[bookmark: _Toc283017170][bookmark: _Toc283017236][bookmark: _Toc283017362][bookmark: _Toc283038945][bookmark: _Toc283039039]I1.  Introduction –- HIV as a model for studying metazoan transcription regulation   	Comment by Cheryl Berkowitz: Need to decide whether to use Arabic or Roman numerals and then be consistent througout.
[image: ]Metazoan gene transcription control by RNA Polymerase polymerase II (Pol II) is a multi-step process that which is highly coordinated by numerous transcription factors that execute an accurate gene expression program in a highly dynamic environment. Early transcription events include the recruitment of DNA-binding transcription factors (TF) to their specific motifs within promoters. With the help of additional pioneering factors, chromatin-modifying enzymes are brought into the complex to remodel the condensed nucleosome environment and expose the core promoter elements near Transcription transcription Starting starting Sites sites (TSS). General transcription factors and Mediator mediators are then assembled and recruit Pol II is recruited to the promoter to form the pre-initiation complex (PIC), which facilitates the initiation of nascent RNA synthesis [1-6]. As a part of the PIC, TFIIH is a multifunctional complex withhas roles in both transcription and DNA excision repair. Its core module accelerates promoter DNA unwinding that is mediated by the XBP subunit and is linked via Mat1 to a second kinase module. Here, cdk7 joins cyclin H and acts as a CDK-activating kinase (CAK) to phosphorylate cellular kinases, cdk1-6	Comment by Cheryl Berkowitz: Should this be in plural? If there is only mediator, then please add "a" before the word.	Comment by Cheryl Berkowitz: This should be written out in full upon first appearance.	Comment by Cheryl Berkowitz: I suggest to simplify the sentence and remove "complex" since this word has already been used in the previous sentence.	Comment by Cheryl Berkowitz: Please confirm that cdk7 phosphorylates cdk1-6. ?
, and regulate the cell cycle [7-9]. Cdk7 also phosphorylates Serine serine residues 5 and 7 (Ser5/7) residues of the Pol II C-terminal Domain domain (CTD) [2, 10]. While Ser5P modification attracts capping enzymes that which act on the nascent RNA and also disrupt interactions of Pol II with Mediatormediator, thereby enhancing TFIIH-mediated promoter clearance and Pol II pausing, Ser7P primes the CTD for subsequent Ser2 phosphorylation [11-13]. At this stage of the transcription program, the DRB- sensitivity sensitivity-inducing factor (DSIF, which already associates with Pol II) and negative elongation factor (NELF) jointly assemble onto PIC to induce pausing of Pol II pausing at +20-60 nucleotides from TSS [14-16]. Only upon recruitment of the Positive positive Transcription transcription Elongation elongation Factor factor b (P-TEFb; cdk9; cyclin T) and the Super super Elongation elongation Complex complex (SEC), is the paused Pol II is released from its pausing, and triggerstriggering elongation of the nascent RNA. This step is mediated through the phosphorylation of Spt5, NELF, and the CTD (at Ser2) by cdk9 [17, 18]. Other kinases, including cdk12 and cdk13, can also mediate Ser2 phosphorylation and include cdk12 and cdk13 [19-25]. Acting aAs a pivoted transcription complex, the activity of P-TEFb is tightly regulated in cells. Active P-TEFb assembles is assembled together with SEC or bromodomain-containing protein 4 (Brd4), while the inactive complex resides within the 7SK snRNP and serves as a P-TEFb reservoir [26-29]. In the unique case of HIV, the Tat protein binds to the TAR stem-loop RNA and hijacks P-TEFb from 7SK to the viral promoter via interactions with cyclin T1 to promote productive elongation [22]. 	Comment by Cheryl Berkowitz: Is it the capping enzmes that disrupt interactions or the modification? If it is the latter, then it should be "disrupts".	Comment by Cheryl Berkowitz: Not clear - the pausing is induced or the Pol II is induced, resulting in pausing.	Comment by Cheryl Berkowitz: This is not clear -  could this be explained more clearly (what does "pivoted mean?)?	Comment by Cheryl Berkowitz: Please confirm that this is correct.
Figure 1: HIV as a model for metazoan gene transcription regulation 
The general steps of the transcription program include promoter initiation and clearance, Pol II pause-release, and productive elongation. TFIIH is part of PIC and facilitates promoter initiation and clearance through phosphorylation of Serine serine 5/7 on the CTD of Pol II. P-‑TEFb phosphorylates NELF, DSIF (Spt4/5), and Ser2 to promote pause-release of Pol II and elongation. In cells, P-TEFb is tightly regulated in an inactive complex that is assembled within a 7SK snRNAP, and a free active complex. Active P-TEFb is associated with Brd4, SEC, and other cellular transcription factors.   For the unique case of HIV, Tat binds cyclin T1 and hijacks P-TEFb from 7SKsnRNP to the viral promoter. Adapted from Scruggs and Adelman (2015). The figure was generated by Biorender.
Over the years, research on the regulation of HIV gene expression has served as a model for understanding the mechanisms that dictate metazoan gene expression [30, 31]. Both the integrated provirus and its host genes are tightly synchronized and progress through the cycle of gene expression. Importantly, HIV was one of the first systems where in which the control of gene expression at steps of Pol II pause and release for productive elongation was documented [32-34]. The efforts to uUnderstanding the events of HIV gene transcription regulation have has gained significant clinical implications, as early in the course of infection, transcription repression of the proviral genome early in the course of infection promotes the establishment of the infected cell reservoirs. These reservoirs are comprised ofcomprise mainly memory-resting CD4+ T cells and myeloid lineage cells, and carry transcriptionally silent yet replication-competent intact proviruses that persist despite the administration of antiretroviral therapy (ART) and the effects of the host immune response [35]. The infected cells within the reservoirs go through a selection process to express surface marker signatures that confer their increased resistance to immune-mediated killing and are paired with elevated levels of immune checkpoint markers that which limit proviral gene transcription [36-41]. Extensive research has been conducted to understand the molecular mechanisms that elicit HIV latency [42]. Cellular transcription regulation and epigenetic constraints that are imposed on the integrated provirus play pivotal roles in suppressing HIV transcription [43]. Within infected resting T cells, minimal levels of basal and elongating transcription factors combined with the absence of the viral trans-activator of transcription (Tat) further ensure that proviral transcription remains beneath detectable levels [34, 44, 45]. To translate these observations into clinical therapeutic benefits, one proposed approach to eliminate the viral reservoirs is the “Shock shock and Killhill” strategy. Here, Latency latency Reversing reversing Agents agents (LRAs) are used to activate doormat HIV-infected T cells and then facilitate cell death through viral cytopathic effects or immune-mediated killing. Such a treatment is done carried out in the presence of ART to inhibit the rebound of HIV replication [46-48]. Conversely, the “Block block and Locklock” methodology aims to free infected individuals from ART by suppressing HIV transcription and inducing a deep state of latency [49]. NeverthelessHowever, despite promising outcomes, ongoing strategies to eliminate the HIV reservoirs have unfortunately fallen short of achieving clinical effectiveness, underscoring the necessity for a comprehensive understanding of the molecular events that control HIV gene expression and govern the establishment and maintenance of HIV latency [50-55]. 	Comment by Cheryl Berkowitz: Changed from "that" to avoid the repetion of the word in the same sentence.
2.   Preliminary Work
2.1 Identification of differentially expressed cellular factors that regulate HIV gene expression and viral latency following stimulation of primary CD4 T cells. In an effort to identify critical cellular transcription regulators of HIV gene expression and viral latency, we monitored changes in the transcriptome of CD4-‑positive primary T lymphocytes isolated from healthy donors upon T cell stimulation and HIV infection (n=4). CD4+ primary T cells were stimulated with anti-CD3/CD28 beads and were then transduced with HIVGKO. This reporter lentivirus encodes for a codon-optimized GFP reporter that is controlled by the HIV-‑1 LTR promoter, along with an mKO2 reporter cassette driven by the constitutive promoter EF1 (provided by E. Verdin; Fig 2A) [56]. Transduction with this virus allows simultaneous measurements of the two reporters by FACS, which monitorsing both HIV gene expression and latency based on the HIV-GFP expression and transduction efficiencies efficiency levels based onby the expression of EF1-mKO2. Following the transduction of primary CD4+ T cells, two distinct cell populations were obtained and sorted based on their GFP and mKO2 expression profiles: HIV HIV‑transduced cells that express transcriptionally active virus (GFP+; mKO2+; P2) and transduced cells that carry a transcriptionally repressed HIV provirus (GFP-; mKO2+; P1) (Fig. 2A). RNA was extracted from each of the two cell groups and subjected to library construction and RNA-sequencing (RNA-Seq). Our analysis revealed that T-cell stimulation induced a broad change in cellular gene expression (Fig. 2B). Differential expression analysis of genes at in active versus latent HIV-infected cells identified 684 annotated genes that were differentially expressed, ; of these, 636 were upregulated and 48 were genes downregulated (p-adjusted p-value  0.05; log2 FC>2). KEGG enrichment analysis revealed significant enrichment of genes involved in transcription regulation, cell differentiation, inflammatory, immune responses, and more. We next validated the RNA-Seq data by direct RT-qPCR on representative differential genes in primary CD4+ T cells. By comparing resting and stimulated conditions, a notable shift in expression levels was confirmed for most tested genes (Fig. 2C). Intriguingly, several mRNAs transcripts that are known to impact HIV were identified, including HSP90 [57], ESR-1 [58], ELL [59], and IFI16 [60]. Also identified were cyclin T1, an established partner of HIV Tat [32, 61], and ZNF304, which was previously identified by our group as a silencer of HIV gene expression [62]. Given that host transcription factors are required for the regulation of HIV gene expression, the overall goal of this work will be to elucidate their role in HIV-specific and cellular transcription regulation. 	Comment by Cheryl Berkowitz: Either "encodes" or "codes for". A gene "codes for". 	Comment by Cheryl Berkowitz: I am not sure if this should be "RNA-Seq" or "RNA-seq". Both appear upon Goggle search. What is important is consistency throughout the text - see legend for Figure 2.
[image: ]Figure 2: RNA-seq Seq reveals differential expression of multiple transcripts during latent and active HIV infection
)A( Isolation of stimulated primary CD4+ T cells carrying active or latent HIV. FACS plot of stimulated CD4+ T cells transduced with HIVGKO. The gated P2 exhibits transduced cells that carry active HIV (GFP+/mKO2+). Conversely, the P1 gate shows HIV HIV-transduced cells expressing only mKO2, therefore carrying latent HIV (GFP -; mKO2 +). 
)B (Volcano plot of RNA-Seq of primary CD4+ T cells carrying active or latent HIV. , Volcano plot illustrating the expression changes (log2FC) between cells carrying active HIV versus latent HIV with an adjusted p p‑value of ≤0.05 (n=4).
(C)   Expression of top candidates in primary CD4+ T cells under resting or stimulated conditions. RNA levels of the most prominent transcription factors that display differential expression in stimulated versus resting primary CD4+ T cells. RNA levels were monitored by RT-qPCR and normalized to GAPDH, and are presented as means ± SD. 
(D) ATF1 RNA levels in J-Lat 6.3 are elevated upon T cell stimulation. RNA was extracted from cells under resting conditions or P/I stimulation and was monitored by RT-qPCR. Data are normalized to GAPDH and presented as mean±SD. n=3; *** p≤0.05.

2.2 Activating Transcription transcription factor 1 (ATF1) regulates HIV gene expression and latency. 
Among the transcription factors that exhibited robust induction of expression upon T cell stimulation of HIV-infected CD4+ primary T cells, our attention was drawn to Activating activating Factor factor 1 (ATF1) as a promising regulator of HIV gene expression. Initially, elevated RNA levels of ATF1 upon T cell stimulation were confirmed in Jurkat 6.3 T cells (Fig. 2D). ATF1, a member of the ATF/CREB family (ATF1-7), features a basic- leucine zipper (bZIP) motif in its C-terminus region that binds to a 5'-GTGACGTAcAG-3 consensus sequence in both viral and eukaryotic promoters and activates transcription. ATF1 is a cAMP-induced transcription initiation factor and exerts its effects over numerous cellular pathways by modulating the expression of target genes that are associated with growth, differentiation, apoptosis, and inflammation-related processes. Two of the best-characterized classes of genes that contain ATF binding sites are the E1A-inducible adenoviral and cAMP-inducible genes [63, 64]. Activation of ATF1 occurs through phosphorylation of a Serine serine residue at position 63 by several possible kinases, including PKA, calmodulin-dependent protein kinase I/II, and cdk3. Notably, ATF1 expression also promotes human malignancy, as it fuses with FUS or EWSR1 proteins and forms chimeric oncogenes that are highly expressed in various cancers [45]. In the context of HIV, CREB/ATF proteins have been reported as to be activators of transcription. ATF1 binds to AP-1 binding sites on the HIV promoter and mediates cellular activation through PKA pathways [65-68]. However, the molecular mechanisms by which ATF1 functions in regulating HIV-specific or cellular gene expression are not thoroughly studied, and its effects on viral latency have not been documented.
2.3   Manipulation ATF1 expression levels and effects on HIV gene expression. 
Given the identification of ATF1 as a transcription factor that is differentially expressed following T cell stimulation of HIV-infected CD4+ primary lymphocytes and the fact that its expression is correlated with HIV gene activation, we initiated gain- and loss-of of-function studies to unravel its role in the regulation of HIV gene expression regulation. To manipulate ATF1 expression in CD4+ T cells, we first transitioned our efforts into T cell lines that are infected with HIV, which are an excellent model for studying the control of HIV gene expression and viral latency. These Jurkat-based T cells are easily grown in culture and are readily subjected to gene manipulation. Our cells carry transcriptionally silenced (latent) integrated proviral HIV, in which a GFP reporter gene is inserted under the control of the a viral promoter, and allowsallowing measurements of HIV gene expression by FACS. As different cell models of HIV latency cell models behave differentially in response to T cell stimulation and latency reversal due to the clonal integration sites of the provirus, two distinct latency models for the effects of ATF1 were tested. : First,1) Jurkat 6.3 (J-Lat 6.3) cells that are infected with a full-length HIV provirus, which is transcriptionally repressed unless activated by T cell activators, leading to increased GFP expression [69]; and. Second2), 2D10 Jurkat cells that carry a mini-lentiviral cassette expressing Tat, Rev, and a short-lived green fluorescent protein (d2EGFP) under the control of the viral promoter [70]. In both cell lines, we We achieved knockout (KO) of ATF1 in both cell lines by transducing cells with a lentivirus that drives the expression of CRISPR-Cas9 and a specific sgRNA that targets ATF1. As a control, cells were also transduced with a lentivirus that expresses both Cas9 and a scramble sgRNA, and does not target any gene in cells. Following transduction, cells were selected for antibiotic resistance and analyzed for ATF1 RNA levels by RT-qPCR. Our analysis confirmed that in both J-Lat 6.3 and 2D10 cells, efficient ATF1 KO was obtained, and ATF1 RNA levels were low when compared to control cells that expressed scramble sgRNA (Fig. 3A and 3B; compare grey gray to red bars). A similar protocol was employed to obtain ATF1 overexpression using a lentivirus that expressed expresses ATF1. ATF1 ATF1-overexpressed cells (OE) exhibited a significant increase in ATF1 RNA levels (Fig. 3A and 3B; compare grey gray to green bars). 	Comment by Cheryl Berkowitz: Is this correct - that the lentivirus expresses both the Cas9 and the sgRNA?	Comment by Cheryl Berkowitz: This is American spelling. 
Conducting parallel FACS-based analyses of HIV-GFP expression in J-Lat 6.3 or 2D10 cells, where in which ATF1 expression was manipulated, provided insights into the role of ATF1 in regulating HIV gene transcription. In the absence of T cell stimulation, only a modest effect on HIV gene expression was observed only in cells that over-expressed ATF1. In ATF1 KO cells, we could not document an effect on HIV gene expression relative to control cells. Yet, recognizing the multi-factorial nature of HIV latency in different cell models with blocks in several transcription steps, our efforts shifted to assessing the role of ATF1 in HIV gene expression following T cell stimulation. Our two cell models were stimulated with commonly used activators, Phorbol phorbol 12-myristate 13-acetate (PMA), which is a potent activator of protein kinase C (PKC), combined with Ionomycinionomycin, a calcium ionophore that facilitates calcium transport into cells, to achieve optimal T cell stimulation (P/I). HIV-GFP expression was monitored by FACS in the context of ATF1 gene manipulation by FACS. Our observations indicated that for both tested cell lines tested, T cell stimulation of control cells with P/I increased the levels of HIV-GFP, while ATF1 KO reduced these effects of T cell stimulation by P/I relative to control cells. On the other hand, ATF1 overexpression (OE) elevated HIV-GFP expression relative to control in both [image: ]cell models (Fig. 3 C+D). 	Comment by Cheryl Berkowitz: Please confirm that it was "a modest effect only in cells..." and not "only a modest effect...observed in cells...".Figure 3: Role of ATF1 in HIV gene expression 
A+B RT-qPCR analysis showing ATF1 RNA levels in J-Lat 6.3 (A) and 2D10 (B) Jurkat T cells following CRISPR-mediated knockout (KO) of ATF1 (red bar), or ATF1 overexpression (OE; green bar). RNA levels were normalized to GAPDH and are presented relative to control cells expressing scrambled sgRNA (grey gray bar) - set to 1. Statistical analysis was performed by two-way ANOVA. Data are means ±SD; *** p≤0.05. n=3.
C+D FACS analysis of HIV-GFP expression in J-lat 6.3 (C) and 2D10 (D), where ATF1 expression is KO (red) or over expressed. Cells were analyzed under conditions of no stimulus conditions, or 24 hr after stimulation with stimulated PMA-100 nM and ionomycin 500 ng/ml  (P/I). Data are presented relative to cells expressing scramble sgRNA set to 1.   



[image: ]Finally, we also verified ATF1 KO by western blot (WB) (Fig. 4A) and analyzed the effects of ATF1 depletion or over-expression on cell viability.   Depletion of ATF1 had no effects on cell viability and or proliferation over time. Conversely, over-expression of ATF1 elicited minor proliferative effects on cell growth (Fig. 4B).Figure 4: ATF depletion has no effect on cell viability
(A) Western blot confirming ATF1 KO in J-Lat 6.3 cells.
(B)   ATF1 manipulation has no effects on cell proliferation. Counts of J-Lat 6.3 cells, where ATF1 expression is KO (red), over-expressed (OE; green) or control cells expressing scramble sgRNA (greygray). Shown are dData with are mean±SD. n=3.



[bookmark: _Toc286761896][bookmark: _Toc286908237][bookmark: _Toc294157993]II.    Working hypothesis, research objectives, hypothesis, and expected significance.   
[image: ]HIV is heavily regulated at early steps of Pol II pause-release and productive elongation by the action of the cellular transcription machinery. We will exploit its gene expression program as a model to identify and investigate the role of cellular transcription factors in the control of early events of gene transcription. Building on our preliminary findings, we propose a working model for ATF1 mode of function and hypothesize that it activates early events of gene transcription by directly binding to the gene promoters and recruiting TFIIH. 	Comment by Cheryl Berkowitz: Where is this figure referred to in the text? I suggest moving it down to keep the flow of the text here.Figure 5: Working hypothesis for ATF1 role in gene expression regulation. Levels of ATF1 are elevated Upon upon T cell stimulation or HIV infection, levels of ATF1 are elevated. ATF1 binds to the HIV promoter, (or cellular promoters) and recruits TFIIH to enhance HIV-specific of cellular gene activation. ATF1 also regulates downstream target genes, thereby indirectly promoting HIV-specific gene expression. Preliminary data (shown below) suggest that CCR5 coreceptor is an ATF1-target gene.


Specific Aim 1. To decipher the molecular mechanisms underlying ATF1-mediated gene activation. 
We will dive into the mechanisms by which ATF1 activates HIV gene expression, extending our preliminary results (presented below), suggesting which suggest that ATF1 binds to the HIV promoter and alters the phosphorylation state of Pol II. Additional preliminary analysis has reveals revealed that ATF1 associates with the TFIIH, a cellular transcription initiation factor. Herein, wWe will employ cellular and biochemical approaches to confirm the interplay between ATF1 and TFIIH and peruse the hypothesis that TFIIH-ATF1 interactions are mediated via cyclin H. By embarking on tThese experiments, we will help to elucidate the interplay between ATF1 and TFIIH, defining the mechanisms that enable ATF1 to regulate cellular and HIV-specific gene activation.
Specific Aim 2. To unravel the global role of ATF1 in regulating cellular gene transcription. 
Our preliminary RNA-Seq analysis in CD4+ primary T cells has reveals revealed that depletion of ATF1 expression results in broad changes in the host transcriptome, signifying its effects on cellular gene expression. We will employ genome-wide tools to define the binding loci of ATF1 in the genome and identify its downstream-regulated gene targets. The role of these genes in controlling HIV-specific and global gene expression will be investigated by conducting gain- and-loss-of-function studies. We will further determine the global co-occupancy of ATF1 and TFIIH and define the role of ATF1 in the regulation of early steps of transcription and promoter clearance. These analyses will provide insights into the contribution of ATF1 to the control of HIV and cellular gene expression, yielding new information about the global role of ATF1 in controlling HIV-specific and cellular transcription.
Specific Aim 3. To determine the relevance of ATF1 to HIV latency in primary resting CD4+ T cells. 
As HIV persists in infected resting T cells that constitute the latent reservoirs, we will place our study in a clinically relevant context and extend our preliminary findings regarding the functions of ATF1 in regulating HIV gene expression and latency reversal (Fig. 3 and Fig. 9;. see below). However, these observations relied on experiments that were performed in immortalized HIV-infected T cell lines and stimulated primary CD4+ T cells that do not reflect the actual cells of the HIV reservoirs. Therefore, we will investigate the role of ATF1 in HIV gene expression and latency in primary resting CD4+ T cells, which are the original target cells that comprise the HIV reservoirs. Using innovative CRISPR editing tools, ATF1 expression will be depleted in primary CD4+ resting T cells, and the role of ATF1 in HIV transcription regulation and latency reversal will be explored. We expect that the completion of this aim will allow us to obtain a comprehensive understanding of its the functional relevance of ATF1 in resting CD4+ primary cells.   
Significance and Innovation   
Our proposal is innovation aimsed to at provide providing a better understanding of the pathways that control HIV-specific and cellular gene expression. We will use HIV as a model for studying cellular gene expression control and provide evidence for the role of ATF1 as an activator of HIV transcription. We further elucidate the mode of ATF1 function, and by doing so, we hope to extend the our knowledge on of the roles ways by which ATF1 regulates gene activation through association with TFIIH. Key aspects of this proposal include the following:
1. Regulation of HIV gene transcription and latency. To unravel the mechanisms that govern the establishment and maintenance of the viral reservoirs, cCellular transcription factors that play a role in the establishment and maintenance of viral reservoirs need to be identified. These effortsThis will deepen the our understanding of these pathways and potentially pave the ways for to developing innovative tools to eliminate these HIV reservoirs. We will elucidate the direct and indirect functional effects of ATF1 on viral gene transcription in primary resting CD4+ T cells, which comprise the HIV reservoirs. New transcription factors that play a role in the regulation of HIV gene expression and latency will also be identified, adding an additional level for possible regulation of HIV gene expression.
2. Role of ATF1 in regulating early events of cellular gene transcription activation. We expect that our findings will broadly impact the field of general cellular transcription regulation, advancing our understanding of the global function of ATF1 in early steps of transcription activation through binding to gene promoters and recruiting TFIIH and the basal transcription machinery. We will provide evidence for the role of ATF1 in promoting cellular gene expression by recruiting TFIIH and Pol II for transcription initiation. 
3. Clinical implications for treating the latent HIV reservoirs by manipulating ATF1 levels.   The identification of ATF1 and its gene partners as regulators of HIV gene expression and latency reversal will open ways for to developing new therapeutic strategies in regulating the HIV reservoirs. We envision that manipulation of ATF1 expression may be incorporated into, or even substitute for current approaches, and improve their clinical outcomes towards by suppressing HIV infection and eliminating the viral reservoirs. 
4. Cancer therapy. As ATF1 expression is also elevated in several human malignancies, primarily when fused to Fus or ESWR proteins, and acts as an oncogene, it is essential to elucidate understand the mechanism of function that enhances ATF1 transcription activation in human malignancies. Elucidating the mode of action of ATF1 and identifying its downstream target genes will define the pathways that potentially promote cell malignancy and, importantly, pave the way for to the development of novel therapeutic tools that may help aid to in combatting human cancer. As cdk7 is an established target for cancer therapy and is being examined in several ongoing clinical trials, ATF1 targeting may be combined with cdk7 inhibitors to improve treatments for cancer.

III.     Work Program program including detailed research description	Comment by Cheryl Berkowitz: Please see my comment at the begining of the proposal - the numbering style is inconsistent.
Specific Aim 1. To decipher the molecular mechanisms underlying ATF1-mediated gene activation.
Our preliminary data indicate that ATF1 activates HIV gene expression (Fig. 3). Additional new preliminary analyses presented below reveal that ATF1 binds to the HIV promoter (Fig 6A), and its occupancy is elevated upon T cell stimulation. In these ChIP-qPCR experiments, HA-ATF1 was precipitated from HA-ATF1-expressing stable cells with an anti-HA antibody, as we could not obtain a proper appropriate commercial ATF1 antibody for ChIP analysis. ATF1 does not bind to downstream HIV loci, suggesting that it specifically occupies the HIV promoter (not shown). To further expand our understanding of the mechanisms by which ATF1 enhances HIV gene expression, we followed the phosphorylation state of the CTD of Pol II in the context of ATF1 gene manipulation by employing ChIP-qPCR with commercially available antibodies that target the phosphorylated-modified C-terminal domain (CTD) of Pol II. Our analysis confirmed that depletion of ATF1 decreased levels of phosphorylated Serine serine 5 (Ser5P) of the Pol II-CTD, compared to phosphorylated Serine serine 2 (Ser2P) levels, which was were not changed as a result of ATF1 depletion (Fig. 6B). On the CTD of Pol II, Ser2P is catalyzed on the CTD of Pol II by cdk9/P-TEFb, and is a marker for Pol II pause-release and elongation of transcription. Ser5P and Ser7P, on the other hand, mark the initiation of transcription and promoter clearance, and are primarily catalyzed by cdk7/TFIIH (Fig. 6B) [71, 72]. To further peruse this line of evidence, we conducted ChIP-qPCR with commercially available antibodies that target the regulatory subunits of TFIIH. Our preliminary observations show that ATF1 depletion decreased levels of cdk7 and cyclin H, with little effect on levels of cdk9, the kinase subunit of P-TEFb (Fig. 6C). Finally, additional new immunoprecipitation (IP) and western blot (IP; WB) analysis revealed that in cells, ATF1 specifically associates with the cyclin H subunit of TFIIH (Fig. 6D). These results suggest that ATF1 activates steps of HIV gene transcription through binding to the viral promoter and affecting the phosphorylation state of Pol II by recruiting TFIIH.
[image: ]Figure 6: ATF1 binds to the HIV promoter, affects the Pol II CTD phosphorylation state, and associates with TFIIH.
(A) ATF1 binds to the HIV promoter upon T cell stimulation. ChiP-qPCR in resting or P/I stimulated J-Lat 6.3 cells that express HA-ATF1. ChIP material was IP with anti-HA or control antibodies, and, following washing, associated DNA was eluted and analyzed by qPCR with primers specific for the HIV promoter (n=4; mean±SD; ;***p≤0.05). n=4. Downstream HIV loci served as a control (not shown). 	Comment by Cheryl Berkowitz: I have tried to be consistent throughout the proposal. 
(B) ATF1 alters Pol II CTD phosphorylation. ChIP qPCR from control or ATF1 KO J-Lat 6.3 cells.   ChIP material was IP with antibodies against Ser2P or Ser5P of the CTD and subjected to qPCR with primers that are positioned on the HIV promoter. Non-specific IgG served as a control. Percentage of input are means ±SD; n=3; ***p≤0.05 calculated between scrambled and KO cells. n=3.
(C) ATF1 associates with TFIIH on the HIV promoter. ChIP qPCR from control or ATF1 KO J-Lat 6.3 cells.   ChIP material was precipitated IP with antibodies against TFIIH subunits- cdk7 and cyclin H or against P-TEFb/cdk9. IP material was subjected to qPCR with specific primers on the HIV promoter. Non-specific IgG served as a control. Percentage of input values are means ±SD; n=3; ***p≤0.05 calculated between scrambled and KO cells for each antibody. n=3.
(D) ATF1 associates with cyclin H of TFIIH. ATF1 was IP from nuclear-isolated samples from J-Lat 6.3 cells using an antibody for endogenous ATF1, followed by a western blot with the indicated antibodies. IP and input protein levels are also shown. Control antibodies include non-relevant IgG and anti-cdk9 as negative controls. 
1a.    Define binding between ATF1 and TFIIH in cells. Our above observations suggest that ATF1 activates HIV gene expression via association with TFIIH/cyclin H (Fig. 6D). We will initially confirm these preliminary results and monitor the interactions of ATF1 with other TFIIH subunits including cdk7, Mat1, or ERCC3, the largest subunit of TFIIH, by immunoprecipitation (IP) followed by western blot analysis [73]. Commercially available antibodies are available for these experiments. As a control for the specificity of ATF1-cyclin H interactions, we will document ATF1 association with P-TEFb (cdk9/cyclin T) using antibodies that target the endogenous subunits of P-TEFb, cdk9 and cyclin T1. Binding assays will be complemented by ChIP-qPCR to confirm ATF1 association with TFIIH/cyclin H on the HIV promoter (Fig. 6C). We will also follow occupancy of TFIIH subunits, Pol II, CTD phosphorylation state, and histone activation markers on the HIV promoter upon depletion or overexpressing overexpression of ATF1. These experiments will be complemented by additional protein binding assays that will map the domains within ATF1 that are responsible for association with cyclin H/TFIIH in cells. For this, we will express HA-ATF1 mutants that are either deleted from the C-terminal basic leucine- zipper DNA DNA-binding basic motif or lack the N-terminal region, which exhibits low homology between ATF1 proteins and binds to its specific protein partners. HA-ATF1 mutants will be IP from cells with an HA antibody and monitored for association with cyclin H or other TFIIH subunits by western blot using commercially available antibodies. Similarly, we will generate cyclin H mutants that lack the N-terminal cyclin box (binds to cdk7) or deleted fromhave a deletion in its C-terminal region that binds protein partners. Cyclib Cyclin H mutants will be expressed in cells as Flag fusion proteins and will be IP with a Flag antibody followed by western blot for ATF1. These experiments will establish the association between ATF1 and TFIIH in cells.	Comment by Cheryl Berkowitz: I don't know if the order here is important. Below, there is ATF1-cyclin H. Should the order be consistent throughout?	Comment by Cheryl Berkowitz: Please confirm change.	Comment by Cheryl Berkowitz: Please confirm change.
1b. Characterize interactions between ATF1 and cyclin H in vitro. We will confirm ATF1-cyclin H binding in vitro by employingwith protein binding experiments with using recombinantly purified recombinant proteins. ATF1 will be transcribed and translated (IVT) in- vitro, and labeled with 35S (Promega) [74], and incubated with cyclin H as a GST fusion protein that will be purified from bacteria as a GST-fusion protein using GST columns. ATF1-cyclin H binding complexes will be IP with an anti-cyclin H antibody against cyclin H, followed by protein A-Sepharose beads precipitation and extensive washing in under stringent conditions. IP beads will be loaded run electrophoretically on an SDS gel, followed by before autoradiogramography for to visualize labeled ATF1. GST alone or GST GST-cyclin T1 will serve as controls for this assay. Alternatively, In in vitro binding assays will be alternatively conducted with purified recombinant His-ATF1-His and GST-cyclin H proteins. ATF1-cyclin H complexes will be IP with a specific cyclin H antibody followed by western blot with anti-His antibody to detect ATF1. GST tag will be cleaved by thrombin. Appropriate controls for non-specific binding through GST or His tags will be performed employed (in collaboration with Prof. Koh Fujinaga; UCSF).	Comment by Cheryl Berkowitz: The proteins are recombinant, not the method of purification.	Comment by Cheryl Berkowitz: Changed for consistency - please confirm.
1c. Determine the role of cdk7 kinase activity in association with ATF1. ATF1 is reported to be phosphorylated in response to cellular stress at Serine serine 63 (Ser 63) and Threonine threonine 184 (Thr 184) by either MAP kinases or cdk3 [75, 76]. These events are correlated with ATF1 transcription activity, enhancing recruitment of the coactivator CREB-binding protein (CBP)/p300) to the transcription complex [77]. We will examine the possibility that cdk7 also phosphorylates ATF1 on Ser or Thr residues by using employing kinase assays [74]. TFIIH/cdk7 will be IP from cells with a specific cdk7 antibody (or expressed in cells as HA-cdk7 and specifically IP the entire TFIIH with an HA antibody) and subjected to kinase assays using recombinantly expressed ATF1. Alternatively, designed peptides designed that to correspond to ATF1 Ser63 and Thr184 phospho-residues will be used as substrates for the kinase assay. These experiments will confirm that cdk7 kinase phosphorylates ATF1. To determine if the kinase activity of cdk7 is required for association of TFIIH/cyclin H with ATF1, we will conduct IP:/ western blot binding experiments with HA-ATF1 or ATF1 mutants in their phosphorylation sites (Serine serine to Alanine alanine mutations at Ser63 and Thr184). ATF1 proteins will be expressed in cells as HA fusions and will be IP with an HA antibody. IP fractions will then be then tested for endogenous cyclin H and cdk7 interactions by western blot. Similar experiments will be carried out on over-expressing cdk7 kinase-deficient mutants in cells, monitoring their effects on ATF1-TFIIH binding. Residues within the T loop motif of cdk7 (S170; T176; Ser164) will be mutated to alanine and tested for association with ATF1 by western blot. These residues within cdk7 are also important for stable cdk7-cyclin H binding and may affect the association of ATF1 with cyclin H. An additional cdk7 kinase-dead mutant, D155N, will also be tested for binding to ATF1 in cells. Finally, to confirm the specificity of cdk7 as an ATF1- kinase, the above kinase and binding assays will be conducted in the presence of specific cdk7 inhibitors, like such as triptolide TZH1 and YKL-5-124 that prevent transcription initiation [78-80]. 	Comment by Cheryl Berkowitz: Here again, it is not the expression that is recombinant, but the ATF1. See previous comment and change if appropriate.	Comment by Cheryl Berkowitz: Please confirm change.
Expected outcomes, potential pitfalls, and alternative strategies
We will establish how ATF1 activates HIV-specific gene expression via association with TFIIH. To determine the binding between ATF1 and cyclin H, we will perform alternative in vitro ELISA-based binding analysis between recombinantly expressed and purified ATF1 and cyclin H.   Kinase assays will be done carried out with on recombinantly expressed and purified TFIIH and ATF1 (or purchased TFIIH from Millipore - 14-476M). In case that the ATF1 antibody will not work in our binding or kinase assays, we will express HA-ATF1 and use an HA antibody to pull down ATF1. If we fail to demonstrate direct binding between cyclin H and ATF1, we will test direct binding with different subunits of the TFIIH.	Comment by Cheryl Berkowitz: Please see earlier comment regarding this expression.	Comment by Cheryl Berkowitz: Same comment as above.

Specific Aim 2: To unravel the global role of ATF1 in regulating cellular gene transcription. 
Identifying new ATF1 downstream target genes.   
To extend our studies on the global role of ATF1, we performed RNA-Seq analysis in CD4+ stimulated primary T cells, where in which ATF1 expression was depleted. A detailed KEGG differential expression analysis revealed broad changes in the transcriptome of cells due to ATF1 KO. We identified 105 genes that were upregulated and 437 genes that were downregulated in ATF1 KO versus control cells (adjusted p-value ≤0.05; log FC2) (Fig. 7A). This analysis documented significant enrichment of genes involved in processes of transcription regulation, T cell activation, chromatin activation, immune response, and more (Fig. 7B).	Comment by Cheryl Berkowitz: I would suggest moving the figure to below the text. It is difficult to read otherwise.Figure 7. ATF1 regulates cellular transcription.
(A) Gene expression levels in primary CD4+ T cells depleted of ATF1 using lentivirus expressing CRISPR-Cas9. Heat map of the expression pattern from RNA-seq of control (n=3) and ATF1 KO (n=3). Color gradient represents upregulated (orange) or downregulated (blue) genes. 
(B) KEGG enrichment analysis of selected pathways in ATF1 KO cells.


[image: ]2a. To identify ATF1- target genes that regulate gene transcription and to characterize their role in HIV-specific and global gene transcription. Based on the above RNA-Seq analysis, we identified genes that were differentially expressed following ATF1 depletion. We will initially confirm our RNA-Seq data in primary CD4+ T cells by qPCR on representative target genes and in the context of ATF1 depletion. We will also employ ATF1 ChIP-Seq to narrow the list of ATF1 gene targets. These analyses will help us to identify the binding loci of ATF1 on its gene targets. For further investigation, tThese gene candidates, where in which ATF1 is enriched, will be further subjected to gain- and-loss-of-function assays to determine the role of new ATF1- target genes in indirectly regulating HIV gene transcription indirectly. For this, we will use our T cell lines and follow experiments described in Fig. 3. The role of these genes in mediating early events of cellular transcription will also be analyzed (see below).
2b. ATF1 regulates the expression of the CCR5 co-receptor and plays a role in HIV infection. 
One of our top identified gene candidates that was differentially expressed upon ATF1 depletion is CCR5, a chemokine receptor that acts as a co-receptor for HIV infection in T cells. To confirm that CCR5 is a downstream target of ATF1, we monitored CCR5 expression levels in control or ATF1 KO J-Lat 6.3 T cells by FACS, using an antibody that targets surface CCR5. Our findings suggest that upon ATF1 depletion, CCR5 levels are reduced relative to control cells that expressed scramble sgRNA (Fig. 8A). A similar analysis will also be documented applied to other genes that were differentially expressed in the RNA-seq Seq experiment. To further extend our results, we took advantage of a publicly available ATF1 ChIP-Seq ENCODE dataset and aligned it with ChIP-Seq data of Pol II and the H3K4me3 histone activation marker. Our analysis revealed a significant enrichment of ATF1 on the promoter region of CCR5, in conjunction with Pol II and H3K4me3 enrichment (Fig. 8B). To provide aassign functional significance to these results, we assessed the effects of ATF1 on HIV infection, using viruses that carry envelopes with specific tropism to either CCR5 or CXCR4 chemokine receptors. Specifically, ADA-pseudotyped HIV, which exclusively targets the CCR5 co-receptor for cell entry, or HXBII pseudoviruses with a CCR4-specific tropism were used. Lentivirus that was pseudotyped with a VSV-G envelope and is not dependent on the chemokine co-receptors for viral infection served as a control. Our analysis revealed that ADA-pseudotyped HIV (CCR5 CCR5-dependent) could not enter target cells depleted of ATF1 (Fig. 8C), but successfully transduced control. Interestingly, ATF1 expression (OE) rescued the transduction of ADA-pseudotyped viral particles. In contrast, ATF1 modulation of expression had no impact on the HXBII-pseudoviruses (CXCR4). Transduction levels of HIV-VSV-G were also not unaffected by ATF1 KO or OE (Fig. 8C). These findings confirm that CCR5 is a downstream target of ATF1, consequently affecting HIV infection. We plan to validate these results in primary resting CD4 T cells and investigate the effects of ATF1 on latency reversal upon treatment with LRAs (see below Fig. 9 below). Similarly, we will analyze [image: ]the indirect effects of other ATF1-targeted genes on HIV gene expression and infection.	Comment by Cheryl Berkowitz: Has this already been done? The verb tense changes here.Figure 8. ATF1 regulates the expression of the CCR5 HIV co-receptor, thereby affecting viral infection.
(A) FACS histograms show decreased CCR5 expression in ATF1 KO in J-Lat 6.3 T cells relative to control cells expressing scramble sgRNA.
(B) Capture of UCSC genome browser showing ChIP-Seq co-occupancy of ATF1; , Pol II, and H3K4me3 enrichment on the CCR5 promoter in K562 cells (ENCODE).
(C) Infection of J-Lat 6.3 T cells with pseudoviruses carrying envelopes with different tropism for the chemokine co-receptors. ADA (CCR5 tropism); ), HXBII (CXCR4 tropism), and VSV-G (all cells). Cells where in which AFT1 was KO or over-expressed were transduced at equal MOIs. 48 hours post-transduction, cCells were harvested 48 h post-transduction, and monitored for HIV GFP expression by FACS. Results are means ±SD; n=3; ***p≤0.05. n=3.




2c. To define the genome-wide role of ATF1 in early steps of cellular gene expression. Following our preliminary data about on the function of ATF1 in the control of HIV expression via association with TFIIH, we will monitor the genome-wide association of TFIIH and ATF1 on ATF1- gene targets by employingusing ChIP-Seq analysis with commercially available antibodies for ATF1 and TFIIH subunits, cyclin H, and cdk7 antibodies. We expect to confirm the global co-occupancy of ATF1 and TFIIH. In addition, to address the effects of ATF1 depletion on global recruitment of TFIIH to gene promoters and effects on promoter initiation, we will perform TFIIH-ChIP-Seq in control or ATF1 KO cells using ChIP-grade TFIIH antibodies. We will also define the role of ATF1 in transcription initiation and promoter clearance by following genome-wide Pol II occupancy in control and ATF1 KO cells by ChIP-Seq. Similarly, we will profile CTD phosphorylation and the global histone landscape (H3K4me3 and H3K27Ac activation markers) around promoters of ATF1 gene targets, comparing control and ATF1 ATF1-depleted cells. By employing these tools, we hope to establish a correlation between ATF1 and TFIIH-mediated gene transcription initiation. To further validate that gene activation of ATF1 being is regulated at early steps of transcription initiation and promoter clearance, we will employ qPCR analysis in ATF1 KO or over-expressed cells on loci adjacent or downstream to the TSS of the HIV promoter and other ATF1 target genes. Finally, we will compare nascent RNA synthesis in the context of ATF1 modulation of expression to investigate the role for of ATF1 in early synthesis of mRNA and pause-release of Pol II. Towards this, wWe will employ PRO-Seq (Precision precision Runrun-on Sequencingsequencing) and map actively engaged Pol II at a single-nucleotide resolution. PRO-Seq will provide a view of nascent RNA transcription, thereby allowing us to study the genome-wide dynamics of transcription initiation at gene loci and Pol II promoter-proximal pausing in the context of ATF1 manipulation (in collaboration with Karen Adelman; Harvard) [81].
Expected outcomes, potential pitfalls, and alternative strategies 
ChIP-Seq protocols are well established in our lab. However, we are aware that this analysis may suffer from high- noise-to-noise signal ratios mainly when analyzing transcription factors. The Adelman lab will support these experiments and bioinformatic analysis. We will also use CUT and RUN analysis, which uses low numbers of cells and provides a more specific signal when analyzing the occupancy of transcription factors [82]. We In addition, we will also complement our study on ATF1 global effects on transcription initiation and Pol II pausing by conducting GRO-Seq (Global global Runrun-On on Sequencingsequencing), that which will provide a broad genome-wide view of transcription initiation, capturing nascent RNA of coding and non-coding genes and documenting actively or paused Pol II (In in collaboration with the Adelman lab). To comprehensively complement our investigation on the role of ATF1 in gene regulation, we will also employ ATAC-Seq, that which will provide insights into the structural and functional organization of chromatin, enabling us to identify chromatin accessibility DNA regions that to which ATF1 binds to. ATAC analysis will be performed in control or KO ATF1 cells. Finally, We we will finally identify new ATF1-regulated genes that indirectly regulate HIV gene expression and viral latency (see Aim #3 below Aim #3). The roles of ATF1- target genes in controlling global gene expression will be explored. We will follow the experimental scheme for HIV described in our preliminary results to in other gene targets that are potentially regulated by ATF1, thereby determining if whether similar mechanisms of ATF1 that were attributed to HIV are also relevant to newly identified genes.   	Comment by Cheryl Berkowitz: Pleae confirm change.
Specific Aim 3.  To determine the relevance of ATF1 to HIV latency in primary resting CD4+ T cells. 
Modulation of ATF1 in stimulated CD4+ primary cells and effects on latency. Since our preliminary results, that are presented above, were obtained in Jurkat-based T cell lines, we were interested in extending them and confirming our findings in stimulated CD4+ primary T cells that which are the target cells of HIV and are more clinically relevant for HIV infection (Fig. 9). Primary CD4 T cells were obtained from healthy donors according to the Soroka Medical Center ethics protocols (n=3) and stimulated with anti-CD3/CD28 beads. To explore the role of ATF1 on HIV gene expression and latency reversal, ATF1 expression was depleted from cells by transducing stimulated primary CD4+ T cells with lentivirus encoding Cas9 and a specific sgRNA that targets ATF1. We achieved a significant decrease in ATF1 expression relative to control cells expressing scrambled sgRNA (Fig. 9A+B). Control or ATF1 KO KO-stimulated primary cells were then transduced with HIVGKO, which simultaneously measures active HIV infection (LTR-GFP+) and transduction efficiencies (EF1-mKO2+) by FACS [56]. Our observations revealed that in control cells that which expressed scramble sgRNA, 20% of HIV HIV-transduced cells carried active HIV (P2-GFP+; mKO2+; green bar), while 11% of transduced cells carried latent HIV (P1-GFP-; mKO2+; pink bar). In contrast, upon depletion of ATF1, a decrease in HIV-transduced cells that carry active HIV and an increase in the percentage of cells that carried active HIVGKO was documented.   Only 4% of cells contained active HIV (P2- GFP+; mKO2+; green bar), while 14% of cells carried latent HIV (P1-GFP-; mKO2+; pink bar) (Fig. 9C+D). We conclude that upon stimulation of primary CD4+ T cells, depletion of ATF1 inhibits HIV gene expression and latency reversal, with no effects on viral transduction efficiencies.Figure 9. Depletion of ATF1 in stimulated CD4+ primary T cells inhibits HIV infection.  
(A) Workflow of ATF1 depletion using CRISPR-Cas9 in stimulated primary CD4+ T cells. 
(B) Depletion of ATF1.  RT-qPCR for ATF1 RNA levels. RNA levels were normalized to GAPDH and shown relative to scrambled cells expressing scramble sgRNA set to 1. Data are mean ±SD;*** p≤0.05; n=3.
(C) ATF1 KO inhibits HIV gene expression. FACS analysis of control or ATF1 KO cells transduced with HIVGKO 
(D) Quantification of FACS analysis showing the percentage of cells carrying active HIV (GFP+; mKO2+) or latent HIV (GFP-; mKO2+). Data are mean ±SD;*** p≤0.05. n=3

[image: ]Figure 9. Depletion of ATF1 in stimulated CD4+ primary T cells inhibits HIV gene expression and latency reversal.   
(E) Workflow of ATF1 depletion using CRISPR-Cas9 in stimulated primary CD4+ T cells. 
(F) Depletion of ATF1.  RT-qPCR for ATF1 RNA levels. RNA levels were normalized to GAPDH and are shown relative to scrambled cells expressing scramble sgRNA set to 1. Data are mean ±SD; *** p≤0.05; . n=3.
(G) ATF1 KO inhibits HIV gene expression. FACS analysis of control or ATF1 KO cells transduced with HIVGKO 
(H) Quantification of FACS analysis showing the percentage of cells carrying active HIV (GFP+; mKO2+) or latent HIV (GFP-; mKO2+). Data are mean ±SD; *** p≤0.05. n=3.

ATF1 plays a role in latency reversal and establishment. Our initial data provide a potential role for ATF1 in activating HIV gene expression (Fig. 3-5). As HIV latency is primarily established through the regulation of the integrated HIV gene expression by the cellular transcription machinery, we were interested in assessing the involvement of ATF1 in the control of HIV latency. To this end, our T cell models, J-Lat 6.3 and 2D10, where in which ATF1 expression was modulated (Fig. 3), were subjected to treatment with different Latency latency Reversing reversing Agents agents (LRAs) that are known to activate HIV gene expression and reverse latency (Fig. 10) [83]; [83]. These LRAs included Suberoylanilide suberoylanilide hydroxamic acid, which is a histone deacetylase inhibitor that reactivates HIV-1 expression )SAHA) [84]; anti-CD3/CD28 beads that stimulate T cells via their T cell receptor; JQI, a P-TEFb releasing agent [85, 86]; and the TNF, an activator of NFB. Levels of T cell activation were simultaneously confirmed by immunofluorescence for CD69, CD25, and HLA-DR levels (not shown). All tested LRAs induced latency reversal in control cells to a different extents, as measured by HIV-GFP expression. Interestingly, ATF1 KO inhibited the effects of LRA-mediated latency reversal. Moreover, ATF1 overexpression successfully rescued the inhibitory effects of ATF1 depletion on latency reversal to the activation levels that were detected in control cells. These results confirm that ATF1 is as an activator of HIV gene expression that supports latency reversal in response to LRA stimulation (Fig. 10A and B). To further address whether ATF1 plays a role in HIV latency establishment, we monitored HIV-GFP gene expression in J-Lat 6.3 cells following T cell stimulation with P/I in the context of ATF1 depletion or overexpression (Fig. 10C). Cells were stimulated with P/I and sorted based on their HIV-GFP expression to obtain a pure cell population that expresses GFP. Establishment Latency of latency establishment was monitored over time by measuring HIV-GFP expression by FACS. While control cells gradually re-entered latency, as seen by the decrease in GFP expression, ATF1-depleted cells rapidly entered latency. In contrast, ATF1-overexpressing cells sustained their GFP expression for a prolonged period (Fig. 10C). These results underscore the role of ATF1 [image: ]in regulating HIV gene expression and its impact on latency reversal and establishment.Figure 10: ATF1 effects on HIV latency. 
Effects of LRA stimulation on latency reversal of HIV in J-Lat-6.3 (A), or 2D10 T cells (B) in the context of ATF1 KO or overexpression (OE). LRA concentrations: SAHA- 10 M; JQ1- 1 M; TNF ng/ml. CD3/CD28 beads were added at a 1;:1 ratio with cells. 24 hours post LRA treatment, cCells were analyzed by FACS 24 h post-LRA treatment for HIV-GFP. Data are shown as fold of change in GFP expression relative to control cells that expressed scrambled sgRNA. Data are meann=3; ±SD; *** p≤0.05. n=3.
C. Kinetics of latency establishment. Control J-Lat 6.3 cells expressing scramble sgRNA (greygray), or cells where in which ATF1 expression is KO (red), or ATF1 OE (green) were stimulated with P/I and sorted by FACS to achieve 100% purity of GFP+ cells. HIV GFP levels were monitored by FACS.

[image: ]
3a. Manipulate ATF1 expression in primary resting CD4+ T cells and monitor effects of ATF1.   
[image: ]A bottleneck for mechanistic studies of the role of host factors in HIV gene expression and latency is the ability to manipulate their expression in proper appropriate cellular latency models of latency without simultaneously affecting the activation state of these cells. In cell lines such as HIV-infected J-Lat 6.3 cells, we have already established the efficient overexpression and knockdown of ATF1 (Fig. 3). While these approaches will continue to be helpful, particularly for proof-of-principle concept and functional analyses, the activation state of these immortalized and thus dividing cell lines does not mirror that of physiologically physiologically-relevant primary resting CD4 T cells that which constitute the latent HIV reservoir. However, resting CD4 T cells are refractory to genetic manipulation and to HIV infection due to their low expression of the CCR5 co-receptor and the reduced amounts of the dNTPs required for DNA synthesis during reverse transcription [87]. This barrier has thus far been overcome only by manipulating gene expression in activated primary CD4 T cells and waiting until they return to a resting state following removal of stimulus removal. Such post-activated CD4 T primary cells are not true resting cells, and this procedure likely impacts HIV gene expression and latency reversal. Therefore, we collaborated with the Fackler laboratory at in Heidelberg (see attached letter) to employ a nucleofection-based CRISPR approach in resting CD4 T primary cells to generate ATF1-KO without altering the activation state of the T cells (preliminary ATF1 KO is presented in Fig. 11) [88]. Following nucleofection and validation of ATF1 KO, cells will be stimulated and transduced with HIVGKO to investigate the role of ATF1 in the control of HIV transcription and its effects on the establishment or reversal of latency in resting CD4 primary cells [88]. Once efficient KO of ATF1 has been achieved, we will conduct a detailed quantitative analysis of reporter expression (viral gene expression) and integration (via Alu PCR) in ATF1 ATF1-modulated cells.	Comment by Cheryl Berkowitz: Knockdown or knockout?Figure 11: Depletion of ATF1 in primary CD4+ resting T cells using CRISPR. 
(A) Schematic overview of the workflow to achieve gene KO in primary resting CD4 T cells by employing nucleofection-based CRISPR-gene editing [88]. 
(B) Proof Proof-of of-concept for depleting ATF1 expression in primary resting CD4 T cells. Cells were purified from 3 three healthy donors and subjected to nucleofection with Csa9-sgRNA riboprotein complex. 


3b.	Role of ATF1 in HIV latency establishment and reversal. To quantitatively assess the role of ATF1 in HIV latency reversal, latently infected resting CD4+ T cells, where in which ATF1 expression is manipulated, will be reactivated by different latency reversal agents. Reactivating latently infected cells will be preceded by FACS sorting to remove cells expressing GFP before prior to reactivation. The re-emergence of GFP expression in response to LRA treatment will be studied in the context of ATF1 gene manipulation. Based on our preliminary findings, we anticipate to obtaining experimental conditions that will allow us to modify HIV gene expression in primary human CD4 T cells via the modulation of ATF1 expression levels. Nevertheless, this approach will only provide information regarding the reversal of latency in cells that which were highly activated only a few days prior and thus may not have fully reached a resting state. To place our study in a clinically relevant context, we will test whether ATF1 gene manipulation levels can enhance or even replace current reactivation protocols for therapeutic latency reversal. To this end, the two most effective LRA-activation approaches will be applied to primary CD4 T cells isolated from HIV patients undergoing therapy, and the amount of spontaneous or LRA-induced reactivation will be assessed. We will monitor viral transcripts, protein synthesis, and the release of virus particles [48, 89, 90]. These experiments will be conducted in the context of ATF1 gene manipulation, and the levels of ATF1 will be confirmed by RT-qPCR and compared to those in cells from healthy donors or patients not receiving HAART. To minimize the bias that may arise due to the heterogeneity of patients, the geometric means of two reference genes, β-actin and GAPDH, will be used to normalize ATF1 levels [91]. Patient blood samples and ethical Helsinki ethics approvals are available from the Soroka Medical Center. We will also perform latency establishment in isolated CD4+ primary cells, as described in our experiments with J-Lat 6.3 cells (Fig. 9C). In this case, primary cells will be reactivated and infected with HIVGKO as described, as and we will follow the entry of cells into latency by monitoring GFP expression. 	Comment by Cheryl Berkowitz: Need to define - this is the first appearance of this abbreviation.
Expected outcomes, potential pitfalls, and alternative strategies. 
[bookmark: _GoBack]We will establish the functional relevance of ATF1 as an HIV gene activator in resting CD4 T primary cells. Such cells are available viable for only for several weeks and will be isolated regularly. The frequency of patient-derived peripheral CD4 T cells that carry HIV proviral DNA is below 1%. Thus, although challenging, we expect that the high efficacy efficiency of our CRISPR approach to manipulate manipulating ATF1 levels in resting CD4 T cells will allow us to test the effects of ATF1 KO on HIV gene expression in HIV patient cells. ATF1 expression will then be manipulated, and KO levels between individuals will be verified by sequencesequencing. Changes in ATF1 levels can affect other steps in the HIV life cycle. Thus, viral gene expression may be low even if transcription is unaffected. Therefore, proviral DNA will be normalized, and GFP mRNA levels will be monitored.
IV.       Resources
The research will be conducted in the Department of Microbiology, Ben-Gurion University, Israel. Our lab space is 66 m2, and is outfitted with the required equipment required for this study, including PCR cyclers, quantitative PCR, gel electrophoresis devices, centrifuges, and freezers (-20C and -80C). The tissue culture room includes a biological hood, CO2 incubators, light and fluorescence microscopes, centrifuges, and freezers. Our team comprises a research associate lab manager at a the Ph.D. level, one Ph.D. student, and two M.Sc. students. BGU core facilities include genomics, proteomics, sequencing, and bioinformatics units, all headed by skilled researchers.
PI: Ran Taube                                                                                                       Application No: xxx
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