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Summary

Clear cell renal cell carcinoma (ccRCC), despite having a low mutational burden, is considered 

immunogenic because it occasionally undergoes spontaneous regressions and often responds to 

immunotherapies. The signature lesion in ccRCC is inactivation of the VHL tumor suppressor 

gene and consequent upregulation of the HIF transcription factor. An earlier case report described 

a ccRCC patient who was cured by an allogeneic stem cell transplant and later found to have 

donor-derived T cells that recognized a ccRCC-specific peptide encoded by a HIF-responsive 

endogenous retrovirus (ERVE-4). We report that ERVE-4 is one of many ERVs that are induced 

by HIF, translated into HLA-bound peptides in ccRCCs, and capable of generating antigen-

specific T cell responses. Moreover, ERV expression can be induced in non-ccRCC tumors with 
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clinical-grade HIF stabilizers. These findings have implications for leveraging ERVs for cancer 

immunotherapy.

In Brief

An upregulation of the HIF2 transcription factor, which is a hallmark of the most common form of 

human kidney cancer, drives the expression of multiple relatively intact endogenous retroviruses, 

including some that are presented as HLA-bound peptides that can be recognized by autologous T 

cells after immune checkpoint inhibitors or allogeneic T cells after stem cell transplantation

Graphical Abstract
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Introduction

Immune-checkpoint inhibitors (ICIs) that block CTLA4, PD1, or PD-L1 are highly 

efficacious and potentially curative treatments for multiple cancer types1–3. Nonetheless, 

some tumor types are characteristically unresponsive to ICIs, and their effectiveness is 

highly variable, even for those tumor types where they are approved.
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The response of melanomas, mismatch repair-defective colon cancers, and non-small lung 

cancers to ICIs is believed to be driven by their high mutational burdens, which is a 

potentially rich source of neoantigens3–5. In contrast, clear cell renal cell carcinomas 

(ccRCCs), the most common form of kidney cancer, also frequently respond to ICIs despite 

having relatively few non-synonymous mutations relative to other immunogenic tumor 

types6,7. ccRCCs do have many insertion and deletion (INDEL) mutations8, but INDEL 

burden does not predict ICI responsiveness in this setting9–11.

However, the response of ccRCC to ICIs was unsurprising because ccRCC has historically 

been considered an “immunogenic” tumor. Although rare, ccRCCs sometimes undergo 

spontaneous remissions12. High dose interleukin-2 is active against ccRCC and occasionally 

produced durable remissions, but has been largely abandoned due to its toxicity and the 

availability of alternative therapies13–15. Among solid tumors, ccRCCs have particularly 

high levels of infiltrating effector T cells16. In contrast to other tumor types, however, 

increased T cell infiltration is an adverse prognostic biomarker in ccRCC17 and an 

inconsistent predictor of ICI response10.

Inactivation of the pVHL tumor suppressor protein is the initiating event in most ccRCCs18. 

pVHL forms a ubiquitin ligase that targets the alpha subunits of the heterodimeric HIF 

transcription factor for degradation18. pVHL only recognizes HIFα after HIFα has been 

prolyl hydroxylated by oxygen-sensitive EglN dioxygenases19. Failure to degrade HIF2α, 

drives the growth of ccRCC20. An allosteric HIF2α inhibitor, belzutifan, was recently 

approved for treating ccRCC21,22. Conversely, EglN inhibitors that stabilize HIF2α are used 

to treat anemia18.

Endogenous retroviruses (ERVs) and remnants thereof [including solo long terminal repeats 

(LTRs)] occupy up to 8 percent of the human genome23,24, but are often viewed as vestigial 

due to rearrangements and other mutations. It is clear, however, that some ERVs can be 

transcribed and translated16,25–27. ERV expression has been documented in many cancers, 

possibly reflecting, at least in part, their characteristic global DNA hypomethylation because 

DNA methylation usually represses ERV transcription25,28–32. Several studies showed that 

ccRCCs express high levels of ERVs relative to other solid tumors and that ERV expression 

correlates with their likelihood of responding to ICIs16,33–36.

Over two decades ago, Richard Childs and coworkers at the NIH treated 74 advanced 

ccRCC patients with allogeneic stem cell transplants (allo-SCTs) as potential sources 

of immunoreactive T cells37,38. Almost half the patients had measurable responses, 

including 11.7% who had complete responses (CRs)38. In one complete responder, they 

identified circulating donor-derived T cells that reacted with an HLA-A*11-bound peptide 

(ATFLGSLTWK) derived from hERV-E (now called ERVE-4) on the patient’s tumor cells 

and that specifically killed those tumor cells ex vivo and a subset of HLA-A*11+ ccRCC 

lines38. ERVE-4 expression was detectable in ccRCCs, but not in normal tissues or other 

cancers38,39. They subsequently showed that ERVE-4 was regulated by HIF2, potentially 

explaining its upregulation in ccRCC39,40. We asked if ERVE-4 is unique in this regard, or a 

prototype of other potentially immunogenic HIF2responsive ERVs in ccRCC.
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Results

Regulation of ERV3.2 and ERV4700 by pVHL and HIF2

Vargiu and coworkers annotated 3173 ERVs in the human genome that are relatively 

intact, and hence potentially transcribed and translated, including ERVE-4, ERV3.2, and 

ERV4700 (ERVE-4 and ERV3.2 are ERV2256 and ERV2637, respectively, using the Vargiu 

nomenclature)41. Increased expression of these ERVs correlates with the likelihood of 

ccRCCs responding to ICIs in some studies, and peptides derived from ERVE-4 and 

ERV4700 can elicit T cell responses33–36,38.

To ask if ERV3.2 and ERV4700 are, like ERVE-4, regulated by HIF2, we performed 

quantitative Real Time-PCR (RT-qPCR) assays on 786-O VHL−/− ccRCC cells. Due to the 

sequence similarities of many ERVs, we carefully designed RT-qPCR primers that would 

measure specific ERVs. ERV3.2 RNA levels, like ERVE-4 levels, were suppressed in 786-O 

cells by lentiviral reintroduction of pVHL, CRISPR/Cas9-mediated elimination of HIF2α, 

or treatment with the allosteric HIF2α inhibitor PT239942−44 (Figures 1A–1D). The HIF2-

responsive mRNA product NDRG1 served as a control. Moreover, suppression of ERV3.2 

and ERVE-4 RNA levels by pVHL was reversed by lentiviral expression of a constitutively 

stable version of HIF2α (HIF2α dPA)45,46 (Figures 1E and 1F). Therefore ERV3.2, like 

ERVE-4, is HIF2-responsive.

Since ERV4700 RNA levels were not repressed by either pVHL or PT2399 in 786-O 

cells (Figures 1A and 1C), we interrogated additional VHL−/− ccRCC cell lines. Notably, 

ERV4700 RNA levels were suppressed after reintroduction of pVHL into A-498 cells and 

RCC4 cells, suggesting that epigenetic differences between the three cells lines affect the 

regulation of ERV4700 by HIF2 (Figures 1G and 1H).

Pharmacological Induction of HIF-responsive ERVs

Consistent with this hypothesis, short-term treatment of 786-O cells with the DNA 

methyltransferase 1 (DNMT1) inhibitor GSK368503247,48 dramatically induced ERV4700 

RNA levels (Figures 1I and 1J). This induction was largely ablated by CRISPR/Cas9-

mediated elimination of HIF2α and by reintroduction of pVHL (Figures 1I–1L). The effect 

of pVHL reintroduction, however, was largely mitigated by the EglN inhibitor FG-459218, 

which prevents the recognition of HIF1α and HIF2α by pVHL, thereby increasing HIF 

stability and activity (Figures 1K and 1L). 786-O cells express exclusively HIF2α49. The 

induction of ERV4700 by GSK3685032 coincided with the emergence of a neighboring 

HIF2α-binding peak in chromatin immunoprecipitation sequencing (ChIP-seq) experiments 

(Figure 1M). Therefore, HIF2 regulates, directly or indirectly, ERV3.2 and ERV4700, 

although the latter is impacted by DNA methylation.

This knowledge predicted that these ERVs could be pharmacologically induced in non-

kidney, VHL+/+, cancers using FG-4592. Indeed, FG-4592 increased ERVE-4, ERV3.2, 

and ERV4700 expression in BT-549 breast cancer cells, WM266–4 melanoma cells, and 

MGG152 glioblastoma cells (Figures 1N–1Q and S1A). The HIF1-responsive BNIP3 
mRNA was used as a control because these three cell lines, in contrast ccRCC lines, 

primarily express HIF1α instead of HIF2α (Figure S1B). ERV induction by FG-4592 in 
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WM266–4 and BT-549 cells was ablated after HIF1α inactivation using CRISPR/Cas9 

(Figures 1N–1Q). We failed to inactivate HIF1α in MGG152 cells.

SETDB1 histone H3K9 methyltransferase represses some ERVs50,51. CRISPR-mediated 

elimination of SETDB1 further increased ERVE-4 and ERV4700 levels, but not ERV3.2 

levels, in 786-O cells (Figures S1C and S1D). In contrast, eliminating SETDB1 did not 

induce these three ERVs in WM266–4 cells irrespective of FG-4592 (Figures S1E and S1F). 

This suggests that repression of ERVs by SETDB1 is both ERV- and cell context-dependent.

Human HIF2-responsive ERVs in RCC cell lines

To look for human HIF2-responsive ERVs more systematically, we generated RNA 

sequencing (RNA-seq) data from 786-O cells that were either 1) infected with a lentivirus 

expressing VHL [hereafter 786-O(VHL) cells] or the empty vector [hereafter 786-O(EV) 

cells], 2) subjected to CRISPR/Cas9-based editing with a HIF2α sgRNA or control sgRNA 

or 3) treated with PT2399 or vehicle, thus enabling 3 pairwise comparisons of 786-O cells in 

which HIF2α activity was low (shown in blue) or high (shown in red) (Figure 2A). We then 

examined the RNA abundance of the 3173 relatively intact ERVs annotated by Vargiu and 

coworkers41. Sixteen ERVs, including ERVE-4 and ERV3.2, scored as HIF2α-dependent in 

all three comparisons, while an additional 20 scored in two of three comparisons (Figure 2A 

and Table S1). All ERVs that scored in all three comparisons retested positively in at least 

one, and usually all three, of the pairwise comparisons in RT-qPCR assays (Figures 2B–2D). 

In addition, 16/20 of the ERVs that scored in 2 of 3 comparisons validated in at least one of 

three comparisons by RT-qPCR (Figures S1G–S1I).

Next we queried RNA-seq data from 250 ccRCC patients treated on the nivolumab vs 

everolimus CheckMate 025 trial10 in order to validate the association of HIF activity and the 

expression of HIF-regulated ERVs in a large cohort of ccRCC patients. Expression data were 

available for 14 of the 16 ERVs identified in the 786-O cells, in addition to ERV4700. The 

expression of 11 of the 15 ERVs detected, including ERV4700, correlated with a previously 

validated HIF2 signature43 and, in 10/11 cases, with individual HIF2 target genes such as 

EglN3 and NDRG1 (Figures 2E, 2F and Table S1). Therefore many of the HIF2-responsive 

ERVs we detected in 786-O cells are likely to be activated by HIF2α in ccRCC cells in vivo 
(see also below).

RNA-seq experiments analogous to those performed with the 786-O cells revealed 9 ERVs 

in A-498 VHL−/− ccRCC cells that were HIF2-responsive in all three isogenic comparisons, 

including ERV4700 (Figures S1J–S1L and Table S1). Six of the 9 ERVs were also identified 

in the 786-O cells, including ERVE-4 and ERV3.2 (Figure S1M). Many of these ERVs 

were responsive to PT2399 in other VHL−/− ccRCC lines, with greater responsiveness in the 

HIF2-dependent lines OS-RC-2 and THUR4TKB compared to the HIF2-independent lines 

769-P and Caki-252 (Figures S1N–S1Q).

Human ERVs that are Directly Regulated by HIF2 in RCC cell lines

Genome-wide ChIP-seq experiments using an anti-HIF2α antibody and isogenic 786-O cells 

in which HIF2α was or was not eliminated using CRISPR/Cas9 identified over 20,000 

high confidence HIF2α binding sites (Table S2). One hundred and five ERVs contained a 
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superimposed HIF2α-binding site, while 371 ERVs had a HIF2α-binding site within 10 kb 

(Figure 3A). Ten of the 16 HIF2-responsive ERVs identified by RNA-seq had at least one 

HIF2α binding site within 10 kb, including ERVE-4 and ERV3.2 (Figures 3B and 3C).

To further enhance detection of HIF2α-binding sites, we also did ChIP-seq using an anti-

FLAG antibody and ccRCC cells (786-O, OS-RC-2, and RCC4) in which CRISPR-based 

homologous recombination was used to append a FLAG-HA epitope tag to the N-terminus 

of HIF2α expressed from the endogenous HIF2α locus. For ERVE-4, a putative HIF2α-

binding site reported by Childs and coworkers was on the “shoulder” of the ChIP-seq 

signal, suggesting the presence of 2 closely spaced HIF2α-binding sites40 (Figures 3D and 

S2A). Both binding sites appeared to be functional based on ChIP-qPCR assays using two 

786-O FLAG-HA-HIF2α subclones (CL15 and CL53) that were treated or not with PT2399 

(Figures 3E and S2B). 786-O cells edited with a negative control sgRNA (sgAAVS1)53 

served as controls.

Among the 10 HIF2-responsive ERVs with neighboring HIF2α-binding sites were ERV4818 

and ERV5875, both of which were bracketed by HIF2α-binding sites that validated in ChIP-

qPCR assays (Figures 3D, 3E and S2A). In total, we authenticated at least one neighboring 

HIF2α-binding site for 7 of the 10 HIF2α-responsive ERVs that scored by ChIP-seq, 

including ERV3.2, by ChIP-qPCR (Figures 3E and S2C). Moreover, genome-wide ChIP-seq 

revealed that ERV4700 was one of the 28 ERVs that were induced by the DNMT1 inhibitor 

GSK3685032 in a HIF2-dependent manner in 786-O cells, including additional ERVs with 

HIF2 binding sites within 10 kb (Figures S2D–S2G and Table S1).

HIF2 can, like many enhancer-binding transcription factors, act at considerable distances 

when distance is measured in nucleotides. Therefore, the arbitrary 10 kb cutoff we used 

likely underestimates the number of ERVs that are directly regulated by HIF2α. Conversely, 

a HIF2α-binding site very close to a given gene need not be transcriptionally relevant. We 

therefore also performed precision nuclear run-on sequencing (PRO-seq) to identify areas 

of active transcription, as determined by recruitment of active RNA polymerases, following 

perturbation of HIF2 signaling54–56. In preliminary experiments we obtained higher quality 

PRO-seq reads in OS-RC-2 cells, which are highly HIF2-dependent, compared to 786-O 

cells, which are moderately HIF2-dependent. We therefore used the OS-RC-2 PRO-seq data, 

which indicated that 11 of 16 ERVs induced by HIF2α at the RNA level in 786-O cells were 

directly regulated by HIF2α based on elimination of their nascent transcripts within 2 hours 

of treatment with PT2399, including 8 ERVs within 10 kb of a HIF2α-binding site (Figures 

3F, 3G, S1N, S3 and Table S2).

Human HIF2-responsive ERVs are translated in RCC cell lines

We next performed Polysome-seq57,58 to identify additional HIF2-responsive ERVs that 

might, like ERVE-4 and ERV4700, be translated (Table S3)33,38,39. Four of the 16 ERVs 

(ERVE-4, ERV3.2, ERV4818 and ERV5875) that scored as HIF2-responsive in 786-O cells 

in all three isogenic comparisons associated with polysomes (indicative of active translation) 

in 786-O cells in a pVHL-suppressible manner (Figures 4A, S4A and S4B). An additional 

polysome-associated and pVHL-suppressible ERV (ERV3895) had scored and validated as 

HIF2-responsive in two of the three RNA-seq isogenic comparisons (Figures S1G–S1I) and 
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we confirmed its association with polysomes was pVHL-dependent by RT-qPCR (Figures 

S4A and S4B). Similar studies suggested that 3 of the 9 HIF2-responsive ERVs in A-498 

cells were translated: ERVE-4, ERV2651, and, as expected, ERV4700 (Figures S4C, S4D 

and Table S3).

ERV-derived HLA-bound peptides in human RCC cell lines

To determine if any of the HIF2-responsive ERVs we identified were processed and 

presented by HLA class I molecules on cancer cells, we analyzed immunoprecipitated 

HLA complexes from 786-O(VHL) and 786-O(EV) cells by liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) and searched the data for ERV-derived peptides (STAR 

Methods). The cells were treated with interferon gamma (IFNγ) to increase HLA abundance 

and potentially the sensitivity of our assays (Figures S4E–S4G). We liberalized the ERV 

search space to include all the ERVs that scored in at least two of the three pairwise 

786-O cell comparisons (high HIF2 versus low HIF2) or scored in the Polysome-seq data as 

pVHL-responsive, or both, for a total of 57 ERVs (Table S4). We eliminated peptides that 

mapped to the canonical reference proteome (in addition to one or more ERVs) and retained, 

but annotated, peptides that mapped to both non-coding sources and ERVs. We also listed 

all possible ERVs for peptides that could be produced by multiple ERVs (Table S4). For 

additional rigor we applied scoring filters based on scores from machine learning tools for 

prediction of MS/MS ion intensity, LC retention time and HLA binding (Figure 4B).

In total, we detected 8 HLA-bound, ERV-derived, peptides using isobaric mass tag labeling 

with TMT and label free MS, including 3 peptides that were recovered using both 

methods (Figures 4C, 4D and Table S4). Among the peptides predicted to be strong 

binders to 786-O HLAs was the peptide KLIAGLIFLK, which could be derived from 

HIF2-responsive ERV4818 or ERV475 because of their high degree of sequence homology; 

and the peptide ATFLGSLTGK, which could be derived from ERV5875, ERV4818 or 

ERV475. We confirmed the sequence identities of these two peptides using synthetic peptide 

standards (Figures 4E and 4F). Notably, the ATFLGSLTGK peptide differed by only at a 

single amino acid compared to the peptide previously identified by Childs and coworkers 

(ATFLGSLTWK)38, which we did not detect. Although it was discovered in the context 

of HLA-A*11-expressing cells (HLAthena MSi rank:0.035), the ATFLGSLTWK peptide is 

also predicted to bind to HLA-A*03:01 (HLAthena MSi rank:0.030), which is present on 

786-O cells. Our failure to detect this peptide could therefore reflect the limitations of the 

current algorithms for predicting HLA Class I binding or an IP-MS false-negative.

Analysis of the 12,763 HLA-bound peptides observed in the TMT LC-MS/MS of 

786-O cells, including both mRNA- and ERV-derived peptides, identified upregulated 

pVHL-derived peptides in the 786-O(VHL) cells and upregulated peptides from the HIF2-

responsive gene product NDRG1 in the 786-O(EV) cells (Figure 4C). The ERV-derived 

peptide ATFLGSLTGK was, similar to the NDRG1-derived peptides, among the most 

highly upregulated HLA-bound peptides in the 786-O(EV) cells (Figure 4C). Surprisingly, 

many of the other ERV-derived peptides, including the KLIAGLIFLK peptide, were not 

pVHL-responsive based on our MS studies. For KLIAGLIFLK, this likely reflects the 
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fact that it can be encoded by many other ERVs, including the highly expressed, but 

pVHL-unresponsive, ERV6169, due to sequence homology (Figures S4H–S4K).

A-498 cells express HLA-A*02:01, HLA-B*08:01 and HLA-C*07:01. We identified 

4 HLA-bound, ERV-derived peptides using label-free LC-MS/MS of anti-HLA 

immunoprecipitates from isogenic A-498(VHL) and A-498(EV) cells (Figures S4E, S4L, 

S4M and Table S4). Our search focused on ERVs that scored in at least two of the three 

pairwise A-498 cell comparisons (high HIF2 versus low HIF2) or scored in our A-498 

Polysome-seq as being pVHL-responsive, or both, for a total of 31 possible ERVs (Table 

S4).

HIF2-responsive ERVs are largely derived from cancer cells

ERVs can also be expressed in immune cells and a recent study suggested that this explained 

the correlation between ERV expression in ccRCCs and their responsiveness to ICIs59. Our 

cell line data strongly suggests that ccRCC cells themselves can express certain ERVs. To 

ask whether the HIF2-responsive ERVs we identified were expressed by cancer cells in 

human ccRCCs, we analyzed publicly available single-cell ATAC-seq (scATAC-seq) and 

single-cell RNA-seq (scRNA-seq) data from 16 ccRCCs60. We focused on 81 non-redundant 

ERVs that scored in two of the three pairwise cell comparisons (high HIF2 versus low HIF2) 

and/or scored as translated and pVHL-responsive by Polysome-seq in either 786-O cells 

or A-498 cells. Twenty-three of the 81 HIF-responsive ERVs displayed greater chromatin 

accessibility in the cancer cells relative to the infiltrating immune cells, compared to 4/81 

that showed the opposite pattern (Figures 5A, 5B, S5A, S5B and Table S5). One ERV 

(ERV6084) was excluded as there were two adjacent peaks showing opposite patterns. Four 

of the 81 showed peaks with comparable accessibility across the two cell compartments 

while the remaining 49 did not have detectable scATAC-seq peaks. Promoter associated 

peaks at the ccRCC marker CA9 and immune cell marker PTPRC served as controls.

Similarly, 16 of the 81 HIF-responsive ERVs were more highly expressed in cancer 

cells relative to the infiltrating immune cells, compared to 2/81 that showed the opposite 

pattern (Figures 5C, 5D and Table S5). Five of the 81 showed comparable expression 

in the two cell compartments while the remaining 58 were undetectable. As expected, 

increased chromatin accessibility of the ERVs was generally associated with increased ERV 

expression (Figure 5E). The expression of individual ERVs was somewhat heterogeneous 

between tumors, presumably due to intertumoral genetic and epigenetic differences (Figure 

S5C). For comparison, we also investigated all 3173 ERVs in the Vargiu database41. ERV 

chromatin accessibility generally correlated positively with ERV expression, as expected, 

in this broader dataset (Figure 5F). Notably, the 81 evaluable HIF-responsive ERVs were 

significantly more accessible and more highly expressed in cancer cells relative to immune 

cells, while no such differential was seen for the remaining evaluable ERVs (Figure 

5G). Finally, we examined the expression of the 81 ERVs using RNA-seq performed on 

CA9-purified cancer cells derived from 8 ccRCCs, including one primary and metastasis 

pair from the same patient. The expression of individual ERVs, such as ERV4700, varied 

between tumors. Nonetheless, all 81 ERVs were detected in at least one of the CA9-enriched 
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tumor samples (Figure S5D). We conclude that many of the HIF2-responsive ERVs we 

identified are more highly expressed in cancer cells than by infiltrating immune cells.

ERV-derived HLA-bound peptides in human kidney tumors

To search for ERV-derived HLA-bound peptides in primary human ccRCCs, we performed 

anti-HLA LC-MS/MS analyses on tumor specimens obtained from 11 late stage (stage 

3 or 4) ccRCC patients with various HLA allelotypes, including 6 with paired normal 

kidney tissue. From the ~4000 HLA-bound peptides identified per sample, we focused on 

peptides that could be encoded by the 81 non-redundant, potentially HIF2-responsive, ERVs 

described above (Figure 6A and Table S4). After applying subset-specific FDR filtering 

to the ERV-derived peptide spectrum matches so that distributions for each score metric 

improved to meet or exceed the aggregate distributions, we obtained an initial list of 

60 ERV-derived peptides across all 11 patients (STAR Methods, Table S6). We excluded 

peptides that were also detected in any of the normal tissue samples, which left 37 tumor-

specific peptides. We then eliminated one redundant peptide and two cysteine-containing 

peptides, the latter because of technical challenges related to validating such peptides in 

biological systems. Twelve peptides were eliminated because they failed at least two of the 

filters depicted in Figure 4B. In total, we identified 22 non-redundant ERV-derived peptides 

in the 11 tumors. ERV-derived peptides represented <0.1% of all peptides detected in the 

immunopeptidomes (Figures 6B, 6C and Table S6).

HLAthena predicted 13 of the 22 as HLA binders (i.e. HLAthena Msi rank < 2). For 8 

of the 22, matched normal tissue was available, allowing us to conclude that they were 

tumor-specific. Thirteen of the 22 peptides could be unambiguously derived from a single 

source ERV, while the remaining 9 could be derived from 2–128 different ERVs because of 

the high degree of sequence homology between related ERVs (Figures 6B, 6C and Table 

S6).

Of the 22 ERV-derived peptides tested, only one (KLIAGLIFLK) stimulated peripheral 

blood T-cells from the corresponding patient(s) in IFNγ ELISpot assays (Figures 6D–6F). T 

cell reactivity was not detected for the sole patient (out of 11) for whom tumor-infiltrating 

lymphocytes (TILs) were available (4 peptides tested in total), possibly reflecting the 

hypofunctional state of terminally exhausted CD8+ T cells characteristic of late-stage 

RCC61.

To ask whether any of the 22 ERV-derived peptides were intrinsically immunogenic, we 

used them to vaccinate naïve immunocompetent mice that were engineered to express a 

human HLA-complex. Such humanized mice are available for 6 HLA allelotypes. Based on 

their predicted binding scores, 7 of the 22 peptides were predicted to bind (i.e. HLAthena 

Msi rank < 2) to HLA-A*11:01 (7 peptides total) compared to 0 or 1 peptide for the 

other available alleles. The two HIF2-responsive, ERV-derived peptides we identified in 

786-O cells (ATFLGSLTGK and QLGGLVTFK) and the peptide identified by Childs and 

coworkers (ATFLGSLTWK) were also predicted to bind to HLA-A*11:01 (Table S6).

We thus immunized humanized HLA-A*11:01 mice twice, three weeks apart, with a mix 

of these 10 peptides, and as a comparator, 1 peptide predicted to bind poorly to HLA-
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A*11:01 (HLAthena Msi rank > 2) (Table S6). Three ERV-derived peptides, predicted as 

the best HLA-A*11:01 binders (including the KLIAGLIFLK peptide), evoked T splenocyte 

responses. These responses were comparable to the responses seen against the Childs’ 

peptide and the 786-O ERV-derived peptide with the best predicted HLA-A*11:01 binding 

(Figures 6G–6I and Table S6). This latter peptide was not identified in our tumor HLA 

MS dataset using our automated filters, but was detected on manual inspection of the data 

for ccRCC patient 110 (Figure S5E). Twenty-two is thus a conservative estimate of the 

number of HIF-responsive, ERV-derived peptides in the 11 tumors. As expected, the peptide 

(NLLSYLGKK) predicted to bind poorly to HLA-A*11 did not elicit a response (Figure 6I 

and Table S6). Therefore, multiple ERV-derived peptides on human ccRCCs are potentially 

immunogenic.

Finally, we also obtained archival cryopreserved peripheral blood mononuclear cells 

(PBMCs) from 6 kidney cancer patients who responded [2 CR and 4 partial response 

(PR)] to allo-SCT performed ~20 years ago37,38 (Figure S6A). We tested samples obtained 

before and after allo-SCT for their responsiveness in ELISpot assays to the 22 HLA-bound 

ERV-derived peptides we identified in the 11 kidney tumors (Figure 6B), the 2 HLA-

bound ERV-derived peptides we identified in the 786-O cells, the original ERVE-4-derived 

peptide (ATFLGSLTWK) described by Childs and coworkers38, and control peptides. We 

selected multiple peptides per patient that were predicted to be HLA-binders (HLAthena 

Msi rank <0.5 or MHC allele rank <0.5) based on their inferred HLA allelotype. The 

number of viable cells after thawing, and their responsiveness to positive control peptides 

and to phytohemagglutinin (PHA), were highly variable, potentially confounding formal 

intrapatient and interpatient comparisons. We excluded one patient’s PBMC samples due to 

their poor response to the positive controls. In 3 of the remaining 5 patients, we detected 

reactivity against multiple ERV-derived peptides pre- and post-transplant (Figures 7A–7C 

and S6B–S6F). In one PR patient we observed reactivity against 3 out of 7 ERV-derived 

peptides, even before allo-SCT, suggestive of a host immune response (Figures 7A and 

S6B). In the two CR patients, the number of ERV-derived peptides recognized by the 

PBMCs increased after allo-SCT, consistent with an enhanced immune response (baseline 

range: 0–2 peptides; post-transplant range: 3–6 peptides) (Figures 7B, 7C, S6C and S6D). 

The apparent increase in the number of ERV-derived peptides recognized by the T cells, as 

well as the apparent increase in ELISpot positive cells per peptide, in the two CR patients is 

provocative, but requires further study for the reasons stated above.

In a complementary set of experiments, we used the T-Scan platform62 to identify potential 

epitopes recognized by TILs from 10 ccRCC patients who responded to ICIs (Figure 7D). 

No ERV-derived peptides evoked a response for the TILs from tumors with wild-type 

(3 patients) or indeterminate (3 patients) VHL status (Figure 7E). In contrast, multiple 

ERV-derived peptides were identified as potentially immunogenic for 3 of the 4 VHL mutant 

tumors, including 2 peptides derived from ERVE-4 and 1 peptide from ERV4700 (Figures 

7E, 7F and Table S7). One peptide was derived from ERV1514, which did not originally 

score as HIF2-responsive in 786-O and A-498 cells. Prompted by this, we discovered 

that ERV1514 expression was, however, downregulated by PT2399 in 4/10 ccRCC lines 

(Figure S7). These observations strengthen the conclusion that HIF-responsive, ERV-derived 

peptides displayed on the surface of ccRCC cells can be immunogenic.
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Discussion

We discovered that HIF transcriptionally regulates a subset of relatively intact proviral ERVs 

that extends beyond ERVE-4, including ERVs previously linked to the likelihood of ccRCCs 

responding to ICIs and ERVs that can, like ERVE-4, give rise to HLA-bound peptides that 

can be effectively recognized by CD8+ T cells. Moreover, we showed that ERV expression 

can be pharmacologically induced with a clinical grade HIF stabilizer or repressed by a 

clinical grade HIF2 inhibitor. Our findings might facilitate the discovery of, and therapeutic 

exploitation of, additional ERV-derived HLA-bound peptides in tumors in the future, as 

described below.

Our findings are consistent with earlier reports that hypoxia mimetics such as Cobalt 

Chloride and Dimethyoxylglycine can induce the expression of certain ERVs63–65. Hypoxia 

and hypoxia-mimetics can, however, affect transcription in HIF-independent ways, such as 

by inhibiting histone demethylases66,67. In these prior studies, the specific role of HIF was 

not addressed or, in the case of HTLV-1 activation by hypoxia, was irrelevant63.

Inactivation of the ccRCC tumor suppressor gene PBRM1 has been found in some, but not 

all, studies to predict for response to ICIs10,68,69. Consistent with our findings, PBRM1 loss, 

which amplifies HIF transcriptional activity in ccRCC70,71, increases ERV expression72. 

Therefore PBRM1 loss might increase the activity of ICIs by increasing ERV expression.

Transcriptional activation of potentially HIF-responsive ERVs likely requires a permissive 

epigenetic environment, as illustrated by our finding that activation of ERV4700 by HIF2 in 

786-O cells required treatment with a DNA methyltransferase inhibitor, in contrast to A-498 

cells. More broadly, the fact that DNA is globally hypomethylated in cancer versus normal 

tissue28,73 might render cancer cells more permissive for HIF-induced ERV expression and 

create a therapeutic window for therapies based on differential ERV expression. ccRCCs 

might be particularly prone to ERV expression because chronic HIF activation drives the 

expression of TET enzymes, which promote DNA demethylation, and JmjC enzymes, which 

promote histone demethylation and a reciprocal increase in histone acetylation67,74–76. 

Notably, decreased histone methylation and increased histone acetylation has been linked 

to increased ERV expression in gliomas bearing oncohistone mutations31.

In addition to activating adaptive immune responses through presentation of ERV-derived 

peptides on HLA class I molecules or the direct expression of ERV components on the cell 

surface26,27,29,33,38,39,77–81, the expression of ERVs can support innate immune activation, 

acting through viral mimicry to enhance interferon signaling82,83. We have not observed 

consistent effects of pVHL and HIF on interferon signaling in our isogenic ccRCC cells, 

although earlier studies found that HIF could induce viral mimicry in ccRCC cells treated 

with DNA methyltransferase inhibitors35,84. The work of Childs and coworkers proves 

that an ERV-derived peptide can elicit a robust antitumor immune response, as did studies 

that identified an ERV-derived peptide as the basis for antitumor immunity in the CT26 

syngeneic colorectal model in mice and an HERV-K-MEL-derived peptide as the basis for 

T cell recognition of a human melanoma78,85. A recent study linked the response of lung 
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cancers to ICI to the development of anti-ERV antibodies, implying that B cell responses 

against ERV-derived peptides also contribute to anticancer immunity86.

HIF stabilizers might enhance ERV expression and antitumor immunity, while HIF2 

antagonists might have the opposite effect (at least for tumors that express HIF2). A 

caveat is that our knowledge of the effects of HIF on the immune system is incomplete. 

Moreover, HIF regulates many tumor-intrinsic genes that could be either anti-immunogenic 

or pro-immunogenic, making the net outcome of HIF on tumor-intrinsic immunogenicity 

difficult to predict87.

Siebenthall and coworkers identified a kidney-specific HIF-binding site for POU5F1 
(encoding Oct4) that was encoded by the LTR elements of a subfamily of ERVs88. 

Using publicly available ChIP-seq data, they found that 178 out of 2000 HIF-bound DNA 

hypersensitivity sites overlapped an LTR element, especially of the ERV1 and ERVK types. 

They also identified numerous transcriptionally active LTRs, especially for the ERV1 class, 

and hypothesized that this represented a form of exaptation wherein LTRs are used to 

drive endogenous genes, with POU5F1 being but one example. Similarly, LTRs can drive 

cancer promoting genes, a process referred to as oncoexaptation25. Our study suggests that 

some ERVs are alternatively, or in addition, producing ERV-derived transcripts that might 

contribute to the immunogenicity of ccRCC and be harnessed therapeutically.

The relationship between ERV expression and immunogenicity is likely to be nuanced, 

potentially influenced by which specific ERVs are transcribed and translated, by which 

cells (cancer vs normal) are expressing them, as well as by the patient’s HLA allelotypes. 

In this regard, our analysis of multiple ccRCC lines and tumors suggests we have not 

yet reached saturation with respect to potential HIF-responsive ERVs, and we have only 

explored a limited number of HLA allelotypes for ERV-derived peptides. This could be 

addressed studying additional VHL−/− ccRCC lines and tumors, as well as by performing 

HLA-MS on ccRCC lines engineered to express common HLA variants. These efforts could 

be complemented by unbiased searches for ERV-derived epitopes and reactive TCRs from 

PBMCs or TILs from ccRCC patients responsive to immunotherapy. While this work was 

in progress, Kobayashi and coworkers showed that one of the 5 ERVs we identified as 

potentially HIF2-responsive and translated, ERV3895, was highly expressed in 3 ccRCCs 

and gave rise to an immunogenic peptide bound to HLA-A*24, which is an allelotype 

we did not interrogate81. We envision an eventual “look up” table for likely HLA-bound 

ERV-derived peptides for all common HLA allelotypes. This information could be useful 

for designing active immunotherapies, such as ERV-targeting therapeutic cancer vaccines, 

and adoptive TCR-based immunotherapies, such as those based on autologous or allogeneic 

T cells expressing heterologous ERV-reactive TCRs or on soluble TCR mimetics such as 

ImmTACs and TCR mimetic antibodies89,90.

Limitations of Study

It is difficult to determine the source of an ERV-derived peptide when it can be derived from 

multiple genomic loci. Some of this ambiguity might be eliminated through further technical 

advances in ERV RNA-seq and Ribo-seq. Given the exquisite sensitivity of TCRs for some 

TCR epitopes91, it is possible that we failed to detect some potentially immunogenic ERV-
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derived peptides because of the current sensitivity limit of MS, which is likely to improve 

over time.

Many HIF2-responsive ERVs were undetectable by scRNA-seq. This might be a byproduct 

of the standard 10× Genomics 3’end pipeline, which specifically captures only the 3’ end of 

polyadenylated transcripts (and not full transcripts or non-polyadenylated ERV transcripts), 

further limiting sensitivity. Further, there is substantial technical dropout of transcripts in 

droplet-based scRNA-seq because of the very low quantities of RNA within an individual 

cell.

We had access to a limited number of PBMC samples from ccRCC patients who responded 

to allo-SCT and a limited number of TIL samples from ccRCC patients who responded 

to ICIs. For the former, we also encountered challenges associated with the use of 

frozen, archival samples. Finally, it is difficult to predict, a priori, how partitioning of 

ERV-reactive T cells between the peripheral blood and tumor will change in response 

to immunotherapy over time. Clearly additional studies, including additional samples and 

additional control peptides, will be needed to determine whether peripheral blood T cells 

capable of recognizing ERV-derived peptides can be used as predictive biomarkers, response 

biomarkers, or both, for various forms of cancer immunotherapy and whether such peptides 

can be harnessed for immunotherapy.

Resource availability

Lead contact—Requests for information and resources should be directed to the lead 

contact, William G Kaelin Jr. (William_Kaelin@dfci.harvard.edu).

Materials availability—One plasmid generated in this study has been deposited to 

Addgene. All unique/stable cell lines generated in this study are available from the lead 

contact.

Data and code availability

• The high-throughput sequencing data have been deposited to NCBI GEO and 

accession numbers are listed in the key resources table. The original mass 

spectra for RCC tumor samples 101, 102, 104, and 105 were deposited in 

the public proteomics repository MassIVE (http://massive.ucsd.edu) and are 

accessible at ftp://massive.ucsd.edu/v01/MSV000087743/. The original mass 

spectra for samples newly reported here, as well as peptide spectrum matches, 

and protein sequence databases used for searches of all samples described 

here were deposited at MassIVE (https://massive.ucsd.edu) and are accessible 

at ftp://MSV000096406@massive.ucsd.edu with username: MSV000096406 and 

password: HIFresponsiveERV. This dataset is publicaly avaialbe as of the date of 

publication. T-Scan screening data and amino acid sequences for the peptidome 

library are available upon request. T cell receptor sequences for the purposes of 

therapeutic development are available through license agreement.

• All the custom scripts used to process the PRO-seq data described in 

the manuscript are available on the AdelmanLab GitHub (https://github.com/
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AdelmanLab/NIH_scripts; https://zenodo.org/records/5519915). New code for 

proteomics data analysis motivated by this project was written to 1) revise the 

SM sequence database utilities for ERV-specific aspects of 6-frame translation 

of nucleotide to protein sequence to create the sequence databases used for 

searches; 2) revise the SM Subset-specific FDR filtering module with ERV-

specific features. This new code is included in SM v8.02 and is available free-

of-charge at proteomics.broadinstitute.org. Parts of code from Yu et al94 were 

adapted into our analysis for scATAC-seq and scRNA-seq datasets, which is 

accessible at https://github.com/kaelinlabdfci/HIF2_ERVs_in_ccRCC.

STAR Methods

Experimental model and study participant details

Cell lines—786-O, A-498, 769-P, Caki-2, A-704, HEK293T, and BT-549 cells were 

originally obtained from the American Type Culture Collection. RCC4 cells were provided 

by Dr. Peter Ratcliffe (University of Oxford and Francis Crick Institute). OS-RC-2 and 

TUHR4TKB and TUHR14TKB cells were obtained from RIKEN Bioresource Research 

Center Cell Bank. UM-RC-2 were provided by Bert Zbar and Marston Linehan (National 

Cancer Institute). WM266–4 cells were provided by Dr. Rizwan Haq (Dana-Farber Cancer 

Institute) and Dr. David E. Fisher (Massachusetts General Hospital). MGG152 cells95 were 

provided by Dr. Samuel McBrayer (UT Southwestern Medical Center). All the cells were 

used in accord with the terms which they were obtained. 786-O, A-498, 769-P, RCC4, 

HEK293T and TUHR4TKB cells were cultured in DMEM (Gibco 11995073). Caki-2 

cells were cultured in McCoy’s 5A (Corning 10050CV). BT-549, WM266–4, OS-RC-2 

and TUHR14TKB cells were cultured in RPMI-1640 (Gibco 11875119). All media were 

supplemented with 10% FBS (GeminiBio 100–106) and 1% penicillin-streptomycin (Gibco 

15140122). A-704 was cultured in EMEM (Corning MT10010CM) supplemented with 

2 mM glutamine (Gibco 25030081), 1× non-essential amino acids (VWR 45000–700), 

1 mM sodium pyruvate (Gibco 11360070), 15% FBS and 1% penicillin-streptomycin. 

MGG152 was cultured in Neurobasal Medium (Gibco 21103049) supplemented with 3 

mM glutamine, 1× B-27 supplement (Gibco 17504044), 0.25× N-2 supplement (Gibco 

17502048), 20 ng/mL human recombinant EGF (STEMCELL Technologies 78006.1), 20 

ng/mL bFGF (STEMCELL Technologies 78003.1), 2 μg/mL heparin solution (STEMCELL 

Technologies 07890), 1% penicillin-streptomycin, and 125 ng/mL Amphotericin B (Thermo 

Fisher Scientific SV3007801). Cells were routinely tested for mycoplasma using MycoAlert 

Mycoplasma Detection Kit (Lonza LT07–318). Cells were maintained at 37°C in an 

atmosphere containing 5% CO2.

Animals—6–8 week old, female HLA-A*11:01 transgenic mice were purchased from 

Taconic [Taconic CB6F1-Tg(HLA-A*1101/H2-Kb)A11.01]. The mice carry a transgene 

consisting of fragment of the human HLA-A*11:01 gene and mouse H2-Kb gene. Animals 

were maintained in the animal facility at Dana-Farber Cancer Institute in compliance with 

the Institutional Animal Care and Use Committee.
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RCC patients enrolled in NeoVax trial—Human RCC and adjacent non-malignant 

kidney biospecimens were collected as part of a clinical trial (NCT02950766, NeoVax) of 

personalized neoantigen vaccination as adjuvant therapy for high-risk, resected RCC. The 

clinical information about each patient is listed as follows:

ID Sex Age at Nephrectomy Stage

16097_101 Male 58 III

16097_102 Female 57.3 III

16097_104 Female 57.6 IV NED

16097_105 Male 65.6 III

16097_106 Male 72.9 III

16097_107 Male 75.8 III

16097_108 Male 66.4 IV NED

16097_109 Male 50.5 III

16097_110 Male 65.3 III

16097_111 Male 65 III

16097_112 Female 55.6 III

RCC patients enrolled in allo-SCT study—PBMCs were collected as part of a clinical 

trial, from human RCC patients, who underwent allo-SCT at National Heart, Lung, and 

Blood Institute (NHLBI)37,38. The clinical information about each patient is listed as 

follows:

ID Sex Age at Transplant Tumor Stage Sex Matched Donor

NHLBI-RCC-39 Female 46 Metastatic Yes

NHLBI-RCC-1 Male 50 Metastatic Yes

NHLBI-RCC-69 Male 52 Metastatic No

NHLBI-RCC-62 Female 57 Metastatic Yes

NHLBI-RCC-63 Male 60 Metastatic No

NHLBI-RCC-71 Male 57 Metastatic Yes

RCC patients enrolled in T-scan screening—The study was conducted in accordance 

with the Declaration of Helsinki (1996), approved by the Washington University School 

of Medicine Institutional Review Board (IRB) HRPO 201411135. To be eligible for the 

study, patients were required to have a known or suspected diagnosis of ccRCC, to have 

received treatment with ICI therapy, and to have undergone surgical resection of residual 

tumors following a partial response by RECIST 1.1 or irRECIST criteria of at least one of 

the resected lesions.

Seven eligible patients were identified by the participating site through direct contact. 

Case report forms did not contain identifying information. Samples were de-identified 
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at the participating site with an anonymous code assigned to each sample. Anonymized 

dissociated tumor tissue samples from surgical resections were sent to TScan Therapeutics 

laboratories with limited demographic and clinical data. Demographics included age and 

sex. Clinical data included dates of diagnosis, pre- and post-treatment imaging CT scans and 

the prescribed treatment regimen prior to nephrectomy. Samples ccRCC1-ccRCC6 were all 

derived from post-treatment nephrectomies. Sample ccRCC7 comprised 5 dissociated tissue 

samples derived from a pre-treatment nephrectomy as well as post-treatment resections 

from 2 metastatic lesions in lung and vagina. Sample ccRCC7 was the only sample for 

which pre-treatment tissue was obtained. For three samples (ccRCC8-ccRCC10), single-cell 

TCR data were obtained from published data sets59,96 (patient ADR013 was relabeled as 

ccRCC8). The clinical information about each patient is listed as follows:

ID Sex Age Stage Regimen Prior to Nephrectomy Percent change/response

TScan-ccRCC1 Male 66 IV IPI+NIVO 39%/PR

TScan-ccRCC2 Male 75 IV IPI+NIVO 37.5%/PR

TScan-ccRCC3 Male 56 IV AXI+PEM 45%/PR

TScan-ccRCC4 Male 51 IV AXI+PEM 41%/PR

TScan-ccRCC5 Female 61 IV IPI+NIVO+CABO 42%/PR

TScan-ccRCC6 Female 50 IV IPI+NIVO 35.5%/PR

TScan-ccRCC7 Female 49 IV Nephrectomy followed by IPI+NIVO for 
metastases

60%/PR

Au13-ccRCC8 N/A N/A N/A NIVO PFS>10 month/PR

T3-ccRCC9 Male 64 IV IPI+NIVO Mixed response

T40ccRCC10 Male 63 IV IPI+NIVO CR

Note: IPI-Ipilimumab (CTLA4); NIVO-Nivolumab (PD-1); PEM-Pembrolizumab (PD-1); 

CABO-Cabozantinib (VEGFR); AXI-Axitinib (VEGFR)

Method Details

Lentiviral vectors—The pLenti-EF1α-Cas9-FLAG-IRES-Neo vector97 was used to 

generate Cas9-expressing cells. The pLX304-EV-IRES-GFP (Addgene 187640) and 

pLX304-VHL-IRES-Tdtomato (Addgene 187643) vectors were used to generate isogenic 

786-O, A-498 and RCC4 cell lines. pLenti-EF1α-HIF2α dPA (P405A, P531A) vector 

(Addgene 232954) was used to generate 786-O cells with overexpressed HIF2α mutant.

The pLentiCRISPRv2-puro vector (Addgene 98290) was used as a backbone for all sgRNA 

expression vectors. The vector was digested with FastDigest Esp3l (Thermo Fisher Scientific 

FD0454) for 15 minutes (min) at 37°C, and the linearized vector was gel-purified using 

QIAquick Gel Extraction Kit (Qiagen 28706). sgRNA sense and antisense oligonucleotides 

were mixed at an equimolar ratio, phosphorylated by T4 Polynucleotide Kinase (New 

England Biolabs M0201L), and annealed. The mixture was incubated for 30 min at 37°C, 

for 5 min at 95°C and cooled to 25°C at a rate of 5°C/min in a thermocycler. The PCR 

products were diluted at 1:200 and then ligated with purified linearized vector using T4 

DNA ligase (New England Biolabs M0202L) at 25°C for 1 hour (h). The ligation product 
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was transformed into chemically competent HB101 E. Coli (Promega L2011) at 1:10 

(v/v). Plasmids from ampicillin-resistant colonies were purified by QIAprep Spin Plasmid 

Miniprep Kit (Qiagen 27106) and validated by sanger sequencing.

Lentivirus production and infection—HEK293T cells were transfected with the 

lentiviral expression vector and the packaging vectors psPAX2 (Addgene 12260) and 

pMD2.G (Addgene 12259) in a 4:3:1 ratio using Lipofectamine 2000 (Invitrogen 

11668019). The media was removed 24 h later and replaced with fresh media. The virus-

containing supernatant was collected at 48 h and 72 h post transfection, pooled, and purified 

with 0.45-μm SCFA filters (Corning 431220). Viruses were then aliquoted and frozen at 

−80°C.

The adherent cells to be transfected were trypsinized and resuspended in fresh serum-

containing media. 2×105 cells/well in 2.3 mL of media were mixed with 200 μL viral 

supernatant and polybrene (Santa Cruz Biotechnology sc-134220 at the final concentration 

of 8 μg/mL) in 6-well plates. Plates were centrifuged at 2,000×g for 2 h at room temperature 

(RT) and then incubated in a humidified chamber overnight at 37°C. The supernatant was 

then removed and replaced with fresh media for an additional 24 h before antibiotics 

(puromycin at the final concentration of 2 μg/mL or blasticidin S at the final concentration 

of 10 μg/mL) were added for selection. For cells that were infected with bicistronic vectors 

(pLX304-EV-IRES-GFP or pLX304-VHL-IRES-Tdtomato), GFP or Tdtomato positive cells 

were isolated by FACS.

Chemicals—PT2399 was provided by Peloton Therapeutics and dissolved in DMSO to 

a final concentration of 100 mM for stock solutions. FG-4592 (ApexBio A4187) was 

dissolved in DMSO to a final concentration of 100 mM for stock solutions. GSK3685032 

(DNMT1 inhibitor) was provided by GSK and dissolved in DMSO to prepare 1 mM stock 

solutions.

Immunoblot analysis—Cells were washed with PBS, trypsinized, transferred to 

Eppendorf tubes and collected by centrifugation at 300×g for 5 min at 4°C. The cell pellets 

were washed once with ice-cold PBS and then lysed in EBC buffer (50 mM Tris-HCl pH 

7.4, 150 mM NaCl, 1% Nonident P-40, and 10% glycerol) supplemented with cOmplete 

protease inhibitors (Roche 11697498001) and PhosSTOP phosphatase inhibitors (Roche 

04906837001). Pellets were thoroughly disrupted by repeated pipetting followed by end-

over-end rotation for 30 min at 4°C. Lysates were cleared by centrifugation at 17,000×g for 

15 min at 4°C. Protein lysates concentration was determined by the Bradford assay (Bio-Rad 

Laboratories 5000006).

Extracts were diluted in Laemmli sample buffer, boiled at 95°C for 5 min, loaded onto 4–

20% protein gel (Novex WedgeWell XP04205BOX), resolved by sodium dodecyl sulfate 

(SDS) polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes 

using the Transblot Turbo System (Bio-Rad 1704155). Membranes were first stained with 

Ponceau S Staining Solution (Cell Signaling Technology 59803) to ensure proper transfer 

and rinsed with TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween-20) on a rocker until the 

Ponceau S stain was not visible. The membrane was then incubated with 5% non-fat milk 
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in TBS-T for 1 h at RT followed by three washes with TBS-T (5 min/wash). The membrane 

was incubated with primary antibody diluted in 5% protease-free bovine serum albumin 

(BSA, GoldBio A-420–10) and 0.05% sodium azide overnight at 4°C. On the following 

day, the primary antibody was removed, and the membrane was washed three times with 

TBS-T (5 min/wash) and then incubated with HRP-conjugated secondary antibodies [goat 

anti-rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch Labs 111–035-003) or goat 

anti-mouse IgG (Jackson ImmunoResearch Labs 115–035-003)] diluted at 1:3000 for 1 

h at RT. Then membrane was washed three times with TBS-T (5 min/wash). Bound 

antibodies were detected with Pierce ECL Plus Western Blotting Substrate (Thermo Fisher 

Scientific 32106) or SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo 

Fisher Scientific 34578). Chemiluminescent signal was detected with autoradiographic film 

(Denville E3031) or Azure Biosystems c600 Imager.

The primary antibodies used were rabbit α-HIF2α (Cell Signaling Technology 7096) 

at 1:1000, α-NDRG1 (Cell Signaling Technology 5196) at 1:1000, rabbit α-VHL (Cell 

Signaling Technology 68547) at 1:1500, rabbit α-HIF1α (Cell Signaling Technology 14179) 

at 1:1000, rabbit α-BNIP3 (Cell Signaling Technology 44060) at 1:1000, mouse α-Tubulin 

(Sigma-Aldrich T5168) at 1:10,000, SETDB1 (Proteintech 11231–1-AP) at 1:1000, rabbit 

α-IRF-7 (Cell Signaling Technology 4920) at 1:1000, rabbit α-Rig-I (Cell Signaling 

Technology 4200) at 1:1000.

Reverse transcription quantitative PCR (RT-qPCR)—Cells were homogenized with 

QIAshredder columns (Qiagen 79654), and total RNA was extracted from homogenized cell 

lysates using the RNeasy Mini Kit (Qiagen 74106) according to manufacturer’s protocol. 

The RNA was quantified on a NanoDrop spectrophotometer (Thermo Scientific ND-8000-

GL). cDNA was reverse transcribed from 1 μg purified RNA in a 10 μL reaction using 

the AffinityScript qPCR cDNA Synthesis Kit (Agilent 600559) with random primers as the 

primer probes. cDNA for each sample was diluted 10-fold for RT-qPCR. RT-qPCR was 

performed in triplicates on 384-well plates (Roche 047297490001) on a LightCycler 480 

Instrument II (Roche). The volume of each reaction was 7 μL [1.8 μL diluted cDNA, 1 μL 

H2O, 0.7 μL primer mix (forward and reverse primers; both at the concentration of 5 μM) 

and 3.5 μl SYBR Green I Master Mix (Roche 04707516001)]. Relative cDNA amount was 

calculated based on 2-ΔΔCt values using ACTB as a reference.

RNA-seq sample library preparation and sequencing—For RNA-seq experiments 

to identify HIF-response ERVs in 786-O (QJ8080) and A-498 cells (QJ9511), ribosomal 

RNA (rRNA)-depleted libraries were prepared using KAPA RNA HyperPrep Kit with 

RiboErase (Roche) from 100 ng of total RNA according to the manufacturer’s protocol. 

Briefly, mRNA or non-coding RNA were enriched and then purified using KAPA pure 

beads and fragmented at 94°C for 8 min. 1st strand and 2nd strand were subsequently 

synthesized. cDNA fragments were end-repaired and adenylated at the 3′ ends, and 

universal adapters were ligated to cDNA fragments, followed by index addition and library 

enrichment with 14 cycles of PCR post-adapter ligation on a Beckman Coulter Biomek i7. 

RNA-seq experiments performed to identify ERVs whose transcription become dependent 

on HIF2α upon GSK3685032 (DNMT1 inhibitor) treatment (QJ10472) were done in the 
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same manner except that the rRNA depletion was performed using QIAseq FastSelect rRNA 

HMR reagents (Qiagen 334375) according to the manufacturer’s protocol. Finished dsDNA 

libraries were quantified by Qubit fluorometer and Agilent TapeStation 4200. Uniquely dual 

indexed libraries were pooled in an equimolar ratio and shallowly sequenced on an Illumina 

MiSeq to further evaluate library quality and pool balance. The final pool was sequenced 

with paired-end 150 bp reads on an Illumina NovaSeq 6000 at the Dana-Farber Cancer 

Institute Molecular Biology Core Facilities.

Experiment 
Identifier

Description of Experiments and Data Location in Figures/Tables

QJ8080 Identify HIF-responsive ERVs in 786-O cells, Figure 2, S1 and Table S1

QJ9511 Identify HIF-responsive ERVs in A-498 cells, Figure S1 and Table S1

QJ10472 Identify ERVs whose transcription become dependent on HIF2α upon DNMT1 inhibitor 
treatment in 786-O cells, Figure S2 and Table S1

ERV quantification based on RNA-seq—Human ERV RNA levels were quantified 

using a previously published method10. Briefly, raw sequencing reads were first aligned to 

the reference human transcriptome (hg19) using bowtie2 (v2.3.4.3)98. Reads that failed to 

map to the human transcriptome were subsequently aligned to the reference ERV genome41. 

Paired-end reads where both ends perfectly matched to at least one ERV reference sequence 

(PM), or those with no more than one mismatch across both reads (1MM), were preserved. 

Single ends from read pairs that met the following criteria were also kept for downstream 

analysis: (i) perfect match to an ERV reference sequence; (ii) not part of any paired-end 

PM or 1MM matches to any ERV reference sequence; (iii) no matches to the human 

transcriptome. Duplicate reads were identified and removed using Picard MarkDuplicates 

[Picard Toolkit, Broad Institute, http://broadinstitute.github.io/picard/(2021)]. Quantification 

was performed using HTSeq (v0.11.0)99, and the final expression was defined as 2× 

number of paired-end matches (PM & 1MM) + number of single-end matches to the ERV 

reference database. The expression of each ERV was normalized to the library size of the 

corresponding sample as well as the length of the ERV. These normalized ERV counts were 

used in downstream analyses.

HIF signature correlation with ERV—We leveraged available RNA-seq data from 250 

tumors from patients with advanced ccRCC on the CheckMate 025 trial. The previously 

generated TPM matrix and normalized ERV raw counts as described in Braun et al10 

were used. Expression data were log-transformed and z-score normalized. A validated 

HIF2 signature43 and a housekeeping gene signature92 were calculated by averaging the 

normalized expression data of each gene set. Pearson’s correlations were computed between 

the expression levels of 15 ERVs and expression of the HIF2 and housekeeping gene 

signatures, as well as the HIF2-dependent genes EGLN3 and NDRG1. P-values were 

adjusted for multiple comparisons using the Benjamini–Hochberg method for each gene/

pathway.
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Knock-In FLAG-HA tag at the endogenous HIF2α locus—Solid Phase Reversible 

Immobilization (SPRI) magnetic beads were prepared by washing 1 mL carboxylate-

modified magnetic bead solution (GE Healthcare 65152105050250) three times with 1 

mL TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) using a magnetic stand 

(Invitrogen 12321D). The beads were then resuspended in 50 mL DNA precipitation buffer 

[10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 1 M NaCl, 18% w/v PEG8000 (Sigma-

Aldrich 89510–250G-F), 0.05% (v/v) Tween20] and stored at 4°C. For each experiment, 

an aliquot of the beads was equilibrated to RT before use. A double-stranded homology 

directed repair (HDR) DNA template was prepared using a previously published method100 

with modifications. A double-stranded DNA that was designed to introduce a 3× FLAG-HA 

epitope tag and intervening linker to the N-terminus of HIF2α and which was flanked by 5’ 

and 3’ homology arms was synthesized by Genewiz and provided in a pUC-Genewiz-Amp 

plasmid. This plasmid was used as a template for high-output PCR amplification using Kapa 

HotStart polymerase (Roche KK2601). To purify the resulting PCR product, 100 μL of 

the PCR reaction was mixed with 120 μL of SPRI magnetic beads in an Eppendorf tube 

and the mixture was incubated for 10 min at RT. The Eppendorf tube was then placed on 

the magnetic stand for several minutes so that the beads would attach to the side of the 

Eppendorf tube. Next, the liquid was removed, and the beads were washed twice with 1 

mL of freshly prepared 70% ethanol while leaving the tube in the stand. After the final 

wash, the liquid was removed by gentle aspiration and the beads were allowed to air-dry 

for 5–6 min. The Eppendorf tube was then removed from the magnetic stand and the beads 

were resuspended in 12 μL of 2 mM Tris-HCl pH 8.0 and incubated for 10 min at RT. The 

Eppendorf tube was then placed back in the magnetic stand for several minutes to capture 

the beads and supernatant containing the purified HDR template was transferred to a new 

Eppendorf tube.

To produce Cas9-Ribonucleoprotein (RNP) complexes, 1.2 μL of synthetic sgRNA (IDT) 

(stock solution: 100 μM), 1.4 μL of Alt-R Cas9 Electroporation Enhancer (stock solution: 

100 μM, IDT 1075916), 1.7 μL of Alt-R S.p. Cas9 Nuclease V3 (stock solution: 62 μM, IDT 

1081059), and 0.7 μL PBS (Gibco 14190–144) were mixed and incubated for at least 10 min 

at RT. Meanwhile, 2×105 cells were resuspended in 20 μL of SF-nucleofection buffer (Lonza 

Amaxa SF Cell Line 4D-Nucleofector × Kit V4XC-2032) and added to the Cas9-RNP 

mixture together with 3 μg of HDR template (typically 1.5–2 μg/μL). This final mixture 

was transferred to Nucleocuvette strips (Lonza Amaxa SF Cell Line 4D-Nucleofector × Kit 

V4XC-2032). The mixture was electroporated by using 4D-Nucleofector × unit with the 

electroporation condition EN138 based on pilot experiments in which the electroporation 

efficiency for the cells to be electroporated was tested for the 15 manufacturer provided 

electroporation conditions and manufacturer provided GFP reporter plasmid. Then, 100 μL 

of prewarmed media was added into each cuvette and incubated for 10 min at RT. Individual 

electroporation mixtures were transferred into individual wells of 6-well plates containing 2 

mL/well of prewarmed media supplemented with 1 μM of Alt-R HDR enhancer V2 (stock 

solution: 0.69 mM, IDT 10007921). The media was removed 16 h later and replaced with 

fresh media. Knock-in efficiency was determined by amplicon sequencing or immunoblot 

analysis 3–4 days post nucleofection. Polyclonal 786-O, OS-RC-2 and RCC4 cells with 

FLAG-HA knock-in at the N-terminus of HIF2α locus were used for the following ChIP-seq 
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experiments. Single cell cloning was conducted for 786-O cells with FLAG-HA knock-in 

at the N-terminus of HIF2α locus and two clones were used for the following ChIP-qPCR 

assays.

Chromatin Immunoprecipitation (ChIP)—For ChIP sample preparation, 1×107 

adherent cells were washed with PBS, trypsinized, transferred to Eppendorf tubes and 

collected by centrifugation at 300×g for 5 min at RT. Cell pellets were washed once with RT 

PBS-complete [PBS supplemented with 1× protease inhibitor (Sigma-Aldrich PIC0006) and 

5 mM sodium butyrate], resuspended in 2 mM of disuccinimidyl glutarate (DSG, Thermo 

Fisher Scientific 20593) diluted in PBS, and then agitated at 850 rpm on a Fisherbrand 

Isotemp Heat/Cool Programmable Thermal Mixer II (Thermo Fisher Scientific) at RT 

for 45 min. The cell pellets were collected by centrifugation at 300×g for 5 min at RT. 

The supernatant was removed, and the cell pellets were resuspended in freshly made 1% 

formaldehyde (Thermo Fisher Scientific 28908) diluted in PBS followed by agitation at 850 

rpm on a Fisherbrand Isotemp Heat/Cool Programmable Thermal Mixer II for 10 min at RT. 

The crosslinking was quenched by adding glycine to a final concentration of 0.125 M with 

agitation at 850 rpm on a Fisherbrand Isotemp Heat/Cool Programmable Thermal Mixer 

II for 5 min at RT. The cell pellets were collected by centrifugation at 300×g for 5 min 

at 4°C. Cell pellets were washed once with ice-cold PBS-complete. Crosslinked cells were 

then pelleted, snapfrozen, and stored at −80°C.

Aliquots of frozen pellets were thawed on ice, resuspended in 500 μL of 1% SDS lysis 

buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1% SDS, 1× protease inhibitor, 5 

mM sodium butyrate), and lysed on ice for 10–15 min. The lysates were transferred to 1 mL 

Adaptive Forced Acoustics (AFA) fiber milliTUBEs (Covaris 520135) and sonicated at the 

following settings: 140 peak incident power, 5% duty factor and 200 cycles per burst) using 

Covaris E220 sonicator. Sonication lasted for 10 min (per sample for ChIP-seq samples) or 

20 min (per sample for ChIP-qPCR samples). Post sonication, the lysates were transferred to 

Eppendorf tubes and cleared by centrifugation at 17,000×g for 15 min at 4°C.

To determine the amount of precleared chromatin to be used for ChIP-seq experiments, 10 

μLl of the lysates were aliquoted (INPUT) and 90 μL of TE was added to make 100 μl 

solution. 1 μL RNase A (Invitrogen AM2696) was added to the samples and incubated for 

30 min at 37°C, then 5 μL Proteinase K (20 mg/ml, Thermo Fisher Scientific EO0492) was 

directly added to the mixture and incubated at 65°C for 16 h with constant agitation at 850 

rpm on a Fisherbrand Isotemp Heat/cool Programmable Thermal Mixer II at the indicated 

temperatures. Next the chromatin was purified using PCR Purification Kit (Qiagen 28104). 

Briefly, 500 μL PB buffer was added to each 100 μL sample and the mixture was mixed 

and loaded onto the purification column. The purified chromatin was eluted using 32 μL 

EB buffer. Chromatin (INPUT) concentration was determined using a Qubit High Sensitivity 

Kit (Life Technologies A33231) on a Qubit 4 Fluorometer (Invitrogen Q33239). 40 μg 

chromatin (INPUT) was immunoprecipitated with 5 μg of FLAG antibody (Sigma-Aldrich 

F1804) or 10 μL HIF2α antibody (a gift from Dr. David R. Mole)101. For ChIP-qPCR 

experiments, the concentration of precleared cell lysates were determined by the Bradford 

assay (Bio-Rad Laboratories 5000006). 500 μg of protein lysates were aliquoted and 

incubated with 2 μg of FLAG antibody for the subsequent immunoprecipitation experiments.
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Antibody-bead conjugation was done by first taking 30 μL of Protein G Beads (Life 

Technologies 10004D) per sample and washing them three times with 500 μL ice-cold 

0.5% BSA diluted in PBS. The beads were then resuspended in 500 μL ice-cold 0.5% 

BSA diluted in PBS with the desired number of antibodies and rotated end-to-end for 4–6 

h at 4°C, followed by two additional washed with ice-cold 0.5% BSA diluted in PBS to 

remove unbound antibodies. Lysates containing the desired amount of chromatin/protein 

were diluted 10-fold using ChIP dilution buffer (20 mM Tris-HCl pH 8.0, 1% Triton X-100, 

2 mM EDTA, 150 mM NaCl, 1× protease inhibitor, 5 mM sodium butyrate), added to 

pre-washed antibody-bead conjugates and then rotated end-to-end overnight at 4°C. The 

next day, the bead-bound chromatin-antibody complexes were washed twice with RIPA 

0 buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8.0, 0.1% SDS, 1% Triton X-100, 

0.1% sodium deoxycholate), twice with RIPA 0.3 buffer (10 mM Tris-HCl pH 7.4, 1 mM 

EDTA pH 8.0, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 0.3 M NaCl), 

twice with LiCl buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8.0, 0.5% NP40, 0.5% 

sodium deoxycholate, 0.25 M LiCl), and then eluted with 100 μl pre-warmed (37°C) ChIP 

elution buffer (1% SDS, 0.1 M NaHCO3 in H2O). 1 μl RNase A was added to the samples 

and incubated for 30 min at 37°C, then 5 μl Proteinase K was added to the samples and 

incubated at 65°C for 16 h. For RNase A and Proteinase K incubation, the samples were 

constantly agitated at 850 rpm on Fisherbrand Isotemp Heat/cool Programmable Thermal 

Mixer II.

For ChIP-seq samples, the supernatant was purified using a MinElute PCR Purification Kit 

(Qiagen 28004), eluted in 12 μL H2O, and quantified using a Qubit High Sensitivity Kit. 

A 5 μL sample was used for ChIP-seq library preparation with a Swift DNA Library Prep 

Kit (Swift Biosciences). 75 bp paired-end reads were sequenced on an Illumina NextSeq 

500 instrument. Browser snapshots shown in Figure 3 and S2 were generated with bigWig 

files and Integrative Genomics Viewer (https://software.broadinstitute.org/software/igv/). For 

ChIP-qPCR samples, chromatin was purified using a PCR Purification Kit (Qiagen 28104). 

The purified chromatin was eluted with 50 μl H2O. The eluted samples were diluted 2-fold 

with H2O prior to RT-qPCR. RT-qPCR was performed in triplicates in 384-well plates with 

a LightCycler® 480 Instrument II. The volume of each reaction was 7 μL [1.8 μL diluted 

DNA, 1 μL H2O, 0.7 μL primer mix (forward and reverse primers; both at the concentration 

of 5 μM) and 3.5 μL SYBR Green I Master Mix]. Relative genomic DNA amount was 

calculated based on 2-ΔΔCt values using ACTB as a reference.

For peak calling and data analysis, all samples were processed through the computational 

pipeline developed at the Dana-Farber Cancer Institute Center for Functional Cancer 

Epigenetics (CFCE) using primarily open-source programs102,103. Sequence tags were 

aligned with Burrows-Wheeler Aligner (BWA)104 to build hg19 and uniquely mapped, 

non-redundant reads were retained. These reads were used to generate binding sites with 

Model-Based Analysis of ChIP-seq 2 (MACS v2.1.1.20160309), with a q-value (FDR) 

threshold of 0.01105. We evaluated multiple quality control criteria based on alignment 

information and peak quality: (i) sequence quality score; (ii) uniquely mappable reads (reads 

that could only map to one location in the genome); (iii) uniquely mappable locations 

(locations that could only be mapped by at least one read); (iv) peak overlap with Velcro 

regions, a comprehensive set of locations – also called consensus signal artifact regions – in 
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the genome that have anomalous, unstructured high signal or read counts in next-generation 

sequencing experiments independent of cell line and of type of experiment; (v) number 

of total peaks (each sample had >3,000 peaks, passing the minimum requirement of 

1000); (vi) high-confidence peaks (the number of peaks that were 10-fold enriched over 

background); (vii) percentage overlap with known DHS sites derived from the ENCODE 

Project (samples meet the minimum threshold 80%); (viii) peak conservation (a measure 

of sequence similarity across species based on the hypothesis that conserved sequences are 

more likely to be functional). All samples in this study passed quality control criteria.

For differential binding analyses, differential peak analysis was performed using the CoBRA 

pipeline103. Differential peaks were identified by DEseq2 with adjusted p ≤ 0.05. A total 

number of reads in each sample was applied to the size factor in DEseq2, which can 

normalize the sequencing depth between samples.

To identify overlapped ERV and HIF2α peak location, the HIF2α bed file was extended by 

1 kb, 5 kb, 10 kb for each peak region using the BEDOPS tool106. The extended HIF2α 
bed files were intersected with the ERV reference bed file using the BedTools intersect 

command107. Final lists contain overlapped genomic locations of ERV and extended HIF2α 
peaks, which are listed in Table S2.

PRO-seq sample preparation and analysis—Cells (Human or Drosophila) were 

washed with RT PBS, trypsinized for 1–2 min at 37°C, quenched with ice-cold DMEM 

+10% FBS and transferred to 50 mL conical tubes. After harvesting, cells were always kept 

on ice. 5×106 to 1×107 cells per condition were collected by centrifugation at 300×g for 4 

min at 4°C. The supernatant was removed, and the cell pellets were gently resuspended 

in 10 mL ice-cold PBS, followed by centrifugation at 300×g for 4 min at 4°C. The 

supernatant was removed, and the cells were resuspended in 250 μL wash buffer [10 mM 

Tris-HCl pH 8.0, 10 mM KCl, 250 mM sucrose, 5 mM MgCl2, 1 mM EGTA, 10% (v/v) 

glycerol, 0.5 mM DTT (Thermo Fisher Scientific 707265ML), 0.2 μL/mL RNase inhibitor 

(Invitrogen AM2696) and 1× protease inhibitor (Thermo Fisher Scientific A32965)]. The 

cell pellets were gently pipetted using wide bore filtered pipette tips (Thermo Fisher 

Scientific 2079GPK) to create single-cell suspensions. The cell suspension was passed 

through a cell strainer once (Falcon 352235) to avoid cell clumps. 10 mL permeabilization 

buffer [10 mM Tris-HCl pH 8.0, 10 mM KCl, 250 mM sucrose, 5 mM MgCl2, 1 mM EGTA, 

10% (v/v) glycerol, 0.1 % (v/v) IGEPAL CA-630, 0.05% (v/v) Tween-20, 0.5 mM DTT, 0.2 

μL/mL RNase inhibitor and 1× protease inhibitor] was slowly (over 5–10 seconds) added 

to the single-cell suspension along the wall of the conical tube. The samples were then 

incubated on ice for 5 min before centrifugation at 400×g for 4 min at 4°C. The supernatant 

was removed by gently inverting the tubes after which 1 mL of ice-cold wash buffer was 

added to each of the pellets to dilute out the residual permeabilization buffer followed by 

gently pipetting 2–3 times to achieve a single cell suspension. Next an additional 9 mL of 

ice-cold wash buffer was added to each tube and the samples were pelleted by centrifugation 

at 400×g for 4 min at 4°C. This wash procedure (1 mL wash buffer followed by 9 mL 

wash buffer) was repeated an additional 2 times. After the washes, the cell pellets were 

resuspended in 250 μL freezing buffer [50 mM Tris-HCl, pH 8.0, 40% (v/v) glycerol, 5 mM 

MgCl2, 1.1 mM EDTA, 0.5 mM DTT, 1 μL/mL RNase inhibitor] and transferred to 1.5 mL 
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low binding tubes (Thermo Fisher Scientific 90410). 250 μL freezing buffer/tube was also 

added to the 50 mL conical tubes, followed by gentle pipetting, to collect any residual cells, 

which were then pooled with the first resuspension (bringing the total volume to 500 μL, 

which was further resuspended by gentle pipetting). Trypan blue-stained cell number was 

determined using a hemocytomer after which the cells were diluted using freezing buffer to 

the concentration of 1×106 cell/100 μL. Aliquots of 5×106 permeabilized cells per 1.5 mL 

low binding tube were flash frozen in liquid nitrogen and stored at −80°C prior to use.

To conduct nuclear run-ons and library preparation, aliquots of frozen permeabilized cells 

were thawed on ice, pipetted gently, and recounted using a Luna II automated cell counter 

(Logos Biosystems). For each sample, 1×106 permeabilized Human cells were used for 

nuclear run-ons, with 5×104 permeabilized Drosophila S2 cells added to each sample for 

normalization. Nuclear run-on assays and library preparation were performed as described 

in Reimer et al56 with modifications. Briefly, nascent RNA was labeled by a run-on assay 

in which an equal volume of 2× nuclear run-on buffer [10 mM Tris-HCl, pH 8.0, 300 mM 

KCl, 1% sarkosyl, 10 mM MgCl2, 1 mM DTT, 20 μM/ea biotin-11-NTPs (Perkin Elmer 

NEL543001EA), 0.8 U/μl RNase inhibitor)] was added into permeabilized cell mixture and 

incubated for 5 min at 37°C. RNA was purified by the Total RNA Purification Kit (Norgen 

Biotek Corp 17200) per manufacturer’s instructions, eluted in 100 μL H2O, and fragmented 

by base hydrolysis by adding 25 μL 5× fragmentation solution (375 mM Tris-HCl, pH 8.3, 

562.5 mM KCl, 22.5 mM MgCl2) followed by incubation for 5 min at 94°C. Fragmentation 

was stopped by adding 125 μL ice-cold 0.1 M EDTA. To enrich for biotin-labeled nascent 

RNA, 10 μL of streptavidin C1 magnetic beads (Invitrogen 65001) were washed, rendered 

RNase free per manufacturer’s instructions, and resuspended in 50 μL binding buffer (10 

mM Tris-HCl pH 7.4, 300 mM NaCl, 0.1% Triton X-100) before being added to the 

fragmented RNA. The samples were rotated end-to-end for 20 min at RT. The streptavidin 

magnetic beads were then washed twice with high salt buffer (50 mM Tris-HCl pH 7.4, 2 

M NaCl, 0.5% Triton X-100), twice with binding buffer (listed above), and twice with low 

salt buffer (5 mM Tris-HCl pH 7.4, 0.1% Triton X-100). The beads were next resuspended 

in 500 μL TRIzol Reagent (Invitrogen 15596026) and incubated at 65°C for 5 min to 

elute RNA from the beads. This elution step was repeated once and the first and second 

eluates for a given sample were pooled. The RNA was subsequently purified by adding 

2.75× volumes of 100% ethanol to the 400 μL solution recovered from aqueous phase of 

TRIzol in the presence of 20 μg of Ultrapure glycogen (Invitrogen 10814010). The pelleted 

RNA was subsequently washed per manufacturer’s instructions and resuspended in 5 μL of 

10 μM App-VRA3_6N 3’ end adapter prepared using the 5’ DNA Adenylation Kit (New 

England Biolabs M2611A) and ligated using T4 RNA ligase 2, truncated KQ (New England 

Biolabs M0373) per manufacturer’s instructions with 15% (w/v) PEG-8000 in final solution 

and incubated overnight at 16°C. 180 μL of betaine binding buffer [1.42g of betaine (Sigma-

Aldrich 61962) in 10 mL with binding buffer] was mixed with ligations and incubated for 5 

min at 65°C and then for 2 min on ice. Capture on Streptavidin beads was again performed 

as above to enrich for ligated nascent RNAs except for the addition of a final wash with 

1× MDE buffer (New England Biolabs B0608S) after the washes with high salt buffer, 

binding buffer, and low salt buffer. To prepare nascent RNA for 5’ end adapter ligation, 

the 5’ ends of the RNA were first decapped by mRNA decapping enzyme (New England 
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Biolabs M0608S) for 1 h at 37°C. The beads were washed once in high, once with low salt 

buffer, and then once in 1× T4 PNK reaction buffer. The samples were then treated with 

T4 polynucleotide kinase (New England Biolabs M0201) for 1 h at 37°C for 5’-hydroxyl 

repairs, followed by one wash with high salt buffer, one wash with low salt buffer, and 

one wash with 0.25× T4 RNA ligase reaction buffer prior to resuspension in 5 μL of 10 

pmol 5’ RNA adapter VRA5_6N. Next T4 RNA ligase 1 (New England Biolabs M0204L) 

was used to ligate the 5’ RNA adapter per manufacturer’s instructions with 15% (w/v) 

PEG-8000 in final solution and incubated overnight at 16°C. Following the 5’ end ligation, 

beads were washed twice with high salt buffer, twice with binding buffer, and twice with 

low salt buffer, then once with 0.25× SuperScript IV reaction buffer. Reverse transcription 

was performed using SuperScript IV Reverse Transcriptase (Invitrogen 18090010) and the 

cDNA was eluted from the beads by heating the samples twice for 30 seconds at 95°C. The 

eluted cDNA was initially amplified for 5-cycles of “preCR” [NEBNext Ultra II Q5 master 

mix (New England Biolabs M0544S) with Illumina TruSeq PCR primers RP-1 and RPI-X 

for indexing] following the manufacturer’s suggested PCR cycling protocol for library 

construction]. A portion of preCR was serially diluted and for test amplification to determine 

optimal amplification of final libraries. Libraries were amplified by 3 additional cycles of 

PCR (8 cycles in total). The amplified library was purified using the ProNex Size-Selective 

Purification System (Promega) and sequenced using the Illumina NovaSeq platform.

All the custom scripts used to process the PRO-seq data described herein are available on 

the AdelmanLab GitHub (https://github.com/AdelmanLab/NIH_scripts; https://zenodo.org/

records/5519915). Dual, 6nt Unique Molecular Identifiers (UMIs) were extracted from read 

pairs using UMI-tools [10.1101/gr.209601.116]. Read pairs were trimmed using cutadapt 

1.14. The UMI length was trimmed off the end of both reads to prevent read-through into 

the UMI of the other end of the sequence, which will happen for shorter fragments. An 

additional nucleotide was removed from the end of read 1 (R1), using seqtk trimfq (https://

github.com/lh3/seqtk), to preserve a single mate orientation during alignment. The paired-

end reads were then mapped to a combined genome index, including both the spike (dm6, 

drosophila) and primary (hg19, human) genomes, using bowtie2 [10.1038/nmeth.1923]. 

Properly paired-end reads were retained. These read pairs were then separated based on 

the genome (i.e. spike-in vs primary) to which they mapped, and both these spike and 

primary reads were independently deduplicated, again using UMI-tools. Reads mapping to 

the reference genome were separated according to whether they were R1 or R2, sorted via 

samtools 1.3.1 (-n), and subsequently converted to bedGraph format using a custom script 

(bowtie2stdBedGraph.pl; 10.5281/zenodo.5519915). We note that this script counts each 

read once at the exact 3’ end of the nascent RNA. Because R1 in PRO-seq reveals the 

position of the RNA 3’ end, the “+” and “-” strands were swapped to generate bedGraphs 

representing 3’ end positions at single nucleotide resolution. Samples displayed highly 

comparable recovery of spike-in reads, thus samples were normalized based on the DESeq2 

size factors. Combined bedGraphs were generated by summing counts per nucleotide across 

replicates for each condition.

Annotated transcription start sites were obtained from human (GRCh37.87) GTFs from 

Ensembl. After removing transcripts with biotypes, PRO-seq signal in each sample was 

calculated in the window from the annotated transcription start site (TSS) to +150 nt 
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downstream, using a custom script, make_heatmap.pl. This script counts each read one 

time, at the exact 3’ end location of the nascent RNA. Given good agreement between 

replicates and similar return of spike-in reads, bedGraphs were merged within conditions, 

and depth-normalized, to generate bigWig files binned at 10 bp. Browser snapshots shown 

in Figure 3 and S3 were generated with bigWig files and Integrative Genomics Viewer 

(https://software.broadinstitute.org/software/igv/).

Polysome-seq sample preparation—1×107-2×107 adherent cells were washed once 

with ice-cold PBS and subsequently lysed/scraped directly from the plates on ice using 

a polysome extraction buffer [(25 mM HEPES pH 7.5, 5 mM MgCl2, 100 mM KCl, 

2 mM DTT, 1% Triton X-100, 0.1 mg/mL cycloheximide, 0.05 U/μL RNase inhibitor 

(Invitrogen AM2696), and 1× Roche-complete EDTA-free protease inhibitor cocktail 

(Roche 4693132001)]. The lysates were homogenized with 5–6 strokes in a glass Dounce 

homogenizer on ice, then cleared at 10,000×g for 5 min at 4°C. Cleared lysates were 

loaded on top of 10–50% linear sucrose gradients (mixed using a BioComp gradient mixer 

gradients containing 25 mM HEPES pH 7.5, 5 mM MgCl2, 100 mM KCl, 2 mM DTT, 

0.1 mg/mL cycloheximide, and 1× Roche-complete EDTA-free protease inhibitor cocktail) 

and centrifuged in a Beckman Coulter ultracentrifuge at 40,000 rpm for 3 h at 4°C in 

a SW41Ti rotor. After centrifugation, gradients were fractionated and analyzed using a 

BioComp fractionator monitoring absorbance at 260 nm. Polysome profiles were manually 

inspected to determine fractions containing polysomes, and these fractions were pooled for 

RNA purification (polysome-containing fractions were identified as all fractions heavier 

than the monosome peak which was excluded). RNA was purified from pooled polysome 

sucrose gradient fractions using TRIzol LS (Invitrogen 10296028) followed by sequential 

isopropanol and ethanol precipitations. RNA quality was analyzed using an Agilent RNA 

TapeStation (RIN values all > 9), and Illumina sequencing libraries were prepared using a 

SMARTer Stranded Total RNA Sample Prep Kit - HI Mammalian (Takara 634873). Final 

sequencing libraries were quantified using Qubit HS DNA assays and an Agilent High 

Sensitivity TapeStation. Uniquely dual indexes libraries were pooled and sequenced on 

an Illumina NovaSeq 6000 at the Dana-Farber Cancer Institute Molecular Biology Core 

Facilities. The sequencing method was the same as described above for RNA-seq. 786-O 

samples (QJ8789) were sequenced with pair-end 100 bp reads, whereas A-498 samples 

(QJ9677) were sequenced with pair-end 150 bp reads.

Flow Cytometry to measure cell surface HLA complexes—786-O and A-498 cells 

expressing pVHL or EV were treated with either 100 ng/mL IFNγ (Peprotech 300–02) or 

vehicle for 72 h. The cells were then washed once with PBS, detached by Versene (Gibco 

15040066), transferred to 15 mL conical tubes, and pelleted by centrifugation at 450×g 
for 5 min at RT. The cell pellets were next resuspended in cell culture media and passed 

through a cell strainer (Falcon 352235) to avoid cell clumps. The single cell suspension 

was centrifuged at 450×g for 5 min at RT, after which the cell pellets were resuspended at 

the concentration of 5×106 cells/mL cell culture media. 200 μL of cells were used for each 

staining. 5 μL of Human TruStain FcX (Biolegend 422302) was added to each sample to 

block Fc receptors for 10 min at RT in the dark. 5 μL of Alexa 647 conjugated antibodies 

[W6/32 for HLA-Class I (Santa Cruz Biotechnology sc-32235 AF647) and its isotype 

Jiang et al. Page 27

Cell. Author manuscript; available in PMC 2025 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://software.broadinstitute.org/software/igv/


control (Santa Cruz Biotechnology sc-24637)] were added to each sample, and the mixture 

was incubated for 30 min at RT in the dark. 4.5 mL PBS was added to each sample, after 

which the cells were pelleted by centrifugation at 450×g for 5 min at RT. The cell pellets 

were next resuspended in 500 μL of fixation buffer (Biolegend 420801) and analyzed at 

the Dana-Farber Cancer Institute Flow Cytometry Core Facility using BD LSRFortessa (BD 

Biosciences).

Immunopeptidomes – HLA-IP—To upregulate cell surface HLA class I protein 

expression, 786-O or A-498 cells were stimulated with 100 ng/mL IFNγ for 72 h 

and then detached with Versene, transferred to 50 mL conical tubes, and pelleted by 

centrifugation at 450×g for 5 min at 4°C. IP for HLA was performed using previously 

published methods108,109 with modifications. Each IP was conducted using 5×107 cells 

or 0.1 g of tumor tissue in 6 replicates. Cell pellets or RCC tumor tissues were washed 

once with ice-cold PBS and lysed in 1 mL ice-cold lysis buffer [20 mM Tris pH 8.0, 1 

mM EDTA pH 8.0, 100 mM NaCl, 1% Triton X-100, 60 mM octyl β-d-glucopyranoside 

(Sigma-Aldrich O8001), 6 mM Iodoacetamide (Sigma-Aldrich A3221), 20 U/mL DNase 

I (Roche 4536282001) supplemented with 1 mM phenylmethanesulfonyl fluoride (Sigma-

Aldrich 78830) and 1× protease inhibitor. Cells and tissues were homogenized with Fisher 

150 homogenizer using disposable plastic generator probes (Thermo Fisher Scientific 15–

340-176). Cell lysates were centrifuged at 14,000×g for 22 min at 4°C. Cleared lysate 

supernatant was incubated with 10 μg of HLA-I antibody (Santa Cruz Biotechnology Clone 

W6/32, sc-32235) and coupled with 25 μL dry weight GammaBind Plus Sepharose beads 

(Cytiva 17088601) under rotary agitation for 3 h at 4°C. The beads were then thoroughly 

washed as follows to remove unbound protein and antibodies: once with wash buffer (20 

mM Tris pH 8.0, 1 mM EDTA pH 8.0, 100 mM NaCl, 60 mM octyl β-d-glucopyranoside, 

1% Triton X-100), three times with octyl buffer (20 mM Tris pH 8.0, 1 mM EDTA pH 

8.0, 100 mM NaCl, 60 mM octyl β-d-glucopyranoside), twice with Tris buffer (20 mM Tris 

pH 8.0) and once with Millipore H2O. After the final wash any remaining supernatant was 

removed with a pipette tip hook to a vacuum. The beads were then allowed to air dry and 

stored at −80°C. Two IP samples for a given condition were combined in one MS run.

Immunopeptidomics - LC-MS/MS data generation—For both label free (786-O 

and A-498 cells) and TMT (786-O cells) immunopeptidome experiments, HLA-I bound 

peptides were eluted from the HLA-IP beads on top of Sep-Pak tC18 1 cc Vac Cartridges 

(Waters WAT054960) on a vacuum manifold. Cartridges were equilibrated twice with 200 

μL MeOH, once with 100 μL 50% acetonitrile (ACN)/1% formic acid (FA), and then four 

times with 500 μL 1% FA. Beads with HLA-I bound peptides were resuspended in 200 μL 

3% ACN/5% FA and transferred to the equilibrated cartridges. HLA-I bound peptides were 

eluted twice with 200 μL 10% acetic acid for 5 min and then desalted four times with 500 

μL 1% FA. Finally, peptides were eluted from the desalting cartridge first with 250 μL 15% 

ACN/1% FA and then with 250 μL 50% ACN/1% FA. The two eluates were pooled and 

dried in a vacuum concentrator. For the TMT labeled samples, dried peptides from the acid 

elution and desalting described above, were reconstituted in 12.5 μL 50 mM HEPES (pH 

7.0). Peptides from all samples were labelled with 5 μL 20 μg/μL TMT10 reagents (100 μg 

per channel) (Thermo Fisher Scientific 90406, Lot#SE240163) for 1 h at RT. Excess TMT 
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reagent was quenched by addition of 1 μL 5% hydroxylamine. Six samples (EV +IFNγ, 

VHL+IFNγ in triplicates) as well as a common reference sample (used to normalize across 

multiple TMT plexes, data not included in this manuscript) were pooled (see Table S4 for 

channel layout) into a TMT-7plex. After pooling, samples were desalted on C18 StageTips 

and eluted into four fractions using increasing concentrations of ACN (3%, 10%, 15%, and 

50%) in 5 mM ammonium formate (pH 10). Fractions were dried in a vacuum concentrator 

and stored at −80°C until LC–MS/MS data acquisition.

For the label free samples, HLA-peptides were secondarily desalted using bRP 

fractionation110, StageTips were prepared using two disks of SDB-XC material (Empore 

2240), washed and equilibrated once with 100 μL 100% MeOH, once with 100 μL 50% 

ACN/1% FA, and then three times with 100 μL 1% FA. Dried peptides were resuspended in 

200 μL 5% ACN/3% FA and loaded onto the StageTips. Peptides were desalted with 100 μL 

1% FA three times before elution into three fractions with increasing concentrations of ACN 

(5%, 10%, and 30%) in 0.1% (w/v) NH4OH (Sigma–Aldrich 338818, pH 10). Fractions 

were dried in a vacuum concentrator and stored at −80°C until LC–MS/MS data acquisition.

For cell line samples, peptides were reconstituted in 3% ACN/5% FA before loading onto 

analytical columns [25–30 cm, 1.9 μm C18 (Dr. Maisch HPLC)] that were packed in-house 

into PicoFrit columns with 75 μm inner diameter, 10 μm emitters (New Objective). Peptides 

were eluted with a linear gradient (Thermo Fischer Scientific EasyNanoLC 1000) ranging 

from 6–30% buffer B (90% ACN/0.1 % FA) over 84 min, 30–90% buffer B over 9 min and 

held at 90% buffer B for 5 min at 200 nL min−1. MS/MS spectra were acquired on a Thermo 

Orbitrap Exploris 480 (Thermo Fisher Scientific) in data dependent acquisition.

For the TMT samples, the spray voltage was set at 1,800 V with the ion transfer tube 

temperature of 305°C and the MS1 spectra were collected at 60,000 resolution until either 

100% normalized automatic gain control target or a maximum injection time of 50 ms 

was reached. Monoisotopic peak detection was set to “peptide” and “relax restrictions” was 

enabled; precursor fit filter was set to 50% fit threshold and 1.2 m/z fit window. Dynamic 

exclusion was 10 s. For HLA-I bound peptides, up to 10 precursors of charge 2+ to 4+ were 

subjected to MS/MS acquisition. Precursors were isolated with a 1.1 m/z window, collected 

with 50% normalized automatic gain control target and 100 ms maximum injection time, 

fragmented at 34% HCD collision energy, and acquired at 45,000 resolution.

For the label free samples, the spray voltage was set at 1,800 V with the ion transfer tube 

temperature of 305°C and the MS1 spectra were collected at 60,000 resolution until either 

100% normalized automatic gain control target or a maximum injection time of 50 ms was 

reached. Monoisotopic peak detection was set to “peptide,” and “relax restrictions” was 

enabled; precursor fit filter was set to 50% fit threshold and 1.2 m/z fit window. Dynamic 

exclusion was 10 s. For HLA-I bound peptides, up to five precursors of charge 1+ between 

800 and 1700 m/z or 10 precursors of charge 2+ to 4+ were subjected to MS/MS acquisition. 

Precursors were isolated with a 1.1 m/z window, collected with 50% normalized automatic 

gain control target and 100 ms maximum injection time, fragmented at 30% HCD collision 

energy, and acquired at 15,000 resolution.
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For RCC patient samples, data were generated over a 3-year period, 2019–2021. The data 

for samples 101, 102, 104, and 105 was previously published110, and used similar methods 

to the label-free cell line samples described above. Replicate data were collected both 

with and without SDB-XC fractionation and with and without FAIMS (CVs −50 and −70) 

for most samples. Data for samples 101, 102, and 106 was generated with a Thermo 

Orbitrap Fusion Lumos instrument using the Xcalibur version 3.1.2412.25. Data for all other 

samples was generated with the same Thermo Orbitrap Exploris 480 used for the cell line 

samples using the Xcalibur versions 1.1–1.1.75.22/1.1.117.22, 2.0–2.0.122.16/2.0.182.25, 

3.0–3.0.204.12/3.0.261.13, 3.1–3.1.231.6/3.1.279.9.

Immunopeptidomic – LC-MS/MS data analysis—Spectrum Mill (SM) v8.02 

(proteomics.broadinstitute.org) was used to prepare sequence databases and identify 

peptides in LC-MS/MS datasets.

Sequence database construction: To search LC-MS/MS spectra to find ERV-derived 

peptides, we prepared a sequence database containing both ERV proteome and reference 

proteome. The ERV proteome was constructed from the 3173 human ERVs described 

in Vargiu et al. with supplemental Table 141 converted to a .bed file and GRCh37 

(hg19) nucleotide sequences extracted with QUILTS111 v3 (https://github.com/ekawaler/

pyQUILTS). 6-frame translation was performed using the SM sequence database utilities 

with minimum protein length 7 and Met start for each ORF not required. We started with 

nucleotide ERV sequences from the Vargiu database41 rather than protein sequences from 

the gEVE database112, because gEVE imposes an ORF length minimum of 80 amino acids 

(AAs). In practice, the well-studied Childs’ peptide ATFLGSLTWK may be derived from 

7 possible relatively short ERV ORFs (length 21–61 AAs). Several peptides identified in 

this study may also be derived from ORFs shorter than 80 AAs. In addition, the Vargiu 

database has been used in prior studies, including Smith et al33 and Kobayashi et al81, 

where immunogenic peptides derived from ERVs for ccRCCs were discovered. Subsets of 

the HIF2-responsive ERVs for the RCC lines 786-O (57 ERVs), A-498 (31 ERVs), or 786-O 

+ A-498 (81 ERVs - 44,747 proteins, 721,483 peptide 9-mers) were 6-frame translated as 

above and appended to the base reference proteome for searching the LC-MS/MS data from 

786-O cells, A-498 cells, or RCC patient tissue, respectively.

For the reference proteome, equivalent versions of the last GRCh37 (hg19) genome 

assembly were used as the reference genome (Broad GRCh37/b37) for RNA-seq 

analyses, and the reference proteome (Ensembl v38), ftp.ensembl.org/pub/grch37/current/

fasta/homo_sapiens/pep/Homo_sapiens.GRCh37.p ep.all.fa.gz. The Ensembl v38 protein 

fasta file was filtered to retain non-redundant entries from standard chromosomes (not 

GL, H, LRG) with transcript_biotype – protein coding, and minimum length 7. The base 

reference proteome consisted of Ensembl v38 (71,704 proteins), along with common 

laboratory contaminants (602 proteins). For RCC patient tissues, the 81 ERVs described 

above appended to the base reference proteome yields relative unique 9-mer contributions 

of 94% and 6% for Ensembl v38 + contaminants, and ERVs, respectively, while the ERV 

contributions were 4% and 2% for the 786-O and A-498 cell lines, respectively.
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Spectrum quality filtering: Using the SM Data Extractor module similar MS/MS spectra in 

the same chromatographic peak with the same precursor mass were merged. The precursor 

MH + inclusion range was 800–6000 (TMT labeled samples), 600–4000 (RCC cell lines), or 

700–2000 (RCC patient). The search-time spectral quality filter was a sequence tag length 

>1 (i.e., minimum of three peaks separated by the in-chain masses of two consecutive AAs).

MS/MS search conditions: Parameters for the SM MS/MS search module for HLA-I 

immunopeptidomes included: no enzyme specificity; precursor and product mass tolerance 

of ±10 ppm; minimum matched peak intensity of 40%; ESI-QEXACTIVE-HCD-HLA-v3 

scoring; fixed modification: carbamidomethylation of cysteine; variable modifications: 

cysteinylation of cysteine, oxidation of methionine, deamidation of asparagine, acetylation 

of protein N-termini, and pyroglutamic acid at peptide N-terminal glutamine; and precursor 

mass shift range of −18 to 81 Da for unlabeled sample. For TMT-labeled samples the fixed 

modifications also included TMT10 Full-Lys.

Peptide-spectrum match filtering and FDRs: Using the SM Autovalidation module, 

peptide-spectrum matches (PSMs) were confidently assigned by applying target-decoy based 

FDR estimation to achieve <1.0% FDR at the PSM level in aggregate for peptides from 

all sources. PSM-level thresholding was done with a minimum backbone cleavage score of 

5, allowed precursor charges were 1–4, allowed peptide length was 8–11 AAs, and <1.0% 

FDR for each LC-MS/MS run. Immunopeptidomics data were further filtered to remove 

non-human contaminants.

Machine learning FDR filtering: While the aggregate FDR for each dataset was set 

to <1%, as described above, FDR for certain subsets of rarely observed classes (<5% 

of total) of peptides required more stringent score thresholding to reach a suitable subset-

specific FDR < 1.0%. To this end, we devised and applied machine learning based filtering 

approaches using the SM Multi Metric FDR estimation module with machine learning 

based metrics of spectrum similarity of a measured MS/MS spectrum to the predicted b/y 

intensities from Prosit113, deviation of the measured liquid chromatography retention times 

(RT) to the predicted RTs from DeepLC114, and HLAthena binding percentile ranks115. 

A spectral angle, dot product measure of spectrum similarity (SA_DP) was calculated for 

each PSM between the intensities of b/y ions in a measured MS/MS spectrum and the 

b/y intensities predicted by Prosit (with model Prosit 2020 intensity HCD or Prosit 2020 

intensity TMT for unlabeled and labeled datasets, respectively, koina.proteomicsdb.org) 

using the collision energy and precursor charge of the measured MS/MS spectrum. 

Deviation of measured RT from predicted RT was calculated for each peptide using RTs 

predicted by DeepLC v2.2.36 for all identified peptides after the DeepLC calibration routine 

was provided with a subset of peptides obtained by dividing the entire RT range into 50 

segments and selecting the top 15 human reference proteome derived peptides ranked by 

identification score. HLAthena binding prediction percentile ranks for the best scoring allele 

for each peptide were classified into 3 categories (<0.5: strong binders; 0.5 – 2: weak 

binders; >2 non binders).

Peptides that mapped to both canonical reference proteome and ERVs were eliminated, 

including elimination of peptides with sequence differing only by Leucine/Isoleucine 
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substitutions because those two AAs are indistinguishable by mass. The remaining list of 

ERV-derived peptides matched in any patient sample was further thresholded. ERV subset-

specific PSM scoring metric thresholds were tightened in a fixed manner for all ERV PSMs 

so that distributions for each metric improved to meet or exceed the aggregate distributions. 

The fixed thresholds were: minimum score: 7, minimum percent scored peak intensity: 

50%, minimum backbone cleavage score (BCS): 5. Since each machine-learning companion 

program prediction has strengths and weaknesses, score thresholds were applied for each 

metric to roughly classify a PSM into a pass/fail status: Prosit b/y intensity (pass: SA_DP > 

0.6), DeepLC RT (pass: deltaRT within ± 10 min), and HLAthena binding category (pass: 

strong/weak percentile rank < 2.0). Each ERV-derived PSM was then classified depending 

on the number of strikes against: 0 - pass, 1 - maybe, 2 or 3 – fail (Figure 4B). In Table S4 

and Table S6 the classifications are shown as green, yellow and red, respectively.

BLASTP to find alternative protein sources: We retained, but annotated in Tables S4 and 

S6, peptides that mapped to both non-coding source and ERVs. We also listed all possible 

ERVs for peptides that could be produced by multiple ERVs.

Statistical analyses for TMT immunopeptidomics: Proteomics Toolset for Integrative 

Data Analysis (Protigy, v1.1.4, Broad Institute, https://github.com/broadinstitute/protigy) 

was used to calculate moderated t-test P values.

Peptide synthesis—Peptides were synthesized at purity of >95% by RS synthesis 

(https://rssynthesis.com). Lyophilized powder was resuspended in DMSO at the 

concentration of 20 mg/mL. The two synthetic peptides used for spectrum validation 

in Figures 4E, 4F, and S5E, each contained a heavy lysine [KLIAGLIFL(K) and 

ATFLGSLTG(K), K=lys (13C6, 15N2), 8 Da shift in mass].

HLA-I antigen presentation prediction—HLA class I presentation for all unique ERV 

derived peptides (8–11 mer) across various HLAs of 786-O cells, A-498 cells, and 11 

ccRCC patients from the NCT02950766 clinical trial, was predicted using HLAthena (an 

epitope prediction tool trained on endogenous LC-MS/MS-identified epitope data using 

the website: http://hlathena.tools) with the MSi (mass spectrometry intrinsic) model and 

allele typing for each cell line and ccRCC patient115. HLAthena percentile ranks for the 

best scoring allele are reported (<0.5 strong binders; 0.5–2: weak binders; >2 non-binders). 

For the RCC patients that underwent allo-SCT, HLA class I binding predictions for ERV 

peptides were performed across all identified donor alleles using both the HLAthena 

MSi prediction model as well as NetMHC. Any peptide classified as strong binders, 

either by the HLAthena MSi prediction model (HLAthena percentile rank<0.5) or the 

NetMHC prediction model (NetMHC percentile rank<0.5), was selected for immunogenicity 

screening in the corresponding donor.

Single-cell data processing and analysis

Map Vargiu database to the hg38 genome assembly: To map 3173 ERVs from the 

database described in Vagiu et al 41 (based on hg19 genome assembly) to the hg38 genome 

assembly, we used the UCSC LiftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). 
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In the conversion process, after downloading the appropriate chain file, the hg19 ERV 

coordinates were converted to hg38 coordinates in BED file format. Out of the 3173 ERVs, 

3164 were successfully mapped, leaving only 9 ERVs unmapped. We obtained the FASTA 

file for the hg38 ERVs using BEDTools.

Single-cell ATAC-seq data processing and analysis: Single-cell ATAC-seq (scATAC-

seq) data published by Yu et al94 were downloaded as 10× Cell-Ranger ATAC outputs 

(fragments.tsv.gz, peaks.bed, and singlecell.csv files) that were pre-aligned to GRCh38/hg38 

and submitted to GEO (accession number: GSE207493). Samples that were reported to be 

VHL wild-type (RCC87, RCC100, RCC116) were excluded from all downstream analyses. 

Sample fragment files were first indexed using Tabix (v1.2.1)116, before being imported 

into R (v4.4.1), and RStudio (v2023.09.1+494). Signac (v1.13.0)117 and Seurat (v5.1.0)118 

were used to import sample files into chromatin assay objects, followed by Seurat objects. 

Individual peak files were combined to create a consensus peak set. Individual Seurat objects 

were then merged and annotated using hg38 before using scDblFinder (v1.18.0), using 

‘aggregatefeatures=TRUE’119 to filter out cells inferred to be potential doublets. We further 

filtered the data by computing and setting thresholds for the following parameters: FRiP > 

0.20, TSS Enrichment > 1.4, Nucleosome Signal < 2.5, Blacklist Fraction < 0.1, and Peak 

Region Fragments > 3000; < 10000. We reduced the dimensionality of the scATAC-seq 

data, as described in the original Signac pipeline, by performing latent semantic indexing 

(LSI) which entails performing term frequency-inverse document frequency normalization 

followed by singular value decomposition on the merged Seurat object117. We batch 

corrected the resulting LSI components using Harmony (v1.2.0)120, using sample ID as 

variable. UMAP and FindNeighbors were performed using the 2nd through 30th Harmony-

adjusted LSI embeddings. FindClusters was performed using a resolution of 0.05. Cell type 

or cluster annotation was performed by measuring chromatin accessibility at promoters for 

cell type-specific marker genes such as CA9 for ‘Cancer’ cells121, PTPRC and GZMB, for 

‘Immune’ cells122, VWF and PECAM1 for endothelial cells123, and COL4A1 and PDGFRA 
for interstitial cells124. To validate our assignment of cells to the ‘Cancer’ identity, we 

retrospectively used CopyscAT125, which uses scATAC-seq fragment data to infer copy 

number variation at the chromosome arm level. Tumors 84, 86, and 96 were filtered out 

as we could not conclusively identify cancer cells using CopyscAT. We used this tool on a 

sample-by-sample basis, by setting ‘Immune’ and ‘Other’ cells as ‘Normal’ cells. We then 

combined the samples and looked for inferred chromosome 3p copy number, setting a cutoff 

of 0–2. We then proceeded to compute differential accessibility using the FindMarkers 
function of the Seurat package, using logistic regression, and setting ‘min.pct’ to 0.01 

and ‘logfc.threshold’ to ‘0’. We termed significant peaks to be those that had an adjusted 

p-value < 0.05 and |Log2FC| > 1. Peaks that were computed to have an adjusted p-value 

of 0 were assigned an arbitrary log adjusted p-value of 300 for visualization purposes. To 

determine differential accessibility at ERVs, we first used Bedtools (v2.31.0)107 intersect 

to compute accessible chromatin peaks filtered by genomic coordinates for ERVs ± 3kb. 

We then used the findOverlaps function of the GenomicRanges R package (v3.19)126 to 

annotate these differentially accessible peaks at ERVs +/− 3 kb by their respective ERVs. We 

used ChIPseeker (v1.40.0)127 to annotate unfiltered differentially accessible peaks at coding 

features of the genome, specifically to compare differential accessibility at ERVs to known 
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cell type-specific markers such as CA9 and PTPRC. HIF2-responsive ERVs with multiple 

peaks scoring as ‘Up’ and ‘Unchanged’, or ‘Down’ and ‘Unchanged’ were scored as ‘Up’ 

and ‘Down’ respectively. One HIF2-responsive ERV (ERV6084) was computed to have both 

‘Up’ and ‘Down’ peaks. This ERV was excluded from downstream analyses. Finally, using 

the CoveragePlot function of Signac, we generated chromatin accessibility genome browser 

tracks at specific genomic loci.

Single-cell RNA-seq data processing and analysis: Single-cell RNA-seq (scRNA-seq) 

data were also obtained94 as ‘possorted.bam’ file outputs from 10× Cell Ranger count 

(GSE207493), that were aligned to GRCh38/hg38. As with the scATAC-seq data, samples 

that were reported to be VHL wild-type (RCC87, RCC100, RCC116) were excluded from 

all downstream analyses. Bam files were filtered for reads containing ‘UB’ and ‘CB’ 

tags using Samtools ‘view’128. The tool ‘scTE’129 was used to map single cell RNA-seq 

reads to genes and ERVs. This was done by first generating a custom index using a 

bed file containing hg38 coordinates of ERV loci, and a Gencode GRCh38.p14 (release 

46) ‘basic gene annotation’ GTF file using ‘scTE_build’ and specifying ‘UB’ and ‘CB’ 

tags. Resulting ‘.h5ad’ files were imported into R using the ReadH5AD function of the 

SeuratDisk R package ‘https://mojaveazure.github.io/Seuratdisk’. Individual Seurat objects 

for each sample were then merged, after which the data were normalized and scaled, 

and then principal component analysis (PCA) was used as the method of dimensionality 

reduction. As described above, potential doublets identified using scDblFinder with default 

settings were removed. Next, cells containing greater than 10% mitochondrial reads, fewer 

than 200 features, or more than 3000 features were filtered out. As described above, 

batch effect correction was performed on PCs using Harmony, after which UMAP and 

FindNeighbors were performed using the first through the tenth Harmony-adjusted PCs. 

Next, FindClusters was performed using a resolution of ‘0.5’. Cell type or cluster annotation 

was then performed by measuring the expression of cell type-specific markers, like the 

annotation of scATAC-seq clusters, with genes such as CA9, NDUFA4L2 strongly expressed 

by cells that were termed ‘Cancer’, PTPRC, GZMB expressing cells termed ‘Immune’, 

and PECAM1, VWF, COL4A1, PDGFRA expressing cells termed ‘Other’. Differentially 

expressed ERVs were computed using the FindMarkers function of Seurat, using the 

Wilcoxon sum rank test, and ‘min.pct’ set to 0.01 and ‘logfc.threshold’ set to ‘0’. We termed 

significant ERVs to be those that had an adjusted p-value < 0.05 and |Log2FC| > 1. ERVs 

that were computed to have an adjusted p-value of 0 were assigned an arbitrary log adjusted 

p-value of 305 for visualization purposes.

Human patient samples—The source of the biospecimens (tumor, normal and blood 

samples) used in this study were pre-vaccination samples from patients enrolled in a 

clinical trial (NCT02950766). Grossly viable tumor and adjacent normal tissue was placed 

in DMEM complete media [DMEM (Gibco 11995065) supplemented with 10% FBS (Gibco 

A5256701) and 1% penicillin-streptomycin] on ice then immediately used for downstream 

processing and analysis.

When available, additional RNA-seq from purified cancer cells (i.e. absent other cells from 

the microenvironment) was performed. Fresh tumors (isolated from RCC patients from the 
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NCT02950766 clinical trial) were first minced by scalpels into 1–2 mm3 pieces and then 

enzymatically dissociated into a single cell suspension by incubation in digestion buffer 

[HBSS buffer (Life Technologies 14175095) supplemented with 0.11 U/mL collagenase 

D (Roche 1108858001), 0.56 U/mL dispase (STEMCELL Technologies 07913), 50 U/mL 

DNase I (New England Biolabs M0303L), 5 mM calcium chloride (VWR E506–100ML)]. 

Carbonic anhydrase IX (CA9)-positive cancer cells were immunomagnetically purified 

using anti-CA9 PE antibody (Miltenyi Biotec 130–123-299) from freshly dissociated tumors 

according to manufacturer protocol and rested for 48–72 h in RCC media [OptiMEM 

GlutaMax media (Gibco 5198091) supplemented with 5% FBS, 1 mM sodium pyruvate, 

1% penicillin-streptomycin, 50 μg/mL gentamicin (Sigma-Aldrich G1397–10ML), 5 μg/mL 

insulin (Sigma-Aldrich I9278–5ML), and 5 ng/mL EGF (Miltenyi Biotec 130–093-825). 

Floating cells were washed off and only attached cancer cells were harvested. RNA was 

extracted using the RNeasy Micro Kit (Qiagen 74004), and RNAseq of this low-input RNA 

was performed using a modified version of the Smart-seq2 protocol (using NEBNext Single 

Cell/Low Input cDNA Synthesis & Amplification module), as previously described130. 

For one tumor sample (from patient 110), the initial low-input RNA-seq protocol was 

unsuccessful. However, a primary cell line was successfully generated and kept in culture 

and was used for RNA-seq using the same protocols. The raw RNA-seq data were deposited 

as part of the NeoVax (NCT02950766) clinical trial data in dbGaP (accession number: 

phs003710.v1).

PBMCs were isolated by Ficoll density gradient centrifugation (GE Healthcare) and 

cryopreserved. For the ELISpot experiments in Figure 6, PBMCs were cultured in HS media 

[DMEM (Gibco 11965092) supplemented with 10% human serum (Sigma-Aldrich H4522), 

10 mM HEPES (Gibco 15630080), 1× non-essential amino acids, 1 mM sodium pyruvate, 

4% penicillin-streptomycin, 55 μM 2-mercaptoethnol (Gibco 21985023); media was filtered 

using the CELLTREAT Filter System (CELLTREAT Scientific Products 229707) prior to 

use]. Cryopreserved PBMCs were thawed at 37°C and cultured in HS media with 10 ng/mL 

IL-7 (Peprotech 200–07) for 16–24 h. Then the PBMCs were pelleted at 450×g for 5 min 

at RT and the cell pellets were resuspended in 7212 media [DMEM supplemented with 

20% FBS, 10 mM HEPES, 1× non-essential amino acids, 1 mM sodium pyruvate, 4% 

penicillin-streptomycin; media was filtered using the CELLTREAT Filter System prior to 

use] in preparation for the ELISpot assays.

For the ELISpot experiments in Figure 7, cryopreserved PBMCs were thawed and plated in 

AIM-V media (Gibco 12055091) supplemented with 20 IU/mL IL-7, 1% GlutaMAX (Gibco 

35050061), 10% CTS immune cell serum replacement (Gibco A2596101), 10 mM HEPES, 

1× non-essential amino acids, 1 mM sodium pyruvate, 1% penicillin-streptomycin, and 55 

μM 2-mercaptoethanol. Media was filtered using the CELLTREAT Filter System. PBMCs 

were rested overnight and then peptide-pulsed at 10 μg/mL. Three days post-stimulation, the 

media was changed to AIM-V media supplemented with 100 IU/mL IL-2 (Peprotech 200–

02) and 20 IU/mL IL-7. 12 days post-stimulation, PBMCs were switched to cytokine-free 

AIM-V media and rested for 48 h, after which immune response was measured by IFNɣ 
ELISpot.
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Mouse vaccination experiment—ERV peptide pools were prepared using 50 μg of each 

peptide (11 peptides, synthesized by RS Synthesis, peptide sequence listed in Table S6) 

per immunization. The peptide pool was supplemented with 15 μg Hiltonol (Poly ICLC 

Oncovir) and 200 μg freeze-dried Mycobacterium Tuberculosis H37Ra (BD Biosciences 

Difco DF3114–33-8) mix per immunization. The peptides were emulsified with complete 

Freund’s adjuvant (BD Biosciences Difco DF0638–60-7). Transgenic mice that express 

HLA-A*11:01 allele [Taconic CB6F1-Tg(HLA-A*1101/H2-Kb)A11.01] were immunized 

with 200 μL of the emulsion in the groin/flank. Three weeks post immunization, the mice 

were boosted with the same vaccine emulsion on the opposite site. Mice were euthanized on 

Day10 post vaccination using CO2. Their spleens were then surgically removed, placed onto 

a 70 μm strainer on cell culture plates, gently pressed through the strainer using the back 

of a 3 mL syringe plunger (BD Biosciences BECD-309657-A). Cells that passed through 

the 70 μm strainer were collected and transferred into 50 mL conical tubes and pelleted 

by centrifugation at 450×g for 5 min at RT. Red blood cells were osmotically lysed by 

resuspending the cell pellets in 9 mL of deionized H2O, followed immediately by 1 mL of 

10× PBS and an additional 20 mL of cell culture media to avoid lysing the other cells. The 

conical tubes were inverted a few times to ensure thorough mixing, after which the cells 

were pelleted by centrifugation at 450×g for 5 min at RT. The supernatant was removed and 

splenocytes were resuspended in 7212 media in preparation for the ELISpot assays.

ELISpot assay—ELISpot was performed using red blood cell-depleted mouse splenocytes 

or human PBMCs according to manufacturer’s protocol (Mabtech). Briefly, opaque ELISpot 

plates (Millipore MSIPS4W10) were wetted with 35% ethanol briefly and then washed 3–4 

times with deionized H2O. The plates were then coated with 100 μL anti-IFNγ capture 

antibodies [anti-mouse IFNγ antibody (Mabtech 3321–3-250) at the final concentration of 

8 μg/mL, or anti-human IFNγ antibody (Mabtech 3420–3-250) at the final concentration of 

2 μg/mL diluted in PBS (Corning MT21040CV)] overnight at 4°C. The plates were then 

washed 6 times with PBS and blocked with 200 μL 7212 media (Figure 6) or 50 μL AIM-V 

media (Figure 7) while preparing the cell/peptide mixture. For the assays in Figure 6, 

splenocytes or PBMCs were plated at 200,000 cells/well, 250 μL total volume for each well. 

For the assays in Figure 7, a variable number of cells were plated in 250 μL total volume for 

each well. Cells were co-incubated with the individual peptides (at the final concentration 

of 10 μg/mL) in triplicates in ELISpot plates for 18 h-24 h. Plates were then washed 4 

times with 0.5% FBS/PBS (splenocytes) or PBS (PBMCs). 100 μL secondary antibodies 

[anti-mouse secondary antibody (Mabtech 3321–6-250) at the final concentration of 2 

μg/mL, or anti-human secondary antibody (Mabtech 3420–6-250) at the final concentration 

of 1 μg/mL diluted in PBS] were added to each well and incubated in the dark for 2 h 

(splenocytes) or 1 h (PBMCs) at RT. The wells were then washed 6 times with PBS and 

incubated with 100 μL streptavidin-HRP (Mabtech 3310–9-1000, diluted 1:1375 in PBS) in 

the dark for 1 h at RT. The wells were then washed 4 times with PBS before adding 100 

μL TMB substrate (Mabtech 3651–10) per well. The wells were incubated for 2–6 min until 

the spots in wells containing positive controls were completely developed. The development 

was stopped by washing the plates with deionized H2O six times. Plates were air-dried and 

then imaged using an ImmunoSpot Series Analyzer (Cellular Technology, Ltd, Cleveland, 

OH)109,131. Images in Figure S6 were converted to grayscale for easier visualization. Any 
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brightness and contrast adjustment were applied uniformly across images for each patient. 

For wells with unquantifiable spot number due to high count number (e.g. in the case of 

PHA), an arbitrary number was assigned, which equaled to the highest countable number 

of other wells on the same plate. HIV peptide (SLYNTVATL)132 treated wells served as 

negative controls. For splenocyte experiments, anti-CD3 antibody (BD Biosciences 553058, 

at the final concentration of 0.4 μg/mL) served as a positive control. For human PBMC 

experiments, the CEF peptides (Mabtech 3618–1 at the final concentration of 10 μg/mL) 

or PHA (Life Technologies 10576–015 at the final concentration of 0.2% v/v) served as 

positive controls.

T-Scan screening and analysis

Whole Exome Sequencing (WES): DNA was extracted from tumor tissue and normal 

PBMCs for the 7 patients (ccRCC1-ccRCC7) and prepared for WES. Samples from 

ccRCC3 were not submitted for WES due to insufficient material. Sequencing libraries 

were prepared and sequenced at Fornax Biotech (Worcester, MA). Libraries were prepared 

using SureSelect XT HS reagents and kits and Human All Exon V7 Target Enrichment Baits 

according to the manufacturer specifications (Agilent). Pooled libraries were sequenced on 

NextSeq 500/550 Mid-output v2.5 kit (300 cycles). Each sample was sequenced at 150× 

- 400× depth. Variant calling was performed using both Strelka (Illumina) and MuTect 

(The Broad Institute) by comparing each patient’s tumor DNA to a normal reference (same 

patient’s PBMC DNA).

Isolation of CD8+ TILs from dissociated tumors: Dissociated tumor cells were thawed in 

RPMI medium supplemented with 10% FBS. Cell pellets were stained with Zombie aqua 

dye and subsequently labelled with TotalSeq™-C Human Universal Cocktail, followed by 

staining with fluorescent antibodies (CD8 PE-Cy7, CD45 AF488, CD3 APC-Cy7, CD4 PE, 

and EpCam APC) according to manufacturer protocol (BioLegend). Labelled cells were 

sorted to collect live, CD45+, CD3+, CD8+ cells using a MoFlo Astrios EQ cell sorter 

(Beckman Coulter) and submitted for single cell TCR sequencing.

Single Cell TCR sequencing and analysis: Single-cell TCR-seq (scTCR-seq) libraries 

were prepared following the 10x Genomics Single Cell 5’ V2 Immune Sequencing 

Kit protocol. Briefly, single cells were captured in droplets before undergoing reverse 

transcription. Following cDNA purification, cDNA was amplified and purified. 2 μL of 

each library was then used for TCR sequence enrichment. TCR enriched libraries were 

fragmented, end-repaired, and amplified with indexing primers. The scTCR-seq libraries 

were sequenced on an Illumina NextSeq550 using a High Output v2.5 kit (150 cycles) with 

read lengths: 26 bp- read 1, 10 bp- i7 index, 10 bp- i5 index, 90 bp- read 2.

scTCR-seq reads were processed using Cellranger VDJ 5.0.1 pipeline with the reference 

vdj-GRCh38-alts-ensembl-5.0.0. We applied custom Python software to filter for productive 

paired TCR clonotypes. TCR clonotypes were quantified for each sample. Expanded TCR 

clonotypes were synthesized (GenScript) and cloned into a Lentiviral expression vector 

for subsequent T cell engineering and genome wide screens as previously described133. 

Excepting ccRCC7, ‘expanded’ TCR clonotypes were defined as comprising ≥ 1% of 
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total TCR frequency of the CD8+ TILs. For ccRCC7, clonotypes present at ≥ 0.5% 

frequency post-treatment were included. Additionally, clonotypes that expanded ≥ 2-fold 

post-treatment compared to pre-treatment frequencies were included for screening.

CD8 T cell engineering: CD8+ T cells were isolated, activated, and transduced with 

lentiviral particles to express orphan RCC TCRs as previously described133.

Reporter cell line engineering: MHC null HEK293T cells were engineered to express a 

fluorescent reporter activated by T cell killing as described in62,93. HLA alleles relevant 

to each patient were introduced into reporter cells, which were then transduced with a 

genome-wide library of protein fragments, as described62.

T-Scan Screen: Genome-wide screens were performed and analyzed as previously 

described62,93,133.

Epitope Mapping Assay: Specific MHC-binding epitopes for each scoring tile were 

predicted using MHCflurry. Candidate epitopes for each target were selected by identifying 

predicted strong binding epitopes shared across overlapping adjacent and redundant tiles that 

were enriched in the screen.

HEK293T reporter cells expressing the relevant HLA alleles were seeded in a 96 well plate 

and pulsed with the target peptide (Genscript) at 1 μg/mL for 1 h. For target 1514, reporter 

cells were stably transduced with the 63AA protein fragment clone that scored in the 

genome wide screen and seeded. Transduced or peptide-pulsed cells were then co-cultured 

with the TCR-transduced T cells at an E:T ratio of 1:1 for 4 h. Cells were harvested by 

pipetting into single-cell suspensions and evaluated for IFP fluorescence by flow cytometry 

(Cytoflex S, Beckman Coulter).

Quantification and statistical analysis

Significance of all comparisons, excepted what are listed below, was calculated by unpaired 

two-tailed t test with cutoffs as follows: *p<.05, **p<.01, ***p<.001, ****p<.0001. For 

Figure 2E, Expression data were log-transformed and z-score normalized. Signatures were 

calculated by averaging the normalized expression data of each gene set. P-value were 

adjusted for multiple comparisons using the Benjamini-Hochberg method for each gene/

pathway. *: p.adj<0.05; For Figure 4C, moderated t-test P values were calculated based on 

the log2 transformed, median normalized TMT intensities of the identified HLA peptides. P 

values were adjusted for multiple hypothesis testing using the Benjamini-Hochberg method; 

For Figures 5F and 5G, significance was determined by Kruskal-Wallis test followed by 

Dunn’s multiple comparisons test. ns = not significant, **p<.01, ***p<.001, ****p<.0001. 

For all comparisons, except what are listed below, data were presented as means ± SD. For 

Figures 3E, 7A–7C, S2C, S6E and S6F, data were presented as means ± SEM. N represents 

number of biological replicates (except Figure 7F, N represents technical replicates), or 

number of mice.
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Supplementary Material

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

HIF2 transcriptionally upregulates many relatively intact ERVs in kidney cancers

Some of these ERVs are translated and presented as HLA-bound peptides

T Cells against such peptides are detectable after successful kidney cancer 

immunotherapy

ERV expression can be induced in non-kidney cancer cell lines with a HIF agonist
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Figure 1. Regulation of ERV3.2 and ERV4700 by pVHL and HIF2
(A, C, E, G) ERV RNA levels in 786-O cells (A, C, E) or the indicated ccRCC cell lines 

(G) that were stably infected to express pVHL (A, E, G) or treated for 72 hours with 2 

μM PT2399 (PT) (C) where indicated in red. The cells first underwent CRISPR-based gene 

editing with a HIF2α sgRNA (sgHIF2α) or a control sgRNA (sgCtrl) (A) or were stably 

infected to express the HIF2α dPA (P405A, P531A) variant (E) where indicated. (N=3) (B, 

D, F, H) Immunoblots of cells as in (A, C, E, G).
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(I and M) ERV4700 RNA levels (I) (N=3) and anti-HIF2α ChIP-seq of the ERV4700 locus 

(M) in 786-O cells treated with 0.5 μM of the GSK3685032 (DNMT1i) or vehicle (Veh) for 

9 days. In (I) the cells were first edited with a sgHIF2α or a sgCtrl guide. In (M) NDRG1 
locus was included as a control. See also Figure S2G.

(J) Immunoblots of cells as in (I).

(K and L) ERV4700 RNA levels (K) (N=3) and immunoblot analysis (L) of 786-O(VHL) or 

786-O(EV) cells treated with 0.5 μM GSK3685032 (DNMT1i), 100 μM FG-4592,or both for 

9 days.

(N, P) ERV RNA levels of WM266–4 melanoma cells (N) and BT-549 TNBC cells (P) 

treated with 50 μM FG-4592 or Veh for 9 days. The cells were first edited with a HIF1α 
sgRNA or a sgCtr guide. (N=6) For all RT-qPCR panels, ERV RNA levels were normalized 

to ACTB RNA levels and then to the first condition listed.

(O and Q) Immunoblots of cells of (N and P) on day 3.
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Figure 2. Identification of HIF2-responsive ERVs by RNA-seq
(A-D) Venn Diagram (A) and RT-qPCR validation (B-D) of HIF2-responsive ERVs in 

786-O(VHL) or 786-O(EV) cells, treated with 2 μM PT or Veh for 72 hours, or edited with a 

sgHIF2α or a sgCtrl guide. NDRG1 mRNA levels served as controls. ERV RNA levels were 

normalized to ACTB RNA levels and then to the EV, Veh or sgCtrl cells.

(E) Correlation matrix (Pearson’s R) between the expression of 15 ERVs and the expression 

of a validated HIF2 signature43, the HIF2-responsive genes EGLN3 and NDRG1, and a 
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42-gene housekeeping gene signature92, based on RNA-seq data of 250 advanced ccRCCs 

from the CheckMate 025 trial10.

(F) Examples of four ERVs from (E). Shown are Pearson’s correlations between ERV 

expression levels and expression of a HIF2 pathway signature (upper) and a housekeeping 

gene set signature (lower).
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Figure 3. Identification of ERVs that are Directly Regulated by HIF2
(A) Number of ERVs with neighboring HIF2α binding sites.

(B) HIF2-responsive ERVs identified by RNA-seq from Figure 2A. ERVs in bold are located 

within 10 kb of a HIF2α binding site based on anti-HIF2α ChIP-seq. ERVs in red are direct 

HIF2α targets based on PRO-seq.

(C) Venn Diagram showing overlap of 16 HIF2-responsive ERVs (B) and ERVs located 

within 10 kb of a HIF2α binding site.
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(D) Representative Anti-HIF2α ChIP-seq tracks (blue) in 786-O cells that underwent 

CRISPR-based gene editing with a HIF2α sgRNA or a control sgRNA (sgCtrl) and 

representative Anti-FLAG ChIP-seq tracks (purple) in 786-O, OS-RC-2 and RCC4 cells 

in which a FLAG-HA epitope tag coding sequence was inserted at the 5’ end of the 

endogenous HIF2α open reading frame by CRISPR-HDR (FLAG-HIF2α). See also Figure 

S2A.

(E) Anti-FLAG ChIP-qPCR assays using two different clones (CL15 and CL53) of 786-O 

FLAG-HIF2α cells compared to parental cells that were infected with a sgAAVS1 control 

guide. Cells were treated with 2 μM PT or Veh for 72 hours prior to ChIP-qPCR with 

primers specific for the putative HREs for the indicated ERVs. EglN3 served as a control. 

Data were normalized to the untreated sgAAVS1 cells.

(F) Venn Diagram showing overlap of 16 HIF2-responsive ERVs (B) and ERVs scored as 

HIF2α direct targets by PRO-seq.

(G) Representative nascent RNA tracks in OS-RC-2 cells that were treated with 2 μM 

PT2399 or vehicle for 2 hours.
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Figure 4. Identification of HLA-bound ERV-derived Peptides
(A) Venn Diagram showing overlap of 16 HIF2-responsive ERVs with 26 pVHL-responsive 

translated ERVs based on Polysome-seq of 786-O(VHL) or 786-O(EV) cells.

(B) Filtering approach applied to LC-MS/MS peptide identification for ERV-derived 

peptides. SA(spectral angle); LC(liquid chromatography); dRT(delta retention time).

(C) HLA-bound peptides derived from the human proteome or from the 57 ERVs that 

scored in two of the three pairwise 786-O cell comparisons (high HIF2 versus low HIF2) 

and/or scored as pVHL-responsive by Polysome-seq. The volcano plot depicts the relative 
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amount of each peptide as determined by anti-HLA immunoprecipitation of 786-O(VHL) 

or 786-O(EV) cells treated with 100 ng/ml IFNγ for 72 h, followed by TMT labeling 

and MS. Note the enrichment of pVHL-derived peptides in the 786-O(VHL) cells relative 

to the 786-O(EV) cells (right side of volcano plot) and enrichment of peptides from the 

HIF-responsive gene product NDRG1 in the 786-O(EV) cells (left side of the volcano plot).

(D) ERV-derived peptides identified in (C). Note that some peptides could be encoded 

by more than one homologous ERV from among the 57 ERVs interrogated in (C). The 

ERVs scored as HIF2-responsive by RNA-seq and/or pVHL-responsive by Polysome-seq 

as indicated by the “+”. (C and D) Shown in red are two potentially pVHL-responsive 

ERV-derived peptides.

(E and F) MS/MS spectra comparing HLA-bound peptides determined to be KLIAGLIFLK 

(E) and ATFLGSLTGK (F) compared to the corresponding synthetic peptides bearing a 

heavy lysine (Lys8).
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Figure 5. Human HIF2-responsive ERVs are Largely Derived from Cancer Cells
(A and C) Volcano plots describing differential chromatin accessibility (A) and differential 

expression (C) derived from scATAC-seq data and scRNA-seq data from 16 ccRCCs60 for 

the 81 HIF2-responsive ERVs nominated by our cell line analyses. The cancer cell-specific 

CA9 and immune cell-specific PTPRC genes (highlighted in red), served as controls. The 

vertical dashed lines indicate |Log(2)FC| of 1 and p-adj of 0.05.

(B) Coverage plot showing single-cell ATAC-seq tracks for the indicated genes (± 3 kb).
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(D) UMAP of scRNA-seq data by cell type, followed by feature plots for ERV5875 and 

ERV3797.

(E) Correlation of ERV expression with ERV chromatin accessibility based on the data in 

(A) and (C). The vertical and horizontal dashed lines indicate |Log(2)FC| of 1 and p-adj of 

0.05.

(F-G) Violin plots of all ERV expression by scATAC-seq peaks defined as ‘All’, 

‘Unchanged’, ‘Down’ or ‘Up’ (cancer vs immune) (F) or all ERV expression and chromatin 

accessibility by HIF2-responsiveness (G).
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Figure 6. HLA-Bound and Immunogenic ERV-derived Peptides are Present in Human Kidney 
Cancer Samples
(A) Workflow for identifying ERV-derived peptides in ccRCCs.

(B and C) 22 ERV-derived peptides identified from 11 ccRCC patients. * indicates peptides 

that were tumor-specific based on analysis of available paired normal kidney tissue. “HIF2-

responsive ERV” column indicates potential source ERV(s) for each peptide from the 81 

ERVs identified in 786-O and A-498 cells. “No. of Possible Coding ERVs” column indicates 

number of potential source ERVs for the peptides. Peptides that uniquely mapped to one 

HIF2-responsive ERV are shown in (B).
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(D and G) Schema for quantifying IFNγ secreting T cells derived from PBMCs (D) and 

splenocytes (G) by ELISpot assay.

(E and F) ELISpot images (E) and quantification (spot count) (F) of IFNγ secreting PBMCs 

derived from ccRCC patient 110 incubated with the indicated peptides. An HIV peptide and 

a pool of viral peptides (CMV, EBV and Influenza) (CEF peptides) served as negative and 

positive controls respectively. (N=3)

(H and I) Five HLA-A*11:01 transgenic mice were immunized with a pool of 11 peptides 

as in (G). Ten days post second vaccination, splenocytes were harvested and incubated with 

individual peptides ex vivo and monitored by ELISpot assays. A HIV peptide and CD3 

served as negative and positive controls respectively. Representative ELISpot images (H) 

and spot counts (I) are shown. (N=5)
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Figure 7. ERV-derived Peptides Recognized by T cells from Human ccRCC Patients
(A-C) ELISpot quantification of IFNγ secreting PBMCs derived from ccRCC Allo-SCT 

patients after stimulation with the indicated ERV-derived peptides. DMSO and an HIV 

peptide served as negative controls. CEF peptides and PHA served as positive controls. 

(N=3) Significance was determined by comparing the response to indicated peptides 

and to the HIV peptide for the corresponding patient. IST(immunosuppressive therapy); 

GVHD(graft-versus-host-disease); CsA(Cyclosporine A).
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(D) Schema for T-Scan antigen discovery screen, adapted from Ferretti et al93. 

MACS(magnetic activated cell sorting); IFP(infrared fluorescent protein); FACS 

(fluorescence activated cell sorting); NGS(next generation sequencing).

(E) Patient samples with ERV-reactive TILs.

(F) Epitope mapping of ERV antigens. Reporter activity (% IFP) of HEK293T reporter cells 

that were either pulsed with the indicated peptides or transduced with the target protein 

fragment clone (for 1514 only; 63AA) and co-cultured with the relevant TCR. Sequences for 

scoring peptides are shown.
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Key resource table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-HIF2α antibody Cell Signaling 
Technology

Cat#7096, 
RRID: AB_10898028

Rabbit polyclonal anti-NDRG1 antibody Cell Signaling 
Technology

Cat#5196, 
RRID: AB_10626626

Rabbit polyclonal anti-VHL antibody Cell Signaling 
Technology

Cat#68547, 
RRID: AB_2716279

Rabbit monoclonal anti-HIF1α antibody Cell Signaling 
Technology

Cat#14179, 
RRID: AB_2622225

Rabbit monoclonal anti-BNIP3 antibody Cell Signaling 
Technology

Cat#44060, 
RRID: AB_2799259

Mouse monoclonal anti-α-Tubulin antibody Sigma-Aldrich Cat#T5168, 
RRID: AB_477579

Rabbit polyclonal anti-SETDB1 antibody Proteintech Cat#11231–1-AP, 
RRID: AB_2186069

Rabbit polyclonal anti-IRF-7 antibody Cell Signaling 
Technology

Cat#4920, 
RRID: AB_2127551

Rabbit monoclonal anti-Rig-I antibody Cell Signaling 
Technology

Cat#4200, 
RRID: AB_2175706

Peroxidase AffiniPure Goat anti-rabbit IgG Jackson 
ImmunoResea
rch Labs

Cat#111–035-003, 
RRID: AB_2313567

Peroxidase AffiniPure Goat anti-mouse 
IgG

Jackson 
ImmunoResea
rch Labs

Cat#115–035-003, 
RRID: AB_10015289

FLAG Sigma-Aldrich Cat#F1804, 
RRID: AB_262044

HIF2α (Homemade) Schodel et 
al.101

N/A

Carbonic Anhydrase 9 antibody, antihuman, PE, 
REAfinity

Miltenyi Biotec Cat#130–123-299, 
RRID: AB_2857582

Mouse monoclonal anti-MHC class I 
(W6/32) AF647

Santa Cruz 
Biotechnology

Cat#sc-32235, 
RRID: AB_627934

Mouse monoclonal IgG2a AF647 Santa Cruz 
Biotechnology

Cat#sc-24637, 
RRID: AB_737235

Mouse monoclonal anti-MHC class I 
(W6/32)

Santa Cruz 
Biotechnology

Cat#sc-32235, 
RRID: AB_627934

Rat Anti-Mouse IFNγ mAb (AN18), 
Unconjugated

Mabtech Cat#3321–3-250, 
RRID: AB_907279

Mouse Anti-Human IFNγ mAb (1-D1K), 
Unconjugated

Mabtech Cat#3420–3-250, 
RRID: AB_907283

Rat Anti-Mouse IFNγ mAb (R4–6A2), Biotin 
Conjugated

Mabtech Cat#3321–6-250, 
RRID: AB_2280104

Mouse Anti-Human IFNγ mAb (7-B6–1), 
Biotin Conjugated

Mabtech Cat#3420–6-250, 
RRID: AB_907273

CD3 BD 
Biosciences

Cat#553058, 
RRID: AB_394591

Bacterial and virus strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

One Shot Stbl3 Competent Cells Life 
Technologies

Cat#C737303

Biological samples

Patient 16097101 tumor and PBMC biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097102 tumor biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097104 tumor and PBMC biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097105 tumor, normal kidney and PBMC 
biospecimen

NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097106 tumor, normal kidney and PBMC 
biospecimen

NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097107 tumor, normal kidney and PBMC 
biospecimen

NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097108 tumor biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097109 tumor, normal kidney and PBMC 
biospecimen

NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097110 tumor, normal kidney and PBMC 
biospecimen

NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097111 tumor and PBMC biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient 16097112 tumor and PBMC biospecimen NCT02950766 https://classic.clinicaltrials.gov/ct2/show/
NCT02950766

Patient NHLBI-RCC-39 PBMC biospecimen Provided by Dr. Richard W. Childs N/A

Patient NHLBI-RCC-1 PBMC biospecimen Provided by Dr. Richard W. Childs N/A

Patient NHLBI-RCC-69 PBMC biospecimen Provided by Dr. Richard W. Childs N/A

Patient NHLBI-RCC-62 PBMC biospecimen Provided by 
Dr. Richard W. 
Childs

N/A

Patient NHLBI-RCC-63 PBMC biospecimen Provided by 
Dr. Richard W. 
Childs

N/A

Patient NHLBI-RCC-71 PBMC biospecimen Provided by 
Dr. Richard W. 
Childs

N/A

ccRCC1 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

ccRCC2 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

ccRCC3 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

ccRCC4 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

ccRCC5 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

ccRCC6 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

ccRCC7 tumor, TILs, PBMC biospecimen Provided by 
Tscan 
Therapeutics

N/A

Chemicals, peptides, and recombinant proteins

PT2399 Peloton 
Therapeutics

N/A

FG-4592 ApexBio Cat#A4187

GSK3685032 GSK N/A

SYBR Green I Master Mix Roche Cat#04707516001

Disuccinimidyl glutarate Thermo Fisher 
Scientific

Cat#20593

16% Formaldehyde (w/v) Thermo Fisher 
Scientific

Cat#28908

RNase A Invitrogen Cat#AM2696

Proteinase K Thermo Fisher 
Scientific

Cat#EO0492

Dithiothreitol Thermo Fisher 
Scientific

Cat#707265ML

Biotin-11-UTP Perkin Elmer Cat#NEL543001EA

Ultrapure glycogen Invitrogen Cat#10814010

Recombinant Human IFNγ Peprotech Cat#300–02

Octyl β-d-glucopyranoside Sigma-Aldrich Cat#O8001

Iodoacetamide Sigma-Aldrich Cat#A3221

DNase I Roche Cat#4536282001

Phenylmethanesulfonyl Fluoride Sigma-Aldrich Cat#78830

2-Mercaptoethnol Gibco Cat#21985023

Collagenase D Roche Cat#1108858001

Dispase STEMCELL 
Technologies

Cat#07913

DNase I New England 
Biolabs

Cat#M0303L

Insulin Sigma-Aldrich Cat#I9278–5ML

EGF Miltenyi Biotec Cat#130–093-825

IL-7 Peprotech 200–07

IL-2 Peprotech 200–02

Hiltonol (Poly ICLC) Oncovir N/A

TMB substrate Mabtech Cat#3651–10

Phytohemagglutinin Life 
Technologies

Cat#10576–015

KLIAGLIFL(K), K=lys (13C6, 15N2) RS Synthesis N/A

ATFLGSLTG(K), K=lys (13C6, 15N2) RS Synthesis N/A

ATFLGSLTW(K), K=lys (13C6, 15N2) RS Synthesis N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

QLGGLVTF(K), K=lys (13C6, 15N2) RS Synthesis N/A

LIAGLIFLK RS Synthesis N/A

TALLWSLRK RS Synthesis N/A

QVLSLITNR RS Synthesis N/A

GLDLWIIGK RS Synthesis N/A

VLLDAGLR RS Synthesis N/A

APFPLSQIR RS Synthesis N/A

NLLSYLGKK RS Synthesis N/A

EEIIRKII RS Synthesis N/A

GQAGLKLLI RS Synthesis N/A

LPDKIPLA RS Synthesis N/A

LVILQHKAL RS Synthesis N/A

VEEASKFTL RS Synthesis N/A

VSASGTHTW RS Synthesis N/A

SLYNTVATL (HIV peptide) RS Synthesis N/A

CEF peptides Mabtech 3618–1

SQEKDFHKV Tscan 
Therapeutics

N/A

QEKDFHKVM Tscan 
Therapeutics

N/A

HFFCGGISSV Tscan 
Therapeutics

N/A

SQEKDFHKVM Tscan 
Therapeutics

N/A

MSQEKDFHKV Tscan 
Therapeutics

N/A

SVKVGQGIFTSF Tscan 
Therapeutics

N/A

KDFHKVMSSL Tscan 
Therapeutics

N/A

ARTGHLHFF Tscan 
Therapeutics

N/A

YMCKSQGLQW Tscan 
Therapeutics

N/A

RPDFRDHPW Tscan 
Therapeutics

N/A

RPDFRDHPWMSL Tscan 
Therapeutics

N/A

HPWMSLDWEL Tscan 
Therapeutics

N/A

RPDFRDHPWM Tscan 
Therapeutics

N/A

LPQGTSAQKA Tscan 
Therapeutics

N/A

RPEGRPDFRDHPW Tscan 
Therapeutics

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

FRDHPWMSL Tscan 
Therapeutics

N/A

LPQGTSAQK Tscan 
Therapeutics

N/A

DFRDHPWMSL Tscan 
Therapeutics

N/A

KTKDLFLQL Tscan 
Therapeutics

N/A

LIQGEIHKR Tscan 
Therapeutics

N/A

SPKPVFQTF Tscan 
Therapeutics

N/A

NVPIPELPGK Tscan 
Therapeutics

N/A

KTKDLFLQLA Tscan 
Therapeutics

N/A

RSPKPVFQTF Tscan 
Therapeutics

N/A

LLIQGEIHK Tscan 
Therapeutics

N/A

HSLNITSCY Tscan 
Therapeutics

N/A

VPIPELPGK Tscan 
Therapeutics

N/A

VPIPELPGKTK Tscan 
Therapeutics

N/A

RLRVVPVHR Tscan 
Therapeutics

N/A

WTRLPQGFK Tscan 
Therapeutics

N/A

KVSCQRPRL Tscan 
Therapeutics

N/A

GGTGSRPPK Tscan 
Therapeutics

N/A

GFKNFPHHL Tscan 
Therapeutics

N/A

HLWGGTGSRPPK Tscan 
Therapeutics

N/A

GSRPPKVSCQR Tscan 
Therapeutics

N/A

VTTHYTWTR Tscan 
Therapeutics

N/A

GSRVRQRNR Tscan 
Therapeutics

N/A

Critical commercial assays

QIAshredder Qiagen Cat#79654

RNeasy Mini Kit Qiagen Cat#74106

AffinityScript qPCR cDNA Synthesis Kit Agilent Cat#600559

NEBNext Ultra Directional RNA Library Prep Kit New England 
Biolabs

Cat#E7760
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REAGENT or RESOURCE SOURCE IDENTIFIER

NEBNext rRNA Depletion Kit v2 New England 
Biolabs

Cat#E7405

KAPA RNA HyperPrep Kit with RiboErase Roche N/A

KAPA HiFi HotStart ReadyMix Roche Cat#KK2601

QIAseq FastSelect rRNA HMR Qiagen Cat#334375

PCR Purification Kit Qiagen Cat#28104

Qubit High Sensitivity Kit Life 
Technologies

Cat#A33231

MinElute PCR Purification Kit Qiagen Cat#28004

Swift DNA Library Prep Kit Swift 
Biosciences

N/A

Total RNA Purification Kit Norgen Biotek 
Corp

Cat#17200

5’ DNA Adenylation Kit New England 
Biolabs

Cat#M2611A

SMARTer Stranded Total RNA Sample Prep Kit - HI 
Mammalian

Takara Cat#634873

RNeasy Micro Kit Qiagen Cat#74004

Deposited data

RNA-seq_QJ8080 (HIF-responsive ERV in 786-O 
cells)

GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253327

RNA-seq_QJ9511 (HIF-responsive ERV in A-498 
cells)

GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253373

RNA-seq_QJ10472 (DNMT1i derepressed ERV in 
786-O cells)

GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253328

ChIP-seq GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253325

PRO-seq GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253324

Polysome-seq GEO https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE253323

Original mass spectra, peptide spectrum matches, 
protein sequence databases

MassIVE ftp://MSV000093874@massive.ucsd.edu 
with username: 
MSV000093874 and password: 
HIFresponsiveERV

Experimental models: Cell lines

786-O ATCC CRL-1932

A-498 ATCC HTB-44

769-P ATCC CRL-1933

Caki-2 ATCC HTB-47

HEK293T ATCC CRL-11268

BT-549 ATCC HTB-122

RCC4 Provided by 
Dr. Peter 
Ratcliffe 
(University of 
Oxford and 
Francis Click 
Institute)

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

OS-RC-2 RIKEN 
Bioresource 
Research 
Center Cell 
Bank

RCB0735

TUHR4TKB RIKEN 
Bioresource 
Research 
Center Cell 
Bank

RCB1198

WM266–4 Provided by 
Dr. Rizwan Haq (Dana-Farber 
Cancer 
Institute) and Dr. David E. 
Fisher 
(Massachusett s General Hospital)

N/A

MGG152 Wakimoto et al.95 N/A

UM-RC-2 Provided by Dr. Bert Zbar and 
Marston Linehan 
(National 
Cancer 
Institute)

N/A

A-704 ATCC HTB-45

TUHR14TKB RIKEN 
Bioresource 
Research 
Center Cell 
Bank

RCB1383

Experimental models: Organisms/strains

CB6F1-Tg(HLA-A*1101/H2-Kb)A11.01 Taconic Cat#9660-F

Oligonucleotides

sgCtrl: 
CTTCCGCGGCCCGTTCAA

Stransky et 
al.52

N/A

sgAAVS1: 
GGGGCCACTAGGGACAGGAT

Wang et al.53 N/A

sgHIF2α: 
TCATGAGGATGAAGTGCA

Stransky et 
al.52

N/A

sgSETDB1#g2: 
AAGGAAAGAGTCTACTGTCG

This paper N/A

sgSETDB1#g4: 
TTGTTACACTCATATACCCT

This paper N/A

sgHIF1α: 
GAACTCACATTATGTGGAAG

This paper N/A

ERVE-4 (RT-qPCR) fwd: 
GCAGATCCTGGGAGCACTCT

Braun et al.10 N/A

ERVE-4 (RT-qPCR) rev: 
TGTTCAACCGCTGTGTTAATTCTC

Braun et al.10 N/A

ERV3.2 (RT-qPCR) fwd: 
CAAGAGGCGGCATAGAAGCAA

Panda et al.34 N/A

ERV3.2 (RT-qPCR) rev: 
GGAGAGTAGCTTGGGGTTTCA

Panda et al.34 N/A

ERV4700 (RT-qPCR) fwd: 
GACGCTCCCAGCAGAATAAA

Braun et al.10 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

ERV4700 (RT-qPCR) rev: 
CCGGTCAGGAAACCAAGAAA

Braun et al.10 N/A

ACTB (RT-qPCR) fwd: 
ACCAACTGGGACGACATGGAGAAA

Nicholson et al.97 N/A

ACTB (RT-qPCR) rev: 
TAGCACAGCCTGGATAGCAACGTA

Nicholson et al.97 N/A

2112 (RT-qPCR) fwd: 
TTCTGGCCAAAATTCGGGTC

This paper N/A

2112 (RT-qPCR) rev: 
TTTGGTAGGGGAAGGTGGTC

This paper N/A

2948 (RT-qPCR) fwd: 
TCCATTCTTGCCACCCTGAT

This paper N/A

2948 (RT-qPCR) rev: 
AGGGGACGGTGTAGGAAAAG

This paper N/A

3797 (RT-qPCR) fwd: 
ATGTGATGCCCGATACCTTC

This paper N/A

3797 (RT-qPCR) rev: 
CTAGATTTGGACTGCCCTTACG

This paper N/A

3888 (RT-qPCR) fwd: 
CTGAGACCACAGCACCTACA

This paper N/A

3888 (RT-qPCR) rev: 
AGGCGGAAGGTTGATACACA

This paper N/A

4377 (RT-qPCR) fwd: 
GAAATGCATTGACGCTTGGC

This paper N/A

4377 (RT-qPCR) rev: 
GCCCTCAAACCTCACAACAG

This paper N/A

4721 (RT-qPCR) fwd: 
ACTCATGGCAGTGGTGATCA

This paper N/A

4721 (RT-qPCR) rev: 
CGAGCAACACCTGTCAAACA

This paper N/A

475 (RT-qPCR) fwd: 
TGGCCAGCATTAGAGGTAGG

This paper N/A

475 (RT-qPCR) rev: 
CTCTCAACCACGGTGTGTTG

This paper N/A

4818 (RT-qPCR) fwd: 
TGAGAAGTTTTGTCTGCGGC

This paper N/A

4818 (RT-qPCR) rev: 
GGGAGTGCTCTTTGGATCCT

This paper N/A

504 (RT-qPCR) fwd: 
ACATCTCCAGCACACAAGGA

This paper N/A

504 (RT-qPCR) rev: 
TGCCGGGTGAGTTTGATAGT

This paper N/A

5048 (RT-qPCR) fwd: 
TGGGCCTTAGAATGTCTGCA

This paper N/A

5048 (RT-qPCR) rev: 
AGCATCAGTCTTCAGCCACT

This paper N/A

506 (RT-qPCR) fwd: 
CCCCTTAGCCTCTGTTGTCA

This paper N/A

506 (RT-qPCR) rev: 
GACATCAGGCACCTCAGACT

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

5147 (RT-qPCR) fwd: 
TTAAGGGGACAGACAGGCAG

This paper N/A

5147 (RT-qPCR) rev: 
GGCCAGTGGAGTAAGAACCT

This paper N/A

565 (RT-qPCR) fwd: 
ATACTTCCTGGGGTTGGGTG

This paper N/A

565 (RT-qPCR) rev: 
AGAGAAGTCTGACCTGTGGC

This paper N/A

5875 (RT-qPCR) fwd: 
TCCCTGCCATGAGAGACAAG

This paper N/A

5875 (RT-qPCR) rev: 
ATATCCTGAAGTCCCTGCGG

This paper N/A

NDRG1 (RT-qPCR) fwd: 
CTCCTGCAAGAGTTTGATGTCC

Cho et al.43 N/A

NDRG1 (RT-qPCR) rev: 
TCATGCCGATGTCATGGTAGG

Cho et al.43 N/A

1066 (RT-qPCR) fwd: 
GATTTCCTCCTCCCCACCAA

This paper N/A

1066 (RT-qPCR) rev: 
CCTGAGTACTCCACACTGCA

This paper N/A

1166 (RT-qPCR) fwd: 
ACAAGGAGACGAGACAAGCA

This paper N/A

1166 (RT-qPCR) rev: 
GAAAGGGGATGGAGTGGGAA

This paper N/A

1271 (RT-qPCR) fwd: 
AAATACGTACGTGCATGGCC

This paper N/A

1271 (RT-qPCR) rev: 
AACCTGCCCTTTGTATCCCA

This paper N/A

1347 (RT-qPCR) fwd: 
AAGGGAGGAGGCTACACAAC

This paper N/A

1347 (RT-qPCR) rev: 
TGGGTTTTGGGGATACTGCT

This paper N/A

1693 (RT-qPCR) fwd: 
AAAAGTTCAGCCTGGCCATG

This paper N/A

1693 (RT-qPCR) rev: 
TGTGATGGGAGTGACAGCTT

This paper N/A

2852 (RT-qPCR) fwd: 
TGGCAGTAAACCCCACAGAA

This paper N/A

2852 (RT-qPCR) rev: 
GAGGGAGGGAGGCCTTATTC

This paper N/A

3136 (RT-qPCR) fwd: 
GCTGTTTGGAGTCTTTGGCA

This paper N/A

3136 (RT-qPCR) rev: 
ATGGTGACTTGACGACCCAT

This paper N/A

3254 (RT-qPCR) fwd: 
GCACAGCGACCAGACTAAAG

This paper N/A

3254 (RT-qPCR) rev: 
GCCCAGTAATCCATGCAGTG

This paper N/A

3920 (RT-qPCR) fwd: 
TCTTTTCCGGCGCATTTTGA

This paper N/A
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3920 (RT-qPCR) rev: 
CCACCCCTCCTCAAAATCCT

This paper N/A

4054 (RT-qPCR) fwd: 
CTGCGCAGTCAGTAAGTCAC

This paper N/A

4054 (RT-qPCR) rev: 
GTCCCTTAATTGAGCCTGCG

This paper N/A

6281 (RT-qPCR) fwd: 
CCTTCACATCCTCCCCTTGT

This paper N/A

6281 (RT-qPCR) rev: 
TTTAAAGCGTGCTGTGGGAC

This paper N/A

876 (RT-qPCR) fwd: 
TCTCAAAGTCACGTCGTCCA

This paper N/A

876 (RT-qPCR) rev: 
CCAGAGACAGGGAGTGGTTT

This paper N/A

6056 (RT-qPCR) fwd: 
AGTCTGAGCTTCTTGGACCC

This paper N/A

6056 (RT-qPCR) rev: 
CAGTGGCACCAAGGACTAGA

This paper N/A

3177 (RT-qPCR) fwd: 
TGATGCCAGAAATGGGTCCT

This paper N/A

3177 (RT-qPCR) rev: 
TGTGTCCCATCAATCCACCA

This paper N/A

3895 (RT-qPCR) fwd: 
TGGGCTAGTCAGTGTCACTC

This paper N/A

3895 (RT-qPCR) rev: 
ACTGTGGCACTACTAGCTGT

This paper N/A

4862 (RT-qPCR) fwd: 
AATCAACGAGGTGGTGGCTA

This paper N/A

4862 (RT-qPCR) rev: 
ACTGAGATGGGCCCAATCAA

This paper N/A

5682 (RT-qPCR) fwd: 
GTTTCCCATCTGTGCAGGAC

This paper N/A

5682 (RT-qPCR) rev: 
GCGATTCGGCAGTATCAGTC

This paper N/A

6084 (RT-qPCR) fwd: 
CCCCTGTGTATTACGCTTGC

This paper N/A

6084 (RT-qPCR) rev: 
GGAGGCAGCAGGAGTAGTAG

This paper N/A

838 (RT-qPCR) fwd: 
AAAACCGCATCCAGTCCAAC

This paper N/A

838 (RT-qPCR) rev: 
TGTTGGGGTGGCGAAAATTT

This paper N/A

862 (RT-qPCR) fwd: 
TCAATCCAGCCTCCCACATT

This paper N/A

862 (RT-qPCR) rev: 
ATGAGAGGTTCTAAGGGGCG

This paper N/A

1745 (RT-qPCR) fwd: 
AGGACAGTGGGCGAAAAGTA

This paper N/A

1745 (RT-qPCR) rev: 
TGTTGATCTGCGGGGTGTAT

This paper N/A
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2651 (RT-qPCR) fwd: 
CCTGGAGACTCTGTTTGGGT

This paper N/A

2651 (RT-qPCR) rev: 
AGAGCAGGGCAGTCATCTTT

This paper N/A

2581 (RT-qPCR) fwd: 
GCAATTCAGACTGGCCACAA

This paper N/A

2581 (RT-qPCR) rev: 
CGAGTTGGGAGGAGAAAGGT

This paper N/A

4757 (RT-qPCR) fwd: 
GCCTATACAGCCTCCTCCAG

This paper N/A

4757 (RT-qPCR) rev: 
GTGGATTGTTGGGATCAGGC

This paper N/A

EPAS1-N-sg1 (FLAG-HA-Knockin): 
AGCGACAATGACAGCTGACA

This paper N/A

3XFLAG-HA-10-N-EPAS1 (FLAG-HAKnockin HDR 
Template): 
ACACTCGCGAGCGGACCGCCACACGG
GTCCGGTGCCCGCTGCGCTTCCGCCC
CAGCGCTCCTGAGGCGGCCGTACAAT
CCTCGGCAGTGTCCTGAGACTGTATG
GTCAGCTCAGCCCGGCCTCCGACTCC
TTCCGACTCCCAGCATTCGAGCCACTT
TTTTTTTTCTTTGAAAACTCAGAAAAGT
GACTCCTTTTCCAGGGAAAAAGGAACT
TGGGTTCCCTTCTCTCCGTCCTCTTTT
CGGGTCTGACAGCCTCCACCCACTCC
TTCCCCGGACCCCGCCTCCGCGCGCA
GGTTCCTCCCAGTCACCTTTCTCCACC
CCCGCCCCCGCACCTAGCCCGCCGCG 
CGCCACCTTCCACCTGACTGCGCGGG
GCGCTCGGGACCTGCGCGCACCTCGG
ACCTTCACCACCCGCCCGGGCCGCGG
GGAGCGGACGAGGGCCACAGCCCCC
CACCCGCCAGGGAGCCCAGGTGCTCG 
GCGTCTGAACGTCTCAAAGGGCCACA
GCGACAATGGactacaaagaccatgacggtgatt 
ataaagatcatgacatcgattacaaggatgacgatgac 
aagGGCGGCtacccatacgatgttccagattacg 
ctGGCGGCGGCGGCTCCGGCGGCGGC 
GGCTCCACAGCAGATAAAGAGAAGAAA
AGgtaagcgggcgtccgggccgatcagggggccggt 
ccgaggccagggccgggctgcgcggggcaggcgcg 
accgagagtggttgggagaagagtgctgagaggtcttc 
ggagctcgaggctcggtttggagggctgtgagggggag 
agcatgtgcccggtttgggggcgcggatcagcagctttg

This paper N/A

cagtggagacttctgcggctcggaggagtcggggatttg 
cgcgcacggcgaggccaggaggccgagggagatgg 
cctggaggtcggaggtgcttccgcggtgcctttgaaaatc 
tcccagccgccccgcagcagattaccgtggccaccgg 
cgcttggaaatgtttgtgggtgcatgtcctcgactttctctgg 
tctctcattttggggcagcatccacgtctctatttttctctgga 
ttcgcggagtccttccaaatgcgctcctgtgcccgcgccg 
cggcccaagtgggcaaag

EPAS1 (Amplicon sequencing) fwd: 
GCGCGCCACCTTCCACCTGA

This paper N/A

EPAS1 (Amplicon sequencing) rev: 
CGTGCGCGCAAATCCCCGACT

This paper N/A

EPAS1 with HDR (Amplicon sequence, 550 bp): 
GCGCGCCACCTTCCACCTGACTGCGC
GGGGCGCTCGGGACCTGCGCGCACCT
CGGACCTTCACCACCCGCCCGGGCCG
CGGGGAGCGGACGAGGGCCACAGCC
CCCCACCCGCCAGGGAGCCCAGGTGC
TCGGCGTCTGAACGTCTCAAAGGGCC 

This paper N/A
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ACAGCGACAATGGactacaaagaccatgacgg 
tgattataaagatcatgacatcgattacaaggatgacgat 
gacaagGGCGGCtacccatacgatgttccagatt 
acgctGGCGGCGGCGGCTCCGGCGGC 
GGCGGCTCCACAGCAGATAAAGAGAA
GAAAAGgtaagcgggcgtccgggccgatcagggg 
gccggtccgaggccagggccgggctgcgcggggcag 
gcgcgaccgagagtggttgggagaagagtgctgagag 
gtcttcggagctcgaggctcggtttggagggctgtgagg 
gggagagcatgtgcccggtttgggggcgcggatcagc 
agctttgcagtggagacttctgcggctcggaggagtcgg 
ggatttgcgcgcac

EPAS1 with no HDR (Amplicon sequence, 421 bp): 
GCGCGCCACCTTCCACCTGACTGCGC
GGGGCGCTCGGGACCTGCGCGCACCT
CGGACCTTCACCACCCGCCCGGGCCG
CGGGGAGCGGACGAGGGCCACAGCC
CCCCACCCGCCAGGGAGCCCAGGTGC
TCGGCGTCTGAACGTCTCAAAGGGCC
ACAGCGACAATGACAGCTGACAAGGA
GAAGAAAAGgtaagcgggcgtccgggccgatca 
gggggccggtccgaggccagggccgggctgcgcggg 
gcaggcgcgaccgagagtggttgggagaagagtgctg 
agaggtcttcggagctcgaggctcggtttggagggctgt 
gagggggagagcatgtgcccggtttgggggcgcggat 
cagcagctttgcagtggagacttctgcggctcggaggag 
tcggggatttgcgcgcacg

This paper N/A

EGLN3 (ChIP-qPCR) fwd: 
AGTGTCCGTTCCCAGCTCAG

Schodel et 
al.101

N/A

EGLN3 (ChIP-qPCR) rev: 
TAGGCACAGTAAACAGGCC

Schodel et 
al.101

N/A

ACTB (ChIP-qPCR) fwd: 
ACCATGGATGATGATATCGCC

Schodel et 
al.101

N/A

ACTB (ChIP-qPCR) rev: 
GCCTTGCACATGCCGG

Schodel et 
al.101

N/A

ERVE-4 HRE1 (ChIP-qPCR) fwd: 
GGAGCACTCTCGCGTAGG

This paper N/A

ERVE-4 HRE1 (ChIP-qPCR) rev: 
GATCAGCCCACACTTCCACT

This paper N/A

ERVE-4 HRE 2 (ChIP-qPCR) fwd: 
TGACCTAACCGCTTGTGGAT

This paper N/A

ERVE-4 HRE 2 (ChIP-qPCR) rev: 
AACTCTGAGGGGTCCATGTG

This paper N/A

4818 HRE 1 (ChIP-qPCR) fwd: 
GCTCCCCGAATGCACAATTT

This paper N/A

4818 HRE 1 (ChIP-qPCR) rev: 
TGAAACTCTCTGCCCTGTTCT

This paper N/A

4818 HRE 2 (ChIP-qPCR) fwd: 
ACAGGGCAGAGAGTTTCACA

This paper N/A

4818 HRE 2 (ChIP-qPCR) rev: 
GACCCTCCCGTATCGCTTTA

This paper N/A

5875 HRE 1 (ChIP-qPCR) fwd: 
TCCCCAAGAGAGCAATTCCT

This paper N/A

5875 HRE 1 (ChIP-qPCR) rev: 
GAAACTCCCTGCCCTGTTCT

This paper N/A

5875 HRE 2 (ChIP-qPCR) fwd: 
CGAGTGAGCAATTCCTGTCC

This paper N/A

5875 HRE 2 (ChIP-qPCR) rev: 
CTGCCTGACCTAAACCCAGT

This paper N/A
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ERV3.2 (ChIP-qPCR) fwd: 
TGTTTCTCCCTGACCATCGG

This paper N/A

ERV3.2 (ChIP-qPCR) rev: 
GCCACAGACAAAACCTCTCA

This paper N/A

3797 (ChIP-qPCR) fwd: 
CTACTCACTTGTGGCATGCC

This paper N/A

3797 (ChIP-qPCR) rev: 
AGGAGGCTGTGAAGATGGTC

This paper N/A

4377 (ChIP-qPCR) fwd: 
AGATTGAAGGGTGGCACTGA

This paper N/A

4377 (ChIP-qPCR) rev: 
AATCCACCTACAACCTCGGG

This paper N/A

4721 (ChIP-qPCR) fwd: 
AGAAAGTCCTGAGAGCGGA

This paper N/A

4721 (ChIP-qPCR) rev: 
AAGAGCGAATAACCCTCCCC

This paper N/A

1514 (RT-qPCR) fwd: 
CGTGCTGAGGGATGGGATAT

This paper N/A

1514 (RT-qPCR) rev: 
TCCCAATCCAAAGCCTCCTT

This paper N/A

Recombinant DNA

pLenti-EF1α-cas9-FLAG-IRES-Neo Nicholson et 
al.97

N/A

pLX304-EV-IRES-GFP Addgene 187640

pLX304-VHL-IRES-Tdtomato Addgene 187643

pLenti-EF1α-HIF2α dPA (P405A, P531A) Addgene 232954

pLentiCRISPRv2-Puro Addgene 98290

psPAX2 Addgene 12260

pMD2.G Addgene 12259

Software and algorithms

GraphPad Prism Dotmatics https://www.graphpad.com/features

ImageJ NIH https://imagej.net

Biorender Biorender https://www.biorender.com

R The R Project for Statistical 
Computing

https://www.r-project.org/

IGV: Integrative Genomics Viewer Broad Institute https://www.igv.org

FlowJo BD 
Biosciences

https://www.flowjo.com/solutions/flowjo

Spectrum Mill MS Proteomics Software Broad Institute https://proteomics.broadinstitute.org, Version 
8.02

Orbitrap Exploris 480 Xcalibur Thermo 
Scientific

1.1–1.1.75.22/1.1.117.22 
2.0–2.0.122.16/2.0.182.25 
3.0–3.0.204.12/3.0.261.13 
3.1–3.1.231.6/3.1.279.9

Orbitrap Fusion Lumos Xcalibur Thermo 
Scientific

3.1.2412.25

HLAthena binding prediction Broad Institute http://hlathena.tools/

Other
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Adaptive Forced Acoustics (AFA) fiber milliTUBE Covaris Cat#520135

ART™ Wide Bore Filtered Pipette Tips Thermo Fisher 
Scientific

Cat#2079GPK

Round-Bottom Polystyrene Test Tubes with Cell 
Strainer Snap Cap, 5mL

Falcon Cat#352235

T4 RNA Ligase 2, truncated KQ New England 
Biolabs

Cat#M0373

mRNA Decapping Enzyme New England 
Biolabs

Cat#M0608S

T4 RNA Ligase 1 New England 
Biolabs

Cat#M0204L

SuperScript IV Reverse Transcriptase Invitrogen Cat#18090010

NEBNext Ultra II Q5 Master Mix New England 
Biolabs

Cat#M0544S

Low Protein Binding Microcentrifuge 
Tubes

Thermo Fisher 
Scientific

Cat#90410

Dynabeads Streptavidin C1 Invitrogen Cat#65001

Betaine Sigma-Aldrich Cat#61962

Versene Gibco Cat#15040066

Human TruStain FcX Biolegend Cat#422302

Fixation Buffer Biolegend Cat#420801

Fisher 150 homogenizer Thermo Fisher 
Scientific

Cat#15–340-176

GammaBind Plus Sepharose antibody 
purification resin

Cytiva Cat#17088601

Human Serum Sigma-Aldrich Cat#H4522

Mycobacterium Tuberculosis H37Ra BD 
Biosciences 
Difco

DF3114–33-8

BD Difco Complete Freund’s adjuvant BD 
Biosciences 
Difco

DF0638–60-7

ELISpot Plate Millipore Cat#MSIPS4W10

Streptavidin-HRP Mabtech Cat#3310–9-1000
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