremeGENE ™ 9 DNA transfection reagent (Sigma-
Aldrich, Roche Diagnostics) following manufacturer instructions. Cells were harvested 48

h after infection, washed one time with PBS, and lysed in 110 pl of Passive Lysis Buffer
(Luciferase Assay System, Promega). After 30 min of lysis, the supernatant was harvested
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and the luciferase activity in cell extract was quantified with a SpectraMax i3x plate reader
and SoftMax Pro 6.5.1 software after mixing 20 pl of lysate with 100 pl of substrate
(Luciferase Assay System, Dual-Luciferase Assay System, Promega). Relative light units
(RLU) were normalized to protein content determined by DC™ Protein assay (Bio-Rad).
ANOVA tests were performed to calculate statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are depicted as mean + SD. Statistical parameters including statistical analysis,
statistical significance, and n value are reported in the Figure legends and Supplementary
Figure legends. Statistical analyses were performed using Prism Software (GraphPad). The
average of three independent experiments analyzed in triplicate + SEM is shown and
compared with control samples by ANOVA: *p < 0.05, **p < 0.005,***p < 0.001. For
statistical analysis of T-cell activation experiments 1-way ANOVA with Dunnett’s multiple
comparison test p<0.01, n=4 was employed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lysine methyltransferase SMYD5 knockdown inhibits HIV-1 reactivation
from latency

SMYDS5 associates with the HIV-1 LTR and activates transcription

RNA Pol Il and CDK9 associate in a SMY D5-dependent manner with the
HIV-1 LTR

SMYD5 methylates Tat and is stabilized by Tat through USP11
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Figure 1. SMYD5 knockdown inhibits HIV-1 reactivation from latency in J-Lat cells
(A) Schematic of the workflow. J-Lat 5A8 cells were transduced with SMYD5 shRNA,

puromycin selected, and activated with aCD3/CD28 antibodies for 18 h, and GFP™ cells
were analyzed by flow cytometry.

(B) SMYDS5 protein levels in J-Lat 5A8 cells after targeting its RNA with two different
lentiviral ShRNAs or a non-targeting control.

(C) Reactivation of the latent HIV-1 reporter as measured by GFP flow cytometry. Both
SMYD5 shRNAs suppress HIV-1 reactivation under basal conditions and upon activation
with aCD3/CD28. The average of three independent experiments analyzed in triplicate
+SEM is shown and compared with control samples by ANOVA: **p < 0.005, ***p < 0.001.
(D) Cell viability (percentage of live cells), as monitored by forward and side scatter
analysis and viability stain, under the same conditions as in (C). The average ofthree
independent experiments analyzed in triplicate £ SEM is shown.

(E) J-Lat 5A8 cells were transduced with SMYD5 shRNA, puromycin selected for 3

days, and infected a second time with VSV-G pseudotyped virus containing aSMY D5
expression plasmid. After 72 h and 96 h, GFP* cells were analyzed by flow cytometry.
SMYD5 overexpression restores HIV-1 reactivation in SMYD5 knockdown cells under basal
conditions. The average of three independent experiments analyzed in triplicate £SEM is
shown and compared with control samples by ANOVA: **p < 0.005.
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Figure 2. SMYD5 is expressed and upregulated upon activation in primary CD4* T cells, and its
knockdown inhibits HIV-1 expression

(A) SMYDS5 protein and mRNA expression in CD4" T cells from the blood of two
independent human donors. The cells were treated with 20 ng/mL TNF-a or aCD3/CD28
Dynabeads (1 bead per 2 cells) for 24 h, then lysed in FLAG immunoprecipitation (IP)
buffer for western blot analysis or in RLT™* lysis buffer to isolate mMRNA (QIAGEN). RNA
levels were analyzed by gRT-PCR and normalized to RPL13A RNA. The average (mean +
SEM) from triplicate experiments performed with two different donors is shown.

(B) shRNA-mediated knockdown of SMYD5 in CD4* T cells. Shown is a schematic of the
workflow. Primary CD4* T cells isolated from uninfected blood donors were activated with
aCD3/CD28 Dynabeads for 3 days, infected first with lentiviral particles encoding shRNA
against SMYD?5 or a non-targeting control, and second with a GFP-tagged reporter virus in
the background of HIVy_4_3.

(C-E) Impact of non-targeting or SMY D5-targeting shRNAs on the percentage of HIV-1
expressing (GFP*) cells (C), the percentage of live cells as measured by forward scatter
analysis and viability stain (D), and the level of SMYD5 mRNA as determined by RT-PCR
normalized to RPL13A mRNA (E) among activated CD4" T cells from three independent
donors. The average (mean + SEM) from triplicate experiments performed with three
different donors is shown.
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Figure 3. SMYDS5 is recruited to the HIV-1 LTR and activates HIV-1 transcription
(A and B) Luciferase assays in HeLa cells transfected with an HIV-1 LTR luciferase

construct and increasing amounts of an expression vector for SMYD5 (0, 5, 50, and 500

ng) in (A) the absence of Tat or (B) the presence of Tat. Expression of SMYD5 strongly
activates the HIV-1 LTR and increases in the presence of Tat. Results of three biological
replicates (£SEM) are shown. Insets show western blots, with arrows pointing to the
SMYD?5 band.

(C and D) ChlP assays with antibodies against SMYD5, RNA Pol Il, and the 1gG control

at the HIV-1 LTR, followed by gPCR using primers specific for (C) the HIV-15" LTR or
(D) the RPL30 control. Chromatin was prepared from J-Lat 5A8 cells treated with TNF-a. to
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stimulate the LTR or left untreated. The average of three independent experiments analyzed
in triplicate = SEM is shown and compared with no-treatment control samples by ANOVA:
**p < 0.005, ***p < 0.001.

(E-H) ChIP assays with antibodies against RNA Pol Il, CDK9, H3, H3K4me3, H3K36me3,
and the IgG control at the HIV-1 LTR, followed by gPCR using primers specific for the
HIV-1 LTR Nuc0, Nucl, or Nuc2 regions. Chromatin was prepared from J-Lat A72 SMYD5
knockdown or non-targeting shRNA-expressing cells treated with TNF-a to stimulate the
LTR. All ChlPs and qPCRs were repeated at least three times, and representative results of
three technical replicates are shown.
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Figure 4. SMYD5 methylates histones and Tat in vitro and binds TAR RNA
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(A and B) /n vitro methylA) recombinant histones and (B) synthetic Tat peptide (aa 1—
72), recombinant NF-xB RelA, Sp1, Cyclin T1, or CDK?9 incubated with recombinant
full-length SMYD5 enzyme and radiolabeled H3-S-adenosyl-L-methionine (SAM). All in
vitro methylation assays on isolated histones, Tat peptides, NF-xB, SP1, and pTEFb were
repeated at least three times, and representative Coomassie staining (top) and corresponding

autoradiographs (bottom) are shown.

(C) Gel shift assays of recombinant SMYD5 (0, 50, 150 and 600 ng) and radiolabeled
wild-type (WT), bulge-mutant (ABulge), or loop-mutant (ALoop) TAR RNA probes.
(D) Gel shift assay with radiolabeled wild-type (WT) TAR RNA and increasing amounts of
SMYD?5 in the absence (left) and presence (right) of a 6x excess of non-radiolabeled TAR
RNA. All EMSAs were repeated at least three times, and representative autoradiographs are

shown.
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Figure 5. Tat physically associates with SMYD5 and stabilizes SMYD5
(A) SMYD5 co-immunoprecipitates with Tat. Cellular extracts from HEK293T cells

expressing V5-SMYD5 or empty vector, alone or together with FLAG-Tat, were prepared
48 h after transfection and subjected to purification with anti-M2 FLAG affinity gel. The
eluates were resolved by SDS-PAGE and subjected to western blotting.

(B) Tat co-immunoprecipitates with SMYD5. Cellular extracts from HEK293T cells
expressing V5-SMYD5 or empty vector, alone or together with FLAG-Tat, were prepared 48
h after transfection and subjected to purification with anti-V5 affinity gel. The eluates were

resolved by SDS-PAGE and subjected to western blotting.

(C) Tat increases SMYD5 protein expression. HEK293T cells were transfected with 500 ng
V5-SMYD5 and 0-200 ng of FLAG-Tat or 0-200 ng FLAG-GFP plasmids. After 48 h, cells
were lysed and subjected to western blot analysis.
(D and E) TNF-a increases SMY D5-Tat co-immunoprecipitation but not SMYD5 RNA
production. J-Lat 5A8 cells were treated with increasing amounts of TNF-a.. After 48 h,
cells were lysed in FLAG-IP buffer and subjected to western blot analysis (C) or lysed

in RLT* buffer to isolate MRNA (QIAGEN) (D). RNA levels were analyzed by gRT-PCR
and normalized to RPL13A RNA. All IPs, western blots, and gPCRs were repeated at least
three times. Representative results of IPs and western blots are shown. gPCR results of three
biological replicates (+SEM) are shown.
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Figure 6. SMYD5 and Tat interact with USP11
(A) Network representation of the interactions of HIV-1 Tat with human proteins,36

highlighting USP11.
(B) Endogenous USP11 co-immunoprecipitates with FLAG-Tat. HEK293T cells were
transfected with 200 ng of FLAG-Tat WT, FLAG-GFP, or empty vector. After 48 h cells
were lysed in FLAG IP buffer and subjected to FLAG IP and Western blot analysis of
endogenous USP11. Note that we consider the lower band in the blot nonspecific because it
is not downregulated in (D).
(C) Tat and endogenous USP11 co-immunoprecipitate with V5-SMYD5. HEK293T cells
were transfected with plasmids expressing V5-SMYD5 or empty vector, alone or together
with FLAG-Tat. After 48 h, cells were lysed in FLAG IP buffer and subjected to V5
immunoprecipitation and western blot analysis. All IPs and western blots were repeated at
least three times. Representative results of IPs and western blots are shown.

(D) USP11 knockdown inhibits Tat-mediated SMYD5 stabilization. HeLa cells were
transduced with lentiviral vectors expressing shRNA targeting USP11 or a non-targeting

Flag-Tat (ng)

control and selected by puromycin treatment. Successfully transduced cells were transfected
with increasing amounts of Tat and, after 48 h, subjected to western blot analysis. Note that
we consider the lower band in the blot nonspecific.

(E) Quantification of 3 independent experiments/western blots of SMYD5 bands in (D) by
densitometric analyses using ImageJ. Each V5-SMY D5 band from shUSP11 was compared
with its corresponding control-treated band (for example, 1 ng Tat control vs. 1 ng Tat
shUSP11). Data are represented as means plus SEM.
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Figure 7. Model of SMYD5’s activator function at the HIV-1 LTR
SMYD?5 can activate the HIV-1 LTR alone through its intrinsic TAR RNA-binding capacity

and in conjunction with Tat.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Alpha-Tubulin Sigma-Aldrich Cat# T6074; RRID: AB_477582; Clone 5-5-1-2;
Lot# 0000089450
Alpha-Tubulin Sigma-Aldrich Cat# SAB3501071; RRID: AB_2713894
CD4-FITC BioLegend Cat# 357406; RRID: AB_2562357; Clone
A161A1; Lot# B241850
CDK9 Cell Signaling Cat# 2316S, Lot# 7
CDK9 Santa Cruz Cati sc-484, Lot#A0716; RRID: AB_2275986
FLAG Sigma-Aldrich Cat# F7425-2MG; RRID: AB_439687
GAPDH Santa Cruz Cat# sc-365062; RRID: AB_10847862; Lot#
1620
Histone H3 Active Motif Cat # 39763; RRID: AB_2650522
Histone H3 Cell Signaling Cat# 4499T, Lot# 9
Histone H3K4me3 Active Motif Cat# 39915; RRID: AB_2687512
Histone H3K36me3 Cell Signaling Cat# 4909T, Lot# 7
1gG Rabbit Isotype Control Thermo Fisher Scientific ~ Cat# 10500C; RRID: AB_2532981
1gG-HRP Anti-Mouse Rockland Cat# 18-8817-33; RRID:
AB_2610851; Clone eB144; Lot# 38282
1gG-HRP Anti-Rabbit Rockland Cat# 18-8816-33; RRID:
AB_2610848; Clone eB182; Lot# 40107
RNA Polymerase 11 Active Motif Cat# 39097; RRID: AB_2732926; Clone 4H8;

RelA-NF-kB

SMYD5

SMYD5

USP11

USP11 [EPR4346]

Rabbit Polyclonal Anti-V5-Tag

Rabbit Polyclonal Anti-V5-Tag

Anti-FLAG® M2 Affinity Gel
V5-Tag Antibody Agarose

Bethyl Laboratories

Abcam

Abcam

Bethyl Laboratories

Abcam

Bethyl Laboratories

Abcam

Sigma Aldrich
Sigma Aldrich

Lot# 24818020

Cat# A301-824A; RRID: AB_1264341; Lot#
A301-824A-2

Cat# ab81419; RRID:
AB_186119; Lot# 108176-1,
171198-1,232795-1,64744-4, 64744-7

Cat# ab137622; Lot# GR109407-19

Cat# A301-613A; RRID: AB_1211380; Lot#
A301-613A-1, A301-613A-2

Cat# ab109232; RRID: AB_10862711; Lot#
GR3249106-5

Cat# A190-120A; RRID: AB_67586; Lot#
A190-120A-5

Cat# ab15828; RRID: AB_443253; Lot#
GR3198953-2

Cat# A2220; RRID: AB_10063035

Cat# A7345-1ML; RRID: AB_10062721; Clone
V5-10

Bacterial and virus strains

MAX Efficiency™ DH5a Competent Cells
NEB® 10-beta Competent £.coli

One Shot™ Stbl-3™ Chemically Competent £.coli

HIV-1 NL,.3-GFP

Thermo Fisher
New England Biolabs
Thermo Fisher

Kutsch et al.60

Cat# 18258012
Cat# C3019
Cat# C737303
N/A
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REAGENT or RESOURCE

Biological samples

SOURCE

IDENTIFIER

Leukocyte Reduction Chamber from Trima Apheresis
Collection

Vitalant Blood Donation,
San Francisco

http://www.vitalant.org/

Chemicals, peptides, and recombinant proteins

CTP, [a~32P]-800Ci/mmol 10mCi/ml, 250uCi
Dynabeads® Human T-Activator CD3/CD28
eBioscience™ Cell Stimulation Cocktail (500x)
Halt Protease & Phosphatase Inhibitor Cocktail
Surfact-Amps NP-40

S-adenosylmethionine (SAM)

Tumor Necrosis Factor-a, Human, Peprotech

CDKO9/Cyclin T1, Human, Recombinant
AMV Reverse Transcriptase

SYBR Green PCR Master Mix
X-tremeGENE 9 DNA Transfection Reagent
Histone H1, Human, Recombinant
Histone H2A, Human, Recombinant
Histone H2B, Human, Recombinant
Histone H3.1, Human, Recombinant
Histone H3.2, Human, Recombinant
Histone H3.3, Human, Recombinant
Histone H4, Human, Recombinant
HIV-1 Tat aal-72, Recombinant

Micrococcal Nuclease

Perkin Elmer

Life Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Scientific

New England Biolabs

Thermo Fisher Scientific

Thermo Fisher Scientific
Promega

Applied Biosystems
Roche

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

German Cancer Research
Center Pagans et al.5!

New England Biolabs

Cat# BLU008X250UC

Cat# 11131D; Lot# 00979236

Cat# 00-4970-93; Lot# 2430455

Cat# 1861282

Cat# 28324

Cat# B9003S; Lot# 1221803, 10153874

Cat# 300-01A; Lot# 02182510621,
021825C1422

Cat# PV4131; Lot# 1860128B
Cat# M5101

Cat# 4309155

Cat# XTG9-RO

Cat# M2501S; Lot# 0061508
Cat# M2502S; Lot# 0131508
Cat# M2505S; Lot# 0031508
Cat# M2503S; Lot# 0041504
Cat# M2506S; Lot# 0021504
Cat# M25078S; Lot# 0021508
Cat# M2504S; Lot# 0061508
N/A

Cat# M0247S

NF 4B p65, Human, Recombinant Active Motif Cat# 31102; Lot# 12312015

SMYD5 Human, Recombinant Active Motif Cat#31409; Lot# 06013001, 16314003
SP1, Human, Recombinant Active Motif Cat# 31136; Lot# 20011003

Critical commercial assays

Dual-Luciferase® Reporter Assay System Promega Cat# E1910; Lot# 0000531188
Luciferase® Reporter Assay System Promega Cat# E1501; Lot# 0000486345

Direct-zol™ RNA Miniprep Kit

GenElute™ Mammalian Genomic DNA Miniprep Kit
RNeasy Plus Mini Kit

eBioscience™ Fixable Viability Dye eFluor™ 780
EasySepHuman CD4+ T Cell Isolation Kit
RosetteSep Human CD4+ T Cell Enrichment Cocktail

Riboprobe® /n vitro Transcription Systems, T7

Zymo Research
Sigma-Aldrich

Qiagen

Invitrogen

StemCell Technologies
StemCell Technologies

Promega

Cat# 2052
Cat# G1IN350
Cat# 74136

Cat# 65-0865-14; Lot# 2062571, 2450571

Cat# 17952; Lot# 1000003548
Cat# 15062; Lot# 18A86332, 19E101792

Cat# P1440; Lot# 0000429560, 0000470577

Experimental models: Cell lines

Cell Rep. Author manuscript; available in PMC 2023 April 24.


http://www.vitalant.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Boehm et al.

Page 30

REAGENT or RESOURCE SOURCE IDENTIFIER
HEK293T, Human, Female, Epithelial Kidney Cells ATCC CRL-3216™
HeLa, Human, Female, Epithelial Cervix Cells ATCC CCL-2™
J-Lat A2, Male, derived from Jurkat cells Jordan et al.30 N/A
J-Lat A72 Male, derived from Jurkat cells Jordan et al .30 N/A
J-Lat A5A8, Male, derived from Jurkat cells Chan et al.2” N/A
Oligonucleotides

For ChIP: Axin2 forward 5 GCCAGAGTC Rafati et al.52 N/A
AAGCCAGTAGTC-3’

For ChIP: Axin2 reverse: 5° TAGCCTAAT Rafati et al.52 N/A
GTGGAGTGGATGTG-3’

For ChIP: HIV LTR Nuc0 forward: Rafati et al.? N/A

5" ATCTACCACACACAAGGCTAC-3’

For ChIP: HIV LTR Nuc0 reverse: Rafati et al.52 N/A

5" GTACTAACTTGAAGCACCATCC-3’

For ChIP: HIV LTR Nucl forward: Boehm et al.2° N/A

5’ AGTGTGTGCCCGTCTGTTGT-3’

For ChIP: HIV LTR Nucl reverse: Boehm et al. 0 N/A

5" TTCGCTTTCAGGTCCCTGTT-3’

For ChIP: HIV LTR Nuc2 forward: Rafati et al.52 N/A

5" GCGGAGGCTAGAAGGAGAGAG-3’

For ChIP: HIV LTR Nuc2 reverse: Rafati et al.52 N/A

5" GCTCCCTGCTTGCCCATAC-3’

For ChIP: RPL30 forward:
5" AAGGCAAAGCGAAATTGGTCA-3’

For ChIP: RPL30 reverse:
5’ TGCCACTGTAGTGATGGACAC-3’

GFP gPCR Forward Primer:
5’ ATGGTGAGCAAGGGCGAGGAG-3’

GFP gPCR Reverse Primer:
5" GTGGTGCAGATGAACTTCAG-3’

SMYD5 gPCR Forward Primer:
AATGCACTTTATCGCTACCGAG

SMYD5 gPCR Reverse Primer:
CTGCCAACCGACATTCTGC

USP11 gPCR Forward Primer:
AATGCACTTTATCGCTACCGAG

USP11 gPCR Reverse Primer: CTGCCAACCGACATTCTGC

RPL13A gPCR Forward Primer:
GCCCTACGACAAGAAAAAGCG

RPL13A gPCR Reverse Primer:
TACTTCCAGCCAACCTCGTGA

HIV-1 NL4 3 5LTR PCR forward primer: 5’-
CTACCACACACAAGGCTACT-3’

HIV-1 NL4_3 5LTR PCR reverse primer: 5°-
CTCGCACCCATCTCTCTCCTT-3

HIV-1 NL4_39a9 PCR forward primer:
5" -TAGTAGAAGAGAAGGCTTTCAGC-3’

HIV-1 NL4_3949 PCR reverse primer: 5
-GTCCTTCCTTTCCACATTT CC-3’

This manuscript
This manuscript
Drenan et al.63
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
Zhuang et al.54
Zhuang et al.54
Zhuang et al.5

Zhuang et al.54

PrimerBank 1D: 324021697¢2; https://
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 324021697¢2; https://
pga.mgh.harvard.edu/primerbank/

N/A

N/A

PrimerBank 1D: 154689857b3; https://
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 154689857b3; https://
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 75992939c1; https://
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 75992939c1; https:/
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 14591905¢2; https://
pga.mgh.harvard.edu/primerbank/

PrimerBank 1D: 14591905¢2; https://
pga.mgh.harvard.edu/primerbank/

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

HIV-1 NL4_3po/ PCR forward primer: 5’- Zhuang et al .54 N/A
GCAAGGCCAATGGACATATCAA-3’

HIV-1 NL4_3p0/ PCR reverse primer: 5°- Zhuang et al.54 N/A
CTACAGTCTACTTGTCCATGCA-3’

HIV-1 NL4_3vprPCR forward primer: 5’- Zhuang et al.54 N/A
GGAAAGGACCAGCAAAGCT-3’

HIV-1 NL4_3vor PCR reverse primer: 5’- Zhuang et al.® N/A
CTGCTATGTCGACACCCAAT-3’

Recombinant DNA

Lentiviral Packaging Construct pCMVdelta R8.91 Naldini et al.6® N/A

VSV-G Glycoprotein-expressing Vector Naldini et al.® N/A

SMYD5 #1 TRC Human shRNA Thermo Scientific TRCNO0000155095
SMYD5 #2 TRC Human shRNA Thermo Scientific TRCN0000156306
USP11 #1 TRC Human shRNA Thermo Scientific TRCNO0000007358
USP11 #1 TRC Human shRNA Thermo Scientific TRCNO0000315152
Non-targeting Human shRNA Millipore Sigma SHC002

pLKO.1 mCherry Addgene Cat# 128073, RRID: Addgene_120873
pLenti6.2/V5-SMYD3 DNASU Cat# HsCD00329555
pLX304/V5-WHSC1L1 (V5-NSD3) DNASU Cat# HsCD00444436
pLenti6.2/V5-SMYD5 DNASU Cat# HsCD00329698
pDONR221-SMYD5 DNASU Cat# HsCD00829682

Flag-HIV-1 Tat
Flag-HA-GFP

Empty pEF-BOS
HIV-1 TAR WT
HIV-1 TAR ABulge
HIV-1 TAR ALoop
EFla-Renilla
HIV-1-LTR Luciferase

Pagans et al.66

Sowa ME et al.”

Pagans et al.56
Kaehlke et al.®
Kaehlke et al.3®
Kaghlke et al.®
Kasler et al.58

Van Lint et al.%9

N/A

Addgene plasmid # 22612;
http://n2t.net/addgene:22612;
RRID:Addgene_22612

N/A

N/A

N/A

N/A

N/A

N/A

Software and algorithms

AlphaView — AlphalmagerHP 3.5.0.927

FlowJo 9.9-10.8
ImageJ

Prism8

SDS 2.4 software
SoftMax® Pro 4.7.1-6.5.1

ProteinSimple
Tree Star

NIH
GraphPad

Applied Biosystems

Molecular Devices

https://www.proteinsimple.com/resources
https://www.flowjo.com/
https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-software/
prism/

http://home.appliedbiosystems.com

https://www.moleculardevices.com/products/
microplate-readers/acquisition-and-analysis-
software/softmax-pro-software#gref
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