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Biology is inherently dynamic: the order of molecular events 
is critical to understanding how cells make decisions, adapt 
to their environments, and transition between states. Meas-
uring the life history of cells—including the molecular events 
that they experience over time—can provide crucial insights 
into developmental processes, disease progression, and how 
transient molecular cues influence long-term cellular behav-
iors. However, most molecular measurements of biological 
processes remain limited in their ability to preserve these dy-
namics. Approaches such as RNA sequencing (RNA-seq) are 
destructive and provide only static snapshots of a cell’s state 
at the time of sampling. Live imaging, while capable of ob-
serving biological processes in real time, typically requires 
continuous optical access and is constrained to tracking a 
limited number of molecules or reporter constructs. 

These limitations have motivated the development of 
tools to infer or record transcriptional dynamics. Computa-
tional approaches like RNA velocity estimate the direction 
and speed of gene expression changes by analyzing splicing 
intermediates, but rely on statistical inference rather than di-
rect measurement (1, 2). Synthetic memory systems based on 
CRISPR technologies, including Cas1–Cas2 integrases, ge-
nome-editing circuits, and more advanced systems such as 
base editing (BE) and prime editing (PE), attempt to encode 
molecular dynamics into the genome (3–9). While Cas9-
guided BE and PE circuits function in mammalian cells, their 
scalability is constrained by the limited number of unique, 
inducible guide RNAs and targetable DNA sequences. These 
factors hinder both multiplexing and the ability to recon-
struct fine transcriptional trajectories from the recorded sig-
nals. Metabolic labeling of nascent RNA using nucleoside 
analogs such as 4-thiouridine (4sU) enables short-term track-
ing of newly transcribed RNA (10–15), but the labeled RNAs 

degrade quickly and variably depending on RNA half-life. Fi-
nally, continuous RNA export systems enable non-destructive 
transcriptome sampling from living cells (16, 17), but lose spa-
tial and lineage context because the exported transcripts are 
decoupled from their cells of origin. 

What remains missing is a system that can preserve an 
unbiased record of the transcriptome within the same cellu-
lar lineage over time. Ideally, such a system would store past 
transcriptional states intracellularly in a format that can be 
recovered in daughter cells and linked to future cell fate. This 
would enable unbiased discovery of molecular features that 
predict long-term outcomes without prior knowledge of 
which genes to track. 

To address this gap, we developed TimeVault, a synthetic 
device for time-resolved transcriptome storage in living 
mammalian cells. TimeVault harnesses the vault particle (18–
20), a large endogenous cytoplasmic ribonucleoprotein com-
plex, as a chassis to encapsulate polyadenylated mRNAs. By 
genetically fusing the vault poly(ADP-ribose) polymerase 
(vPARP) vault-interacting (INT) domain to the poly(A)-bind-
ing protein (PABP), TimeVault enables selective capture of 
cytosolic transcripts via their poly(A) tails. Inducible expres-
sion of the TimeVault allows transcriptome snapshots to be 
stored intracellularly during defined time windows. These 
encapsulated RNAs are stable, lineage-retained, and can be 
retrieved later to reconstruct historical transcriptional states. 

We demonstrate that TimeVault enables whole-transcrip-
tome preservation with high stability and fidelity. We vali-
date its utility for recording stress responses, preserving 
metabolically labeled transcripts, and uncovering drug-naive 
molecular states in rare drug-resistant cancer persister sub-
populations. By enabling time-specific and lineage-retained 
storage of transcriptomes, TimeVault provides a powerful 
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tool for studying time-resolved gene expression dynamics in 
complex and heterogeneous biological systems. 
 
TimeVault captures and protects cellular mRNA in liv-
ing cells 
We first reasoned that capturing RNA with self-assembling 
protein particles may protect the captured RNA from degra-
dation and allow them to be stably stored for future retrieval. 
Among several candidates we evaluated (Fig. 1A and fig. S1), 
we focused on the eukaryotic vault particle, a large, evolu-
tionarily conserved ribonucleoprotein complex of unclear 
function found in many cytoplasmic contexts (21). Vault par-
ticles are composed primarily of the Major Vault Protein 
(MVP), which self-assembles into a hollow, barrel-shaped 
structure (Fig. 1A) even in the absence of other native cargo 
components such as vPARP, vault RNAs (vRNAs), and Te-
lomerase-associated protein 1 (TEP1) (22, 23). We reasoned 
that the vault’s hollow, capsule-like architecture could be uti-
lized to sequester and preserve cellular mRNAs, thereby cap-
turing a transcriptomic snapshot of cell state for future 
retrieval and analysis (Fig. 1B). 

To test if vault particles can be synthetically assembled 
and used to capture foreign cargo, we first generated a fluo-
rescent reporter by genetically fusing the INT domain to the 
C terminus of superfolder GFP (sfGFP-INT) (23, 24). Fluores-
cence microscopy revealed distinct cytosolic GFP-positive 
particles upon co-expression with MVP (Fig. 1C, right), con-
sistent with particle formation. In contrast, expression of 
sfGFP-INT alone resulted in diffuse, homogeneous fluores-
cence throughout the cell (Fig. 1C, left), with no evidence of 
particle formation or specific subcellular localization. 

Next, to enable the vault particle to capture RNA, we hy-
pothesized that fusing the INT domain to the C terminus of 
PABP RNA recognition motifs would enable PABP recruit-
ment into the vault particle, thereby facilitating co-capturing 
of polyadenylated mRNA through PABP’s nanomolar affinity 
to poly(A) tails (25–27). To assess RNA-capturing efficiency 
by the engineered vault particles, HEK293T cells were trans-
fected with Tet-On, doxycycline (Dox) inducible plasmids en-
coding either the MVP, the PABP-INT, or an IRES-fused 
construct for co-expression of both proteins. 

After two days of Dox induction, cells were lysed, and ly-
sates were split in two aliquots. One aliquot was treated with 
a mixture of RNase A and RNase T1 to degrade unprotected 
transcripts, leaving behind only RNA protected by vault par-
ticles. The other aliquot of the lysate was left to serve as a 
reference for total cytosolic RNA abundance. Reverse tran-
scription and quantitative polymerase chain reaction (RT-
qPCR) targeting housekeeping gene GAPDH revealed that 
RNA was protected from degradation only when both MVP 
and PABP-INT were co-expressed (Fig. 1D, n = 3 independent 
culture replicates), resulting in a capturing efficiency of 3.16 

± 1.01% (mean ± SD) relative to the total GAPDH mRNA 
abundance in the untreated cell lysate. In contrast, substan-
tially fewer GAPDH mRNA copies were observed in condi-
tions expressing MVP alone (2.3×10−3 ± 2.5×10−4% relative to 
lysate, mean ± SD), PABP-INT alone (1.5×10−3 ± 5.5×10−4% rel-
ative to lysate, mean ± SD), or in the non-transfected control 
(undetectable), indicating that both components are required 
for effective RNA capturing and protection within vault par-
ticles. 

We also evaluated other classes of self-assembling protein 
particles, including encapsulins from bacteria and archaea 
that package specific cargo proteins through recognition of a 
short targeting peptide (Materials and methods, fig. S1A). We 
observed that the vault-based capture system exhibited over 
20-fold higher capture efficiency compared to all the encap-
sulin-based systems (fig. S1, B and C). Together, these find-
ings suggest that the physical size of the protein particle plays 
a critical role in determining mRNA capture efficiency. Thus, 
for the rest of our manuscript, we focus on characterizing the 
vault-based system, and we term the coexpression of MVP 
with PABP-INT as the TimeVault storage device. 

To visualize and quantify the vault particles, we per-
formed protein-retention expansion microscopy (28) on 
TimeVault expressing HEK293T cells stained with MVP (Ma-
terials and methods). Expansion microscopy was necessary to 
accurately separate individual particles in crowded cells. We 
observed an average of approximately 11,700 ± 8,200 
(mean ± SD, n = 23) vault particles per cell, with variability 
primarily attributable to differences in transfection efficiency 
(fig. S2A). Additionally, vault particles were observed to be 
distributed equally during cell division (fig. S2B), providing 
evidence that TimeVault retains transcriptomic information 
within the same lineage. 

To explore the temporal resolution of transcriptome re-
cording with TimeVault, we characterize how fast the expres-
sion of TimeVault transcript could be turned off to define a 
controllable window for RNA storage. We transfected 
HEK293T cells with a Tet-Off version of TimeVault and mon-
itored the MVP mRNA abundance following the addition of 1 
μg/ml Dox. MVP mRNA abundance declined rapidly after 
Dox treatment, with a half-life of 5.4 hours (fig. S3A). Addi-
tionally, we monitored capture efficiency over time and con-
firmed that RNA capture ceased within 24 hours after Dox 
addition (fig. S3B). These results collectively indicate that the 
recording window can be closed within 24 hours after Dox 
addition in the Tet-Off TimeVault system. 
 
TimeVault enables stable preservation of mRNA over 
extended time 
We next wanted to test if capture by TimeVault protects RNA 
from degradation. We first sought to assess the stability of 
TimeVaults and their ability to protect RNA from 
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degradation over time. To do so, we transfected HEK293T 
cells with the TimeVault storage device, followed by cell lysis. 
We incubated these cell lysates containing TimeVault cap-
tured RNA at 37 °C for up to 12 days, followed by RNase treat-
ment to degrade unprotected RNAs (Materials and methods). 
RT-qPCR of protected mRNA revealed that 68% of ACTB 
mRNA remained in TimeVaults after 8 days, and 42% per-
sisted after 12 days, relative to abundance measured immedi-
ately after lysis on day 0. By contrast, ACTB mRNA in the non-
transfected lysates rapidly degraded to less than 7% after 4 
days and was undetectable after 12 days (Fig. 1E). Fitting the 
decay curves to a one-phase exponential model yielded half-
lives of 13.5 days for TimeVault-captured ACTB mRNA and 
1.05 days for the control. Notably, the half-life observed for 
TimeVault-protected RNA is relatively close to the half-lives 
of base-catalyzed transesterification cleavage involving the 
RNA 2′-hydroxyl group under purified conditions (17.8 days 
for 135 bp qPCR target site, pH 8.0, 37°C) (29). This suggests 
that TimeVaults are long-lived and effectively protect cap-
tured RNA from external RNases. 

To test whether TimeVault can stabilize captured tran-
scripts in living cells, we metabolically labeled nascent RNA 
with 4sU and measured their decay kinetics within Time-
Vaults and in the cytoplasm. HEK293T cells were transfected 
with a Tet-Off–regulated TimeVault construct and incubated 
with 200 μM 4sU for 12 hours (Materials and methods). After 
12 hours, cells were washed with PBS (phosphate-buffered sa-
line) to remove residual 4sU, and fresh medium containing 1 
μg/ml Dox was added to terminate new TimeVault expres-
sion. Consistent with our results in cell lysates, the 4sU-la-
beled RNA fraction (n = 3 independent culture replicates, top 
500 genes by expression) in the cytosol decayed rapidly, ex-
hibiting a half-life of 17.1 hours, whereas TimeVault-captured 
RNA displayed a markedly prolonged half-life of 132.5 hours 
(Fig. 1F). This is likely an underestimate of the true half-life, 
as new TimeVaults produced during dox-repression would 
capture unlabeled mRNA. These results confirm that Time-
Vault effectively shields captured RNAs from degradation in 
living cells, extending their half-life by over sevenfold. 
 
TimeVault is minimally perturbative in mammalian 
cells 
As a molecular recording system, TimeVault should mini-
mally affect endogenous cellular processes in living cells. To 
evaluate this, we assayed TimeVault’s effects on cell viability 
and gene expression. First, we utilized a luciferase-based 
adenosine triphosphate assay (CellTiter-Glo) to assess the cell 
viability after transfection and expression of TimeVault. 
TimeVault-expressing cells showed no significant difference 
in viability compared to non-expressing and control-trans-
fected cells (Fig. 1G, one-way ANOVA with Tukey’s multiple 
comparisons test). To probe broader transcriptional effects, 

we performed RNA-seq and differential expression analysis 
after two days of TimeVault induction (Dox+) versus unin-
duced controls (Dox−) (Fig. 1H). Among 20,360 genes ana-
lyzed, only MVP and PABPC1 (the two genes overexpressed in 
the TimeVault system) showed significant differences in gene 
expression [adjusted P < 0.01, Log2Fold change (log2FC) > 1]. 
These results together suggest that TimeVault expression has 
minimal impact on global gene expression and does not sub-
stantially disrupt normal cellular function. 
 
Transcriptome-wide characterization of TimeVault 
captured RNA 
Next, we characterized the composition of RNA captured by 
TimeVault using RNA-seq. To distinguish TimeVault-cap-
tured transcripts from cytosolic transcripts, lysates were split 
and treated either with RNase A/T1 (RNase+, retained/cap-
tured fraction) or without RNase (RNase−, cytosolic/lysate 
fraction) prior to purification. We compared transcript abun-
dance across experimental replicates (n = 3 independent cul-
ture replicates) of TimeVault-captured RNA and found a 
strong correlation at the transcriptome-wide level (Pearson’s 
r = 0.99 ± 0.01; Fig. 1I and fig. S3C), demonstrating the repro-
ducibility and consistency of TimeVault-mediated RNA cap-
ture. The relative transcript abundances in the TimeVault-
captured transcriptome were also highly correlated with 
those in the matched cytosolic transcriptome (Pearson’s r = 
0.91 ± 0.03; Fig. 1J and fig. S3D), indicating minimal bias in 
transcript capture by TimeVault. To assess if there was a bias 
in detection sensitivity as a function of transcript expression, 
we assessed the overlap of TimeVault captured genes and 
bulk RNA-seq binned by expression decile. We found that the 
TimeVault capture sensitivity across detection bins is virtu-
ally identical to the sensitivity across two RNA-seq replicates 
(fig. S3E). 

To further examine the residual bias in TimeVault cap-
ture, differential expression analysis revealed that the many 
of the depleted transcripts in the captured fraction were 
found to be mitochondrially encoded RNAs (mtRNAs) and 
long non-coding RNAs (lncRNAs) (Fig. 1, K and L), which is 
consistent with the cytosolic localization of TimeVault and 
the inaccessibility of mtRNAs due to the confinement within 
mitochondria. Capture bias was largely independent of tran-
script length (Fig. 1M), indicating that TimeVault enables ef-
ficient and unbiased sampling of the cytosolic transcriptome. 

We further characterized the TimeVault-captured tran-
scriptome under varying experimental conditions to assess 
recording stability and input sensitivity. To evaluate whether 
transcript detection rates change after halting TimeVault ex-
pression, we performed RNA-seq on cells collected 1, 3, and 5 
days post–doxycycline addition. Across these time points, we 
observed consistent numbers of detected transcripts, high ex-
pression correlations (r >0.98 for all conditions), and stable 
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detection rates across expression bins (fig. S4, A, B, and C), 
indicating that the captured transcriptome remains stable 
over extended recording intervals. 

To determine the minimal input requirement for Time-
Vault, we performed RNA-seq with different amounts of in-
put cell numbers, ranging from a total of 10-1,000,000 cells. 
RT-qPCR analysis of GAPDH mRNA revealed that reliable 
transcript detection was achievable with as few as 1,000 cells 
as total input (fig. S5A). We performed RNA-seq on Time-
Vault-captured RNA from 1,000, 10,000, and 1 million cells to 
assess performance across input scales. Although the total 
number of detected genes decreased by approximately 24% 
in the 1,000-cell group relative to higher inputs (fig. S5B, 
15768 ± 886 genes, mean ± SD, versus 20691 ± 369 genes for 
1 million-cell group), gene expression profiles remained 
highly correlated (fig. S5C, Pearson’s r = 0.97 between 1 mil-
lion and 10,000; r = 0.96 and 0.95 for 10,000 vs 1,000 and 1 
million vs 1,000, respectively). When evaluating detection 
sensitivity across expression bins, results from the 10,000- 
and 1 million-cell inputs were nearly identical, with only a 
modest (~20%) reduction in low-abundance transcripts (0.1–
10 TPM) at the 1,000-cell input (fig. S5D). We also evaluated 
the performance of a Tet-off TimeVault system in a stably in-
tegrated HEK293T cell line (Materials and methods). Using 
RT-qPCR, we observed a GAPDH capture rate of 0.11 ± 0.02% 
(mean ± SD) in the integrated cells (fig. S6A). RNA-seq of the 
captured transcriptome shows the number of detected genes 
and overall transcriptome profiles were comparable between 
integrated and transfected cells, with a high correlation [(fig. 
S6, C, D, and E), Pearson’s r = 0.95]. These findings demon-
strate that TimeVault maintains robust transcriptome fidel-
ity and high sensitivity even with low-input samples (~1000 
cells), and is fully functional when genomically integrated, 
though requiring roughly an order-of-magnitude higher in-
put. 
 
TimeVault records stress responses in living cells 
Given that TimeVault faithfully preserves cellular RNA with 
minimal perturbation, we next sought to record endogenous 
transcriptional responses in living cells. We first applied the 
system to record endogenous cellular responses to stress, spe-
cifically heat shock and hypoxia. These stressors were inten-
tionally selected due to their well-characterized rapid 
induction and transient decay of specific transcriptional pro-
grams, providing a robust framework to assess the temporal 
resolution and functional performance of the TimeVault sys-
tem. 

First, to record the heat shock response, we transfected 
HEK293T cells with a Tet-Off controlled TimeVault construct 
to initiate transcriptional recording (Fig. 2A). In the heat 
shock–past condition (HSpast), cells were continuously ex-
posed to 42°C heat shock while expressing TimeVault, after 

which Dox was added to terminate TimeVault expression, 
and cells were returned to 37°C for an additional 48 hours 
before harvesting. To benchmark this response, we included 
two control conditions. In the heat shock–present condition 
(HSpresent), cells were initially maintained at 37°C and recorded 
for 24 hours under unperturbed condition, followed by the 
addition of Dox to stop recording. Cells were then exposed to 
42°C heat shock for 6 hours prior to harvesting (66-72 hours 
post-transfection). In the no-treatment control (NC) condi-
tion, cells were similarly recorded for 24 hours at 37°C, fol-
lowed by continuous growth at 37°C under unperturbed 
condition until harvest. All cells were harvested 72 hours 
post-transfection, and cell lysates were split into two aliquots: 
one aliquot underwent RNase digestion to isolate the Rec-
orded transcriptome captured by TimeVault, while the other 
aliquot was purified directly to assay the Present transcrip-
tome, representing the cell state at the time of harvest. This 
experimental design allowed us to evaluate whether Time-
Vault can faithfully record the prior transcriptional state in-
duced during heat shock exposure, while simultaneously 
excluding transcripts produced after recording has stopped, 
demonstrating the system’s ability to preserve temporally iso-
lated transcriptional information. 

To determine whether TimeVault successfully recorded 
the transcriptional state induced by heat shock that occurred 
in the past, we performed differential expression analysis 
across the three experimental conditions. In the Recorded 
transcriptome, the HSpast condition exhibited significant up-
regulation (adjusted P < 1×10−20, log2FC > 1) of canonical heat 
shock–responsive genes, such as members of the HSP family, 
CRYAB, DNAJB1, relative to both the HSpresent (Fig. 2, B and D) 
and NC conditions (fig. S7). This indicates that TimeVault ef-
fectively recorded the transcriptional signature associated 
with prior heat shock exposure. The recorded transcriptome 
from the heat-shock past (HSpast) condition recovered 27 of 
the 48 differentially expressed genes (DEGs) identified in the 
corresponding lysate (HSpresent). Gene Ontology (GO) enrich-
ment analysis (Materials and methods) further confirmed 
this observation, revealing significantly enriched stress re-
sponses to heat (adjusted P < 0.05, gene count > 3) specifi-
cally in the HSpast condition (Fig. 2E). By contrast, the HSpresent 
and the NC condition displayed no evidence of heat stress in 
the captured transcriptome, demonstrating the specificity of 
TimeVault in preserving transcriptomic information gener-
ated within the defined and temporally restricted recording 
window. 

Analysis of the Present transcriptome revealed an oppo-
site pattern. Heat shock–responsive genes were no longer sys-
tematically up-regulated in the HSpast condition compared to 
both HSpresent (Fig. 2, C and D) and NC conditions (fig. S7). 
These genes were instead up-regulated specifically in the 
HSpresent condition (Fig. 2C and fig. S7). Consistent with this 
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observation, GO enrichment analysis identified significant 
activation of heat shock response pathways exclusively in the 
HSpresent condition (Fig. 2E). These results demonstrate that 
the heat shock response is confined to the HSpresent condition 
at the time of sampling. Furthermore, the absence of heat 
shock signatures in the Recorded transcriptome of the HSpres-

ent condition confirms that TimeVault excludes transcripts 
generated after the recording period, thereby preserving a 
temporally resolved and recording-window-specific copy of 
the transcriptome. 

Next, we applied a similar recording experiment design to 
record transcriptional responses to hypoxia-mimicking con-
ditions via dimethyloxalylglycine (DMOG) induced HIF-1α 
stabilization (Fig. 2F). HEK293T cells were transfected with 
a Tet-Off–regulated TimeVault construct to initiate transcrip-
tional capture. In the Dpast condition, cells were then treated 
with DMOG (500 μM, Materials and methods) for 24 hours 
during the active recording phase, after which DMOG was re-
moved, and Dox was added to terminate TimeVault expres-
sion until harvest. In the Dpresent condition, cells were first 
recorded for 24 hours under unperturbed conditions, fol-
lowed by the addition of Dox to stop recording and subse-
quent exposure to DMOG beginning at 72 hours after 
transfection until harvest. A no-treatment control (NC) con-
dition was included to define the basal transcriptional state. 

For all cells, the Recorded and Present transcriptomes 
were purified 96 hours after transfection, sequenced, and an-
alyzed as described in the heat shock experiment. Differential 
expression analysis of the Recorded transcriptome revealed a 
significant enrichment of HIF–1α–responsive genes in the 
Dpast condition relative to both Dpresent and NC controls (Fig. 2, 
G and I). Notably, well-characterized hypoxia response genes 
such as LDHA, ALDOA, and TPI1 were among the most up-
regulated in the Dpast condition, indicating TimeVault effec-
tively recorded the transcriptional signature associated with 
HIF-1α stabilization. Conversely, in the Present transcrip-
tome, hypoxia response genes were predominantly up-regu-
lated in the Dpresent condition compared to Dpast and NC (Fig. 
2, H and I). Gene set enrichment analysis identified signifi-
cant activation of hypoxia response pathways exclusively in 
the Recorded Dpast and the Present Dpresent conditions (Fig. 2J). 
Together with the heat shock recording experiment, these re-
sults reinforce TimeVault’s ability to accurately capture past 
transcriptional states and highlight its specificity in preserv-
ing the fidelity of the Recorded transcriptome by excluding 
gene expression changes occurring after the cessation of re-
cording. 
 
TimeVault reveals drug-naive persister cancer cell state 
in response to targeted therapy 
Having demonstrated TimeVault’s robustness in capturing 
transient stress responses with temporal fidelity, we next 

applied it to a biologically and clinically relevant system 
where past transcriptomic heterogeneity influences future 
therapeutic outcomes. Recent work has shown that non-ge-
netic mechanisms can drive cancer drug resistance, with a 
subset of tumor cells entering a reversible, drug-tolerant “per-
sister” state upon treatment (30–32). We asked whether 
TimeVault could uncover transcriptomic features of pre-ex-
isting, drug-naive persister cells prior to treatment with a tar-
geted therapy. 

To do so, we applied TimeVault to PC9 lung adenocarci-
noma cells (Fig. 3A), which carry an exon 19 deletion in the 
epidermal growth factor receptor (EGFR) gene, rendering 
them sensitive to the third-generation EGFR tyrosine kinase 
inhibitor, osimertinib. Previous work has widely used PC9 to 
evaluate targeted therapy efficacy, and a small population 
(20~25%) of the cells consistently exhibits a persister pheno-
type following osimertinib treatment (Fig. 3B) (32). 

To examine the pre-treatment transcriptome of future 
persister cells, we transfected PC9 cells with the Tet-Off 
TimeVault construct, enabling recording over a 24-hour win-
dow in the drug-naive state. At 72 hours post-transfection, we 
treated the cells with 100 nM osimertinib for 4 days to select 
for the persister population, while a parallel culture was 
maintained without treatment (Materials and methods). Ad-
ditionally, we confirmed that TimeVault expression intro-
duces minimal transcriptomic changes (7 genes up-regulated 
in TimeVault expressing PC9s, and 38 genes up-regulated in 
TimeVault - controls), with no significantly enriched path-
ways (fig. S8A). 

We compared the Recorded transcriptomes of persister 
and untreated cells using differential gene expression analy-
sis and found 449 differentially expressed genes (adjusted P 
< 1×10−5, log2FC > 0.5, Fig. 3C, and table S1). Gene set enrich-
ment analysis of the Recorded persister cell transcriptome 
showed a pronounced up-regulation of oxidative phosphory-
lation (OXPHOS), in line with reports that chemoresistant 
and cancer-stem–like cells rely on OXPHOS over glycolysis 
(33, 34). Notably, non-small cell lung cancer (NSCLC) tumors 
with limited glycolytic up-regulation are especially sensitive 
to OXPHOS inhibition (33, 34). In contrast, Recorded tran-
scriptomes of non-treated cells showed higher enrichment of 
mitotic spindle and G2M checkpoint signatures, suggesting 
that pre-drug persister cells exhibit less proliferative poten-
tial than the non-persister counterparts prior to drug treat-
ment (Fig. 3D). This is in line with previous studies that slow-
cycling subpopulations show increased resistance to EGFR 
inhibitors, whereas rapidly dividing cells are more sensitive 
to EGFR inhibitors (31, 35). 

In addition to pathway-level changes, we also examined 
the top differentially expressed genes that mark the pre-drug 
persister state. These include PI3, CXCL8, LCN2, AKR1C1 and 
FN1 (Fig. 3F, top). more than half of the pre-drug persister 
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marker genes (232 out of 449 genes) are not up-regulated in 
the Present transcriptional state of persister cells after drug 
treatment (fig. S8B). For example, PI3 and AKR1C1 were 
down-regulated in persister cells post-treatment, while LCN2 
and CXCL8 showed comparable expression levels between 
persister cells and non-treated cells (Fig. 3F, bottom). This 
divergence between pre-treatment and post-treatment tran-
scriptomes highlights the limitation of inferring cell fate from 
the endpoint measurements alone. This underscores the 
value of directly observing past transcriptomic states that 
predispose cells to drug persistence. 

To evaluate whether these pre-drug marker genes showed 
differential protein expression, we performed immunofluo-
rescence (IF) staining on PI3 and FN1. Prior to osimertinib 
treatment, we observed a subpopulation of cells with high 
FN1 expression; following osimertinib, the proportion of 
these high-FN1-expressing cells increased (Fig. 4, A and B). IF 
staining for PI3 also revealed heterogeneous expression in 
untreated cells (Fig. 4A). However, unlike FN1, the overall PI3 
expression decreased after osimertinib treatment (Fig. 4C). 
These observations are consistent with the RNA-seq results 
and support the existence of pre-drug transcriptional hetero-
geneity. 

To further investigate differential gene expression prior to 
osimertinib treatment, we performed single-cell RNA se-
quencing (scRNA-seq) on drug-naive PC9 cells under normal 
growth conditions (Fig. 4D and fig S9, A, B, and C). Several 
genes such as FN1, PI3, CXCL8, and AKR1C1, were among the 
highly variable genes (fig. S9A) detected in the scRNA-seq da-
taset, consistent with the pre-drug persister marker genes 
identified by TimeVault. Visualization of single cells using 
uniform manifold approximation and projection (UMAP) re-
vealed a subpopulation of cells (Fig. 4, E and F) exhibiting 
high expression of the top 50 pre-drug persister marker genes 
from the TimeVault experiment, indicating a coherent tran-
scriptional sub-population consistent with TimeVault record-
ings. Notably, this subpopulation exhibited greater overlap 
with OXPHOS signatures relative to G2M checkpoint signa-
tures, recapitulating pathway-level trends observed in the 
TimeVault result (Fig. 3D). The distribution of high-AKR1C1-
expressing cells appeared distinct from other pre-drug 
marker genes, suggesting the existence of multiple subpopu-
lations that may have convergent resistance phenotypes (Fig. 
4G). 

Functional annotation of these marker genes suggests the 
involvement of multiple convergent pathways in driving the 
drug-naive persister cell state. Elevated CXCL8 levels are as-
sociated with poor prognosis and therapeutic resistance in 
NSCLC, and may promote proliferation through autocrine 
signaling or through EGFR transactivation (36, 37). PI3 
(elafin) has been documented to interact with EGFR to acti-
vate PI3K/Akt signaling. Since both CXCR1/2, the receptor of 

CXCL8, and EGFR signal predominantly through the 
PI3K/Akt, autocrine signaling through these soluble proteins 
may compensate for EGFR inhibition. LCN2 has been linked 
to almonertinib-resistance in NSCLC cells through MMP-9 
activation (38). Fibronectin 1 (FN1) has been shown to acti-
vate Wnt/β-catenin signaling in NSCLC, resulting in cisplatin 
resistance, tumor growth, and metastasis (39, 40). Finally, 
AKR1C1 has been shown to activate STAT3 activity to drive 
metastasis and is a member of the aldo-keto reductase family, 
which inhibits ferroptosis via ROS detoxification (41–43). 

To validate the functional activity of these different pre-
drug persister genes, we performed small-molecule-targeted 
inhibition and RNA interference (RNAi) in combination with 
osimertinib to examine their effects on the persister pheno-
type. First, we treated parental PC9 cells with osimertinib 
(100 nM), an AKR1C1 inhibitor (AKRi, 10 μM), and reparixin 
(Rep, 10 μM; a CXCR1/2 inhibitor), both alone and in combi-
nation. While AKRi or Rep alone (without osimertinib) does 
not affect cell viability (Fig. 4H), combined treatment with 
osimertinib significantly, and synergistically reduces cell via-
bility, resulting in 21.1 ± 2.6% (AKRi), 17.2 ± 5.8% (Rep), and 
33.4 ± 2.6% (AKRi+Rep) reduction of viability compared to 
osimertinib treatment alone (Fig. 4I, mean ± SEM, n = 3 in-
dependent culture replicates). 

Next, as there are no readily available chemical inhibitors 
of LCN2, PI3, and FN1, we performed transcriptional knock-
down via RNAi, and confirmed knockdown via RT-qPCR (fig. 
S10A). Knockdown of LCN2, PI3, and FN1 alone (without osi-
mertinib) did not significantly impact viability (Fig. 4J and 
fig. S10B, mean ± SEM, n = 3 independent culture replicates). 
In contrast, knockdown of LCN2, PI3, and FN1 in combina-
tion with osimertinib resulted in 17.9 ± 7.2% (LCN2), 25.8 ± 
10.3% (PI3) and 62.3 ± 9.6% (FN1) reduction of viability com-
pared to treating osimertinib alone (Fig. 4K and fig. S10C, 
mean ± SEM, n = 3 independent culture replicates). Together, 
these results suggest that up-regulation of these pre-drug per-
sister genes is important for maintaining the persister phe-
notype under EGFR inhibition. 
 
Discussion 
We developed TimeVault, a genomically encoded system that 
stores the transcriptome profiles of living mammalian cells, 
creating a durable molecular record of past cellular states. 
Compared to existing molecular recorders, TimeVault ena-
bles transcriptome-wide retrieval, a major advance over 
CRISPR-based memory systems (3–8), which are constrained 
by the limited number of recordable events and dependence 
on synthetic regulatory elements. While previous efforts have 
recorded up to 98 transcription factor activities using com-
plex libraries of synthetic reporters (9), these approaches re-
quire extensive engineering and multiple genomic 
integrations, introducing transcriptional perturbations. In 
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contrast, TimeVault enables transcriptome-wide recording 
via single-construct delivery, minimizing setup and cellular 
disruption. Untargeted, transcriptome-wide measurements 
are critical for hypothesis generation and discovery, as often, 
the relevant molecular signals are unknown in advance. 

Beyond molecular recording, several other concepts have 
been applied to study past transcriptomes. Integrating bar-
code-based lineage tracing approaches can be applied to 
study the relationship between the pre-existing state and fi-
nal phenotypic outcomes (44). However, such approaches re-
quire sampling sister cells in the past and matching future 
lineage-related cells through integrated lineage barcodes. As 
such, these approaches are limited to cases wherein there is 
multi-timepoint access to the cells of interest. However, a key 
advantage of molecular recording approaches—including 
TimeVault—is recordings in complex systems without the 
necessary optical or physical access to the cellular popula-
tions of interest. Lastly, recent work has sought to have cells 
export their transcriptomic state through exosomal release 
(16, 17). While these approaches allow current transcriptomes 
to be sampled nondestructively, these transcriptomes are not 
connected with lineage or specific cellular identity. Conse-
quently, they cannot directly relate past and future cell states, 
and thus serve a fundamentally different purpose from the 
one addressed by TimeVault. 

A key advantage of TimeVault is its capacity to preserve 
past transcriptomic states over extended periods, overcoming 
the limitations of conventional RNA metabolic labeling ap-
proaches (10–14). While metabolic labeling provides infor-
mation on newly transcribed RNA, the tracking window is 
typically at the timescales of 24 hours due to the short life-
time and fast turnover of the cellular mRNA (t½Lysate = 17.1 
hours, Fig. 1F). In this study, we demonstrated that Time-
Vault can successfully retrieve past transcriptome states in 
PC9 cells up to seven days post-transfection, corresponding 
to six days after recording. This enables retrospective analysis 
of pre-drug cellular states and corresponding phenotypic out-
comes well beyond the timeframe accessible by metabolic la-
beling. While this duration is sufficient for many studies, 
certain biological processes, such as embryonic development 
or cellular differentiation, often unfold over weeks. Engineer-
ing a more stable version of the MVP could further extend 
TimeVault’s recording range and expand TimeVault’s ap-
plicability to long-term studies of developmental and regen-
erative biology. 

The current TimeVault system has several other limita-
tions that may be addressed through future optimization and 
engineering. First, the current implementation is restricted 
to capturing the past transcriptome from a single time inter-
val, constraining its utility to ‘temporal differential expres-
sion’ across two timepoints. Extending the system to enable 
multi-interval recording—potentially through metabolic 

labeling or RNA editing (14, 15, 45–48)—would expand its ap-
plicability to studying cell fate decisions involving sequential 
stimuli that unfold over multiple stages. Second, we per-
formed measurements of TimeVaults with bulk RNA-seq, 
grouped by experimental condition or future phenotypic out-
comes. We anticipate that future work may integrate Time-
Vault recording with scRNA-seq to enable single cell 
measurements. Lastly, though we found that vault overex-
pression has little phenotypic effect on growth and the tran-
scriptome of cells, given the unknown function of the vault 
protein, overexpression of the vault protein itself could po-
tentially be perturbative in certain biological systems. In our 
work, we used the endogenous human vault protein in hu-
man cells. However, vaults are extant throughout mammals, 
and vaults from orthogonal species may be especially non-
interactive with native biology, and may also offer novel en-
gineering opportunities (21–23, 49). 

Overall, TimeVault offers an approach for transcriptome-
wide molecular recording in mammalian cells. Biological dy-
namics encode both causality and mechanism, and by bridg-
ing the temporal gap between historical gene expression and 
future cellular outcomes, TimeVault enables retrospective in-
sights into the dynamic trajectories of cells. With continued 
engineering, TimeVault will enable powerful, time-resolved 
transcriptomic analysis of complex biological processes such 
as development, tissue regeneration, and disease progression. 
 
Materials and methods 
Cloning and plasmids 
All plasmid vectors were designed in Geneious Prime and 
generated by NEBuilder® HiFi DNA Assembly Master Mix, 
according to the manufacturer’s protocol. We utilized the 
pLenti-tetON vector (Addgene #167935) and pLVX (631849, 
Takara Bio) to create all lentiviral expression plasmids. RNA 
recognition motifs of PABPC1 and MVP genes were dialed out 
using polymerase chain reaction (PCR) from pPABPC1 plas-
mid (Addgene #155805) and pCMV-FLAG-LOV*-MVP 
(Addgene #202206). 

Encapsulin targeting peptides (TP) genes were synthe-
sized as single-stranded DNA (Integrated DNA Technolo-
gies). IRES, tTA, sfGFP, QtEnc, TmEnc, MxEnc, and INT 
domain genes were synthesized as gene fragments (gBlock, 
Integrated DNA Technologies) and PCR dialed out. PCR 
products were cloned in frame to generate desired plasmids 
as shown in table S2. The Hifi assembly product was trans-
formed into NEB Stable Competent E. coli (NEB, C3040H). 
Transformed E. coli were grown overnight at 37°C on agar 
plates with 100 μg/mL carbenicillin. Individual colonies were 
picked and cultured in Terrific Broth supplemented with 100 
μg/mL carbenicillin, and plasmid DNA was subsequently iso-
lated using a ZymoPURE Plasmid Miniprep Kit (Zymo Re-
search). Verification of plasmid sequences was performed by 
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whole plasmid sequencing (Primordium Labs). All new plas-
mids generated will be deposited on Addgene. 
 
Mammalian cell culture 
HEK293T (ATCC, CRL-3216) cells were cultured in Dulbecco’s 
Modified Eagle Medium with GlutaMAX (Thermo Fisher Sci-
entific 10564011) supplemented with 10% (v/v) fetal bovine 
serum (FBS, Tet System Approved FBS, Takara 631106). PC9 
cells (a gift from H. Greulich, Cancer Program at the Broad 
Institute) were cultured in RPMI 1640 Medium with Gluta-
MAX (Thermo Fisher Scientific 61870036) supplemented 
with 10% (v/v) FBS. Cells were maintained at confluency be-
low 90% at 37°C and 5% CO2. 
 
Measuring RNA capture efficiency by RNase digestion 
and RT-qPCR 
HEK293T cells were plated on 12-well plates with 300,000 
cells per well. For TimeVault experiments, cells were trans-
fected the following day at 60% confluency with either 800 
ng of pLenti_tetON_PABPC1_INT, or pLenti_tetON_MVP, or 
pLenti_tetON_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME (101000046, Polyplus) according to the manufac-
turer’s instructions. For encapsulins experiments, cells were 
co-transfected with the encapsulin plasmids (pLenti_Te-
tON_QtEnc, pLVX_TetON_TmEnc, or pLVX_TetON_MxEnc) 
and corresponding TP-fused PABPC1_RRM34 plasmids 
(pLenti_TetON_RRM34_QtTP, pLVX_Te-
tON_RRM34_TmTP, and pLVX_TetON_RRM34_MxTP) at a 
1:1 ratio (400 ng each) using jetPRIME according to the man-
ufacturer’s instructions. At 24 hours after transfection, the 
medium was replaced with medium containing 1 μg/ml 
Doxycycline Hydrochloride (Dox, D3072, Sigma). At 48 hours 
after transfection, cells were washed 3 times with 1xPBS, and 
fresh medium without Dox was added. At 96 hours after 
transfection, cells were washed once with 1xPBS and then de-
tached from the plate by adding 300 μL of TrypLE Express 
(12604013, ThermoFisher) and incubating at 37°C for 5 min. 
After incubation, 700 μL PBS was added for resuspension. 
Cell counts were determined by the Cellometer Auto T4 Cell 
Counter (Revvity). Cells were then pelleted by centrifugation 
at 300 g for 5 min and immediately lysed for 10 min on ice 
using a lysis buffer containing 150 mM NaCl, 1% Triton X-
100, and 50 mM Tris-HCl pH 8.0 at a density of 10000 
cells/μL. After lysis, the crude cell lysate was centrifuged at 
3000 g for 5 min to remove nuclei and debris, and the super-
natant containing Vault and encapsulin particles was then 
collected for RNase digestion. For RNase digestion, 197.2 μL 
of the cell lysate was transferred to 8-strip tubes supplied 
with 0.8 μL of 0.5 M EDTA and 2 μL of RNase cocktail con-
taining 2 mg/ml RNase A (EN0531, ThermoFisher) and 8 U/μl 
RNase T1 (EN0541, ThermoFisher). The lysate was then 
mixed by inverting and incubated at 37°C for 30 min. 

Meanwhile, 5 μL of the cell lysate was mixed with 0.8 μL of 
0.5 M EDTA and 194.2 μL of lysis buffer on ice to assess the 
total abundance of RNA. After incubation, the RNA was im-
mediately purified using PureLink Viral RNA/DNA Mini Kit 
(12280050, ThermoFisher) according to the manufacturer’s 
instructions with a 200 μL sample volume as input and 
eluted in 50 μL. Please note that proteinase K treatment in 
the PureLink Viral RNA/DNA Mini Kit protocol was replaced 
with 1xPBS during purification of the total cytosolic RNA 
samples to avoid release of captured RNA (fig. S11). The puri-
fied RNA was treated with the TURBO DNA-free Kit follow-
ing the manufacturer’s instructions to remove residual DNA. 
The abundance of ACTB and GAPDH mRNA was quantified 
by RT-qPCR using Luna Universal One-Step RT-qPCR Kit 
(E3005E, NEB) using 1 μL of purified RNA as input. Primer 
sequences for qPCR are shown in table S2. 
 
Microscopy for intracellular localization of vault and 
encapsulin 
HEK293T cells were plated on a 96-well glass-bottom plates 
(P96-1.5H-N, Cellvis) with 10,000 cells per well. Cells were co-
transfected the following day at 60% confluency with 100 ng 
of pLenti_TetON_sfGFP_INT and pLenti_tetON_MVP plas-
mids (at a 1:9 ratio) using jetPRIME. For the encapsulin ex-
periment, 100 ng of pLenti_tetON_QtEnC_sfGFP plasmid 
was transfected. The medium was replaced with medium 
containing 1 ng/μL Dox at 8 hours after transfection. 24 hours 
after transfection, the cells were then imaged at 60X magni-
fication using a Dragonfly 200 spinning-disk confocal micro-
scope (Andor, Oxford Instruments). Contrast adjustment was 
performed using Fiji/ImageJ (50) (2.14.0). 
 
Immunostaining of cells expressing TimeVault 
HEK293T cells were plated on a 96-well glass-bottom plates 
with 10,000 cells per well. Cells were co-transfected the fol-
lowing day at 60% confluency with 100 ng of 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmids using 
jetPRIME. The medium was replaced with medium contain-
ing 1 μg/μL Dox at 24 hours after transfection. 48 hours after 
transfection, the cells were rinsed with PBS and were fixed 
with 4% paraformaldehyde in PBS for 10 min at room tem-
perature. Following fixation, cells were washed three times 
with PBS and permeabilized/blocked using blocking buffer 
for 1 hour at room temperature. Anti MVP primary antibody 
(1:200, 16478-1-AP, Proteintech) was diluted in the blocking 
buffer and applied to the wells, followed by incubation over-
night at 4°C. The next day, cells were washed three times in 
PBS, then incubated with CF640R labeled fluorescent second-
ary antibody (1:1000, 20178-1, Biotium) in blocking buffer for 
1 hour at room temperature in the dark. After three addi-
tional washes with PBS, nuclei were counterstained with 
DAPI (0.5 μg/mL) for 5 min, followed by a final wash in PBS. 
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Cells were then imaged at 60X magnification (oil immersive 
objective lens) using a Dragonfly 200 spinning-disk confocal 
microscope. Contrast adjustment was performed using 
Fiji/ImageJ. 
 
Protein-retention expansion microscopy (proExM) 
HEK293T cells were plated on 15-mm glass coverslips (1943-
10015A, Bellco Glass) coated with matrigel (1:100, 356237, 
Corning) in 24-well plates with 150,000 cells per well. Cells 
were transfected the following day at 60% confluency with 
500 ng of the pLenti_tetOff_MVP_IRES_PABPC1_INT plas-
mid using jetPRIME, and the medium was replaced with me-
dium containing 1 μg/mL Dox at 24 hours post-transfection. 
Cells were fixed by PFA at 72 hours post-transfection, perme-
abilized/blocked and stained with MVP antibody, CF640R la-
beled fluorescent secondary antibody and DAPI. The stained 
cells then undergo the proExM protocol (28) to achieve a 4-
fold expansion and imaged at 40X magnification (water im-
mersive objective lens) using a Dragonfly 200 spinning-disk 
confocal microscope. Particle count of the 3D cell images was 
then quantified by the spot detection module in Imaris 
(v10.1.0, Oxford Instruments). 
 
Measuring the expression of TimeVault transcript over 
time 
HEK293T cells were plated on 24-well plates with 150,000 
cells per well. Cells were transfected the following day at 60% 
confluency with 500 ng of the 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME, and the medium was replaced with medium con-
taining 1 μg/mL Dox after 12 hours. Cells were then directly 
lysed with RLT plus buffer (with DTT) at 12, 24, 36, and 48 
hours after transfection and stored at -80°C until RNA puri-
fication with RNeasy mini kit (74104, Qiagen) according to 
the manufacturer’s instructions and eluted in 50 μL. The rel-
ative abundance of MVP mRNA at each time point was quan-
tified by RT-qPCR, normalized to GAPDH mRNA abundance. 
Transfected samples supplied with Dox at 0 hours were used 
to determine the background expression level. 
 
Measuring the stability of captured RNA 
HEK293T cells were plated on 6-well plates with 600,000 
cells per well. Cells were transfected the following day at 60% 
confluency with 2000 ng of pLenti_te-
tON_MVP_IRES_PABPC1_INT plasmid using jetPRIME. For 
the encapsulin experiment, 2000 ng of pLenti_te-
tON_QtEnc_IRES_RRM34_QtTP was transfected. Medium 
was replaced with medium containing 1 μg/ml Dox 24 hours 
after transfection. 72 hours after transfection, cells were har-
vested and lysed as mentioned previously in the RNA capture 
efficiency method. After lysis, the crude cell lysate was cen-
trifuged at 3000 g for 5 min to remove nuclei and debris, and 

the supernatant containing Vault particles was then collected 
and kept at 37°C for 0, 4, 8, and 12 days. For RNase digestion, 
50 μL of the cell lysate was transferred to 8-strip tubes con-
taining 0.8 μL of 0.5 M EDTA, 147.2 μL of lysis buffer, and 2 
μL of RNase cocktail. The lysate was then mixed by inverting 
and incubated at 37°C for 30 min. Meanwhile, 50 μL of the 
non-transfected control cell lysate was transferred to 8-strip 
tubes on ice containing 0.8 μL of 0.5 M EDTA and 149.2 μL 
of lysis buffer to assess the stability of non-protected RNA. 
After incubation, the RNA was immediately purified using 
PureLink Viral RNA/DNA Mini Kit, and the abundance of 
ACTB mRNA was then quantified by RT-qPCR using 1 μL of 
purified RNA as input. 
 
RNA sequencing (RNA-seq) library construction 
RNA-seq libraries were prepared using the published 
SMART-Seq2 protocol (51) with some modifications. Briefly, 
7.23 μL purified RNA was reverse transcribed in the presence 
of 1 mM dNTP (N0447S, NEB), 6 mM MgCl2, 1 M Betaine 
(B0300, Sigma), 0.5 U/μL RNase Inhibitor (AM2696, Ther-
moFisher), 1x RT buffer, 1 μM of template switching oligo, 2 
U/μL Maxima RNase H-minus RT (EP0751, ThermoFisher), 
and 1 μM polyT ISPCR primer. The cDNA was then directly 
amplified with KAPA HiFi HotStart ReadyMix and 100 nM 
ISPCR primer using the following thermal program: 98°C for 
3 min, 20 (Enc-captured), 15 (TimeVault-captured) or 10 (ly-
sate) cycles of 98°C for 20 s, 67°C for 15 s, and 72°C for 6 min, 
and a final extension step of 72°C for 5 min. The amplified 
cDNA was purified twice with 0.6X SPRI beads (B23318, 
Beckman Coulter) and eluted in 10 μL water. The cDNA con-
centration was measured with the 4150 TapeStation System 
(Agilent) using D5000 ScreenTape (50675592, Agilent). 0.6 ng 
of cDNA was tagmented with Nextera XT DNA Library Prep 
Kit (Illumina), followed by 12 cycles of index PCR with pri-
mers containing dual 8 bp index barcodes and Illumina P5/P7 
sequences (IDT). The libraries were pooled and sequenced in 
paired-end mode on a NovaSeq X or Nextseq 1000 platform 
(Illumina) with read structures: (read 1, 28 bp; index 1, 10 bp; 
index 2, 10 bp; read 2, 90 bp) or (read 1, 150 bp; index 1, 10 
bp; index 2, 10 bp; read 2, 150 bp). For consistency, only read 
2 with 90 bp were used for further analysis. Primer sequences 
for RT and cDNA amplification are shown in table S3. 
 
RNA-seq processing and analysis 
Raw fastq reads obtained from sequencing were trimmed us-
ing cutadapt (52) (v4.9) to remove adaptor sequences 
(CTGTCTCTTATACACATCT) and filtered for reads greater 
than 35 nt. The trimmed sequences were then aligned to the 
human reference genome (hg19/GRCh38) using STAR (53) 
(v2.7.10a) with default settings and filtered for uniquely 
mapped reads. Uniquely mapped reads that overlap with 
genes were annotated using FeatureCounts (54) (v2.0.1). 
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Differential expression was performed using the DESeq2 
package (55) (v1.38.3), and Gene ontology enrichment analy-
sis was performed using the enrichGO and enricher functions 
in the clusterProfiler package (56) (v4.6.2) in R (v4.2.3). Ge-
nome-wide annotation for Human database org.Hs.eg.db 
(v3.16.0) and Molecular Signatures Database (57, 58) 
(MSigDb, v10.0.1, Hallmark gene set) were implemented as 
references. Transcript length was annotated using the “hsapi-
ens_gene_ensembl” dataset in the biomaRt package (59, 60) 
(v2.54.1). 
 
Measuring 4sU half-life captured by TimeVault 
HEK293T cells were plated on 12-well plates with 300,000 
cells per well. Cells were transfected the following day at 60% 
confluency with 800 ng of 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME. Meanwhile, 200 μM 4-Thiouridine (4sU, T4509, 
Sigma) was added to the medium to label the newly synthe-
sized RNA. At 12 hours after transfection, the medium was 
replaced with medium containing 1 μg/ml Dox. Samples were 
then harvested at 12, 24, 48, or 72 hours after transfection and 
subjected to the RNase digestion assay, RNA purification, and 
DNase treatment as previously described in the RNA capture 
efficiency method. Proteinase K treatment in the PureLink 
Viral RNA/DNA Mini Kit protocol was omitted during purifi-
cation of the lysate samples. The purified RNA samples were 
either frozen at -80°C for storage or used immediately for 
subsequent assays. 
 
Converting 4sU-labeled RNA and RNA-seq library con-
struction 
The chemical conversion of 4sU was performed using the 
published Time-lapse seq protocol (11) with modifications. 
Briefly, the purified RNA samples were added to a mixture to 
reach a final concentration of 600 mM TFEA (297720, Sigma), 
1 mM EDTA, and 100 mM sodium acetate (pH 5.2) in water. 
NaIO4 (71859, Sigma) was then added to the reaction to reach 
a final concentration of 10 mM, and the mixture was incu-
bated at 45°C for 1 hour. After incubation, the chemically con-
verted RNA was purified with 1x (equal volume) RNAClean 
XP Beads (A63987, Beckman Coulter) and eluted in 18 μL wa-
ter. The purified RNA was then mixed with 2 μL of 10X re-
ducing buffer containing 100 mM 1 M Tris-HCl pH 7.4, 100 
mM DTT, 1M NaCl, and 10 mM EDTA in water. The mixture 
was incubated at 37°C for 30 min, followed by a second 1x 
RNAClean XP Bead purification and eluted in 7.5 μL water. 
The converted RNA samples were used to construct sequenc-
ing libraries using the modified SMART-Seq2 protocol as pre-
viously described with 10 cycles (Lysate, RNase-) and 15 cycles 
(Captured, RNase+) of cDNA amplification. 
 
 

Identifying 4sU-labeled RNA 
STAR-aligned reads were filtered using Samtools (61) (v1.21) 
to remove unmapped reads (-F 4) and those with low map-
ping quality (-q 30). The quality-filtered BAM files were then 
used for capturing newly synthesized transcripts. Gene-level 
expression counts were obtained using featureCounts (v2.0.8) 
with Gencode v39 transcriptome annotations. To identify 
4sU-labeled transcripts, biologically relevant mutations were 
first detected by SNP calling using Samtools and VarScan (62) 
(v2.3.9). Pileup files were generated from the above BAM 
alignments using samtools mpileup with parameters to re-
tain all reads (-d 0), skip base quality filtering (-BQ0), and 
disable BAQ computation (-R), thereby avoiding overcorrec-
tion in variant-dense regions. These pileup files were then 
processed with VarScan mpileup2snp (–strand-filter 0) to en-
hance detection of strand-independent and rare SNPs. Next, 
BAM files were split by read names (READ_NAME) for par-
allel processing. Individual reads were parsed using pysam 
(v0.23.1) to extract base-level alignment information, includ-
ing matches, mismatches, insertions, and optionally soft-
clipped bases based on the GRCh38 reference. Deletions and 
skipped regions were excluded. CIGAR strings were parsed to 
separate soft-clipping at read ends from the central aligned 
region, and soft-clipped bases were optionally retained for 
downstream analysis. Strand-specific mutations were identi-
fied by locating mismatches to the reference, removing those 
overlapping known SNPs, and excluding mutations near read 
ends based on a user-defined distance (end_dist, default 0). 
Candidate mutations were classified by strand: C>T muta-
tions on the forward strand (FLAG = 0) and A>G mutations 
on the reverse strand (FLAG = 16). For each read group, the 
target mutation ratio was calculated as the number of candi-
date mutations divided by the strand-specific number of mu-
tations. Reads were retained as candidate support for novel 
transcripts if the ratio exceeded a defined threshold (tar-
get_mut_ratio ≥ 0.1 by default). Finally, the selected reads 
were compiled into a mutation annotation table. These reads 
were then subsetted and re-quantified using featureCounts to 
generate a revised count matrix for newly identified tran-
scripts. The top 500 genes ranked by expression level were 
selected for downstream analysis. 
 
Measuring cell viability in HEK293T cells expressing 
TimeVault 
HEK293T cells were plated on a 96-well plate with 10,000 
cells per well. Cells were transfected the following day at 60% 
confluency with 100 ng of the corresponding plasmid 
(pLenti_tetON_MVP_IRES_PABPC1_INT, PmaxGFP, and 
PUC19) using jetPRIME, and the medium was replaced with 
medium containing 0 μg/ml or 1 μg/ml Dox after 24 hours. 
Cell viability was measured 72 hours after transfection using 
the CellTiter Glo Luminescent Cell Viability Assay (Promega) 
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and SpectraMax M5 plate reader (Molecular Devices). 
 
Measuring perturbation of TimeVault overexpression 
by RNA-seq 
For HEK293T, cells were plated on a 12-well plate with 
300,000 cells per well. Cells were transfected the following 
day at 60% confluency with 800 ng of pLenti_te-
tON_MVP_IRES_PABPC1_INT plasmid using jetPRIME, and 
the medium was replaced with medium containing 1 μg/ml 
Dox after 24 hours. 72 hours after transfection, cells were har-
vested and lysed as previously described in the RNA capture 
efficiency method. For PC9, cells were plated on a 12-well 
plate with 100,000 cells per well and transfected the follow-
ing day at 60% confluency with 800 ng 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME according to the manufacturer’s instructions. PC9 
cells were harvested 24 hours after transfection. The cytosolic 
RNA was extracted using the PureLink Viral RNA/DNA Mini 
Kit. The purified RNA was used to construct a sequencing li-
brary using the modified SMART-Seq2 protocol as previously 
described in the RNA sequencing section, with 10 cycles of 
cDNA amplification. 
 
Characterizing TimeVault-captured and encapsulin-
captured transcriptome by RNA-seq 
HEK293T cells were plated on a 12-well plate with 300,000 
cells per well. Cells were transfected the following day at 60% 
confluency with 800 ng of pLenti_te-
tON_MVP_IRES_PABPC1_INT plasmid using jetPRIME. For 
the encapsulin experiment, 800 ng of pLenti_te-
tON_QtEnc_IRES_RRM34_QtTP was transfected. The me-
dium was replaced with medium containing 1 μg/ml Dox 
after 24 hours. 72 hours after transfection, cells were lysed 
and subjected to the RNase digestion assay, RNA purification, 
and DNase treatment as previously described in the RNA cap-
ture efficiency method. Proteinase K treatment in the 
PureLink Viral RNA/DNA Mini Kit protocol was omitted dur-
ing purification of the lysate samples. The purified RNA was 
used to construct a sequencing library using the modified 
SMART-Seq2 protocol as previously described in the RNA se-
quencing section with 10 cycles (Lysate, RNase-), 15 cycles 
(TimeVault-captured, RNase+), and 20 cycles (Enc-captured, 
RNase+) of cDNA amplification. 
 
Characterization of the TimeVault-captured transcrip-
tome over time and across varying input cell amounts 
The transcript detection rate and expression correlations was 
accessed by performing RNA-seq on HEK293T cells trans-
fected at 60% confluency with 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME according to the manufacturer’s instructions. At 24 
hours after transfection, the medium was replaced with 

medium containing 1 μg/ml Dox. To characterize the effect of 
time after stopping TimeVault expression, cells were col-
lected at 1, 3, and 5 days after Dox addition, and then sub-
jected to the RNase digestion assay followed by RNA 
purification. Purified RNA from each time point was used for 
RNA-seq library construction using the modified SMART-
Seq2 protocol as previously described, with 15 cycles of cDNA 
amplification. To characterize the effect of input cell amount, 
cells were harvested 24 hours after transfection. The cells 
were serially diluted to final concentrations of 0.1, 1, 10, 100, 
1,000, and 10,000 cells/μL. For each concentration, 100 μL 
was used as input for the RNase digestion assay and subse-
quent RNA purification. The detection limit was determined 
by performing RT-qPCR on each condition (fig. S5A). Purified 
RNA samples corresponding to inputs of 10, 100, and 10,000 
cells/μL (equivalent to 1,000; 10,000; and 1,000,000 total 
cells, respectively) were selected for RNA-seq library con-
struction using the modified SMART-Seq2 protocol as previ-
ously described, with 13, 20, and 22 cycles of cDNA 
amplification for the 1,000-, 10,000-, and 1,000,000-cell in-
puts, respectively. 
 
Lentivirus production and stable cell line generation 
Lentiviral particles were generated using HEK293T cells. 
HEK293T cells were plated on a 15-cm plate with 10,000,000 
cells per plate and were transfected at 80% confluency with 
10.8 μg of Packaging Plasmid (psPAX2, 12260, Addgene), 3.3 
μg of Envelope Plasmid (pMD2.G, 12259, Addgene), and 14 μg 
of Transfer Plasmid (pLenti_TetOff_MVP_tagRFP or 
pLenti_TetOff_PABP_INT_EGFP) using Transporter 5 
Transfection Reagent (26008, Polyscience) according to the 
manufacturer’s instructions. At 6 hours after transfection, the 
medium was replaced with fresh medium. At 48 hours after 
transfection, medium containing lentiviral particles were col-
lected and concentrated 100x with Lenti-X concentrator 
(631231, Takara) following the manufacturer’s protocol. To 
generate stable HEK293T cells expressing TimeVault, cells 
were plated on 24-well plates with 150,000 cells per well. The 
following day, medium was replaced with medium contain-
ing 8 μg/mL Polybrene (TR-1003-G, Sigma) and serially di-
luted virus. Cells were incubated with the virus at 37°C for 48 
hours, and cells expressing both GFP and tagRFP were se-
lected by fluorescence activated cell sorting (FACS, MA900, 
Sony). Following FACS, collected cells were centrifuged, re-
suspended in fresh complete growth medium, and re-plated 
at a low density to recover and expand. 
 
Characterization of the TimeVault-captured transcrip-
tome in stably integrated cell line 
Stable HEK293T cells expressing TimeVault controlled by 
Tet-off system were plated on a 12-well plate with 300,000 
cells per well. At 24 hours after plating, the medium was 
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replaced with medium containing 1 μg/ml Dox. Cells were 
collected 24 hours after Dox addition, and then subjected to 
the RNase digestion assay followed by RNA purification. Pu-
rified RNA from each time point was used for RNA-seq li-
brary construction using the modified SMART-Seq2 protocol 
as previously described, with 12 cycles of cDNA amplification. 
 
Recording heat shock response by TimeVault 
HEK293T cells were plated on 12-well plates with 300,000 
cells per well. All groups of cells were transfected the follow-
ing day at 60% confluency with 800 ng of 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME according to the manufacturer’s instructions. After 
transfection, the culture plate containing HSpast cells was in-
cubated at 42°C for 24 hours. The medium was replaced with 
medium containing 1 μg/ml Dox 24 hours after transfection 
and returned to 37°C until harvest. Culture plates containing 
HSpresent and NC group cells were incubated at 37°C, and the 
medium was replaced with medium containing 1 μg/ml Dox 
24 hours after transfection. The HSpresent group was incubated 
at 42°C starting from 66 hours after transfection until har-
vesting to induce heat shock response. All samples were then 
harvested at 72 hours after transfection and subjected to the 
RNase digestion assay, RNA purification, and DNase treat-
ment as previously described in the RNA capture efficiency 
method. Proteinase K treatment in the PureLink Viral 
RNA/DNA Mini Kit protocol was omitted during purification 
of the lysate (Present) samples. The purified RNA samples 
were used to construct sequencing libraries using the modi-
fied SMART-Seq2 protocol as previously described with 10 cy-
cles (Present, RNase-) and 15 cycles (Recorded, RNase+) of 
cDNA amplification. For RNA-seq analysis, Gene ontology en-
richment analysis was performed using the enrichGO func-
tion with filtering: Gene count > 3 genes, Log2Fold change 
(log2FC) > 1, and adjusted P < 1×10−20. Heat shock-related 
pathways including “Response to temperature stimulus”, 
“Response to heat”, ”Regulation of protein stability”, ”Protein 
stabilization”, ”Protein folding”, and “Chaperone−mediated 
protein complex assembly” were manually selected from a 
broader enrichment results list (table S4) for visualization in 
Fig. 2E and fig. S6. 
 
Recording Hif1a stabilization (hypoxia mimicking) re-
sponse by TimeVault 
HEK293T cells were plated on 12-well plates with 300,000 
cells per well. All groups of cells were transfected the follow-
ing day at 60% confluency with 800 ng of 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME according to the manufacturer’s instructions. 500 
μM Dimethyloxalylglycine (DMOG, D3695, Sigma) was added 
to Dpast cells at the start of plasmid transfection. Dpresent and 
NC group cells were cultured with normal medium. All media 

were replaced with medium containing 1 μg/ml Dox 24 hours 
after transfection. At 72 hours after transfection, the culture 
medium of group Dpresent was replaced with medium contain-
ing 500 μM DMOG and 1 μg/ml Dox. All samples were then 
harvested at 96 hours after transfection and subjected to the 
RNase digestion assay, RNA purification, and DNase treat-
ment as previously described in the RNA capture efficiency 
method. Proteinase K treatment in the PureLink Viral 
RNA/DNA Mini Kit protocol was omitted during purification 
of the lysate (Present) samples. The purified RNA samples 
were used to construct sequencing libraries using the modi-
fied SMART-Seq2 protocol as previously described with 10 cy-
cles (Present, RNase-) and 15 cycles (Recorded, RNase+) of 
cDNA amplification. For RNA-seq analysis, gene set enrich-
ment analysis was performed using the enricher function 
with filtering: Gene count > 3 genes, log2FC > 0.5 (Present), 
log2FC > 0.25 (Recorded), and adjusted P < 1×10−2. Hypoxia-
related pathways including “Hypoxia”, “Glycolysis,” 
“mTORC1 signaling” and “Fatty acid metabolism” were man-
ually selected from a broader pathway enrichment results list 
(table S5) for visualization in Fig. 2J and fig. S6. 
 
Measuring the viability of PC9 cells treated with osi-
mertinib 
PC9 cells were plated on 96-well plates with 10,000 cells per 
well. The next day, the medium was replaced with media con-
taining 1 nM to 100 μM osimertinib (AZD9291, HY-15772, 
MedChemExpress). Fresh media containing osimertinib were 
refreshed after 2 days. After 4 days of osimertinib treatment, 
cell viability was measured using the CellTiter Glo Lumines-
cent Cell Viability Assay following the manufacturer’s proto-
col. 
 
Recording the pre-drug state of PC9 persister cells by 
TimeVault 
PC9 cells were plated on 15-cm plates with 3,000,000 cells per 
plate. All cells were transfected at 60% confluency with 
pLenti_tetOff_MVP_IRES_PABPC1_INT plasmid using 
jetPRIME according to the manufacturer’s instructions. At 24 
hours after transfection, the medium was replaced with me-
dium containing 1 μg/ml Dox. No drug control (Non-treated) 
was harvested 72 hours after transfection and purified as pre-
viously described to obtain both the Recorded and Present 
non-treated transcriptome. For the drug treatment group 
(Persister), 100 nM osimertinib was added to the cells at 72 
hours after transfection, and fresh medium containing osi-
mertinib was refreshed every 2 days until harvesting at 168 
hours after transfection. All samples were then subjected to 
the RNase digestion assay, RNA purification, and DNase 
treatment as previously described. Proteinase K treatment in 
the PureLink Viral RNA/DNA Mini Kit protocol was omitted 
during purification of the lysate (Present) samples. All 
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purified RNA samples were used to construct sequencing li-
braries using the modified SMART-Seq2 protocol as previ-
ously described with 8 cycles (Present, RNase-) and 18 cycles 
(Recorded, RNase+) of cDNA amplification. For RNA-seq 
analysis, gene set enrichment analysis was performed using 
the enricher function with filtering: Gene count > 3; Rec-
orded: log2FC > 0.5, and adjusted P < 0.05; Present: log2FC > 
1 and adjusted P < 1×10−10. All significantly enriched pathways 
are visualized in Fig. 3D. The complete lists of DEseq2 results 
and pathway enrichment results are provided in table S6. 
 
Immunofluorescence staining of PC9 cells 
PC9 cells were plated on 96-well glass-bottom plates with 
10,000 cells per well and treated with 100 nM osimertinib for 
4 days. After rinsing with PBS, cells were fixed with 4% para-
formaldehyde in PBS for 10 min at room temperature. Fol-
lowing fixation, cells were washed three times with PBS and 
permeabilized/blocked using blocking buffer (1xPBS, 0.1% 
Triton X-100, and 1% bovine serum albumin) for 1 hour at 
room temperature. Primary antibodies (see table S7 for de-
tails) were diluted in the blocking buffer and applied to the 
wells, followed by incubation overnight at 4°C. The next day, 
cells were washed three times in PBS, then incubated with 
fluorescent secondary antibodies (see table S7 for details) di-
luted 1:1000 in blocking buffer for 1 hour at room tempera-
ture in the dark. After three additional washes with PBS, 
nuclei were counterstained with DAPI (0.5 μg/mL, 62248, 
Thermo Scientific) for 5 min, followed by a final wash in PBS. 
The cells were then imaged at 20X magnification using a 
Dragonfly 200 spinning-disk confocal microscope and ana-
lyzed using Fiji/ImageJ. All images were processed identi-
cally across experimental conditions for direct comparison. 
 
PC9 scRNA-seq and data analysis 
PC9 cells were plated on 12-well plates with 100,000 cells per 
well. Cells were harvested at 60% confluency using TrypLE 
Express Enzyme, centrifuged, and resuspended in 1xPBS. The 
cell count was determined by the Cellometer Auto T4 Cell 
Counter. Approximately 20,000 single cells were loaded into 
the Chromium X with Chromium GEM-X Single Cell 5′ Rea-
gent Kits v3 (10X Genomics). The scRNA-seq library was gen-
erated according to the manufacturer’s protocol (CG000733 
Rev A) and sequenced in paired-end mode on a NovaSeq X 
platform (read 1, 150 bp; index 1, 8 bp; index 2, 8 bp; read 2, 
150 bp). Reads were mapped to the GRCh38 human transcrip-
tome (2024-A) using the 10X Genomics cloud analysis pipe-
line Cell Ranger Count v9.0.1 and the resulting 
filtered_feature_bc_matrix.h5 was loaded into the Seurat R 
package (63) (v5.0.2) using the Read10X_h5 function. Cells 
with either <2,500 Unique Molecular Identifiers (UMIs) 
counts, < 2500 gene counts (nFeature_RNA) or > 15% mito-
chondrial percentage were excluded from further analysis. 

Highly variable genes are identified using the FindVariable-
Features function using the selection.method = “vst” param-
eter. Cells were plotted dimensionality reduced with Uniform 
manifold approximation and projection (UMAP) applied to 
the first 30 principal components and clustered with the 
FindClusters function with resolution = 0.5. 
 
Measuring PC9 viability with small-molecule targeted 
inhibitors 
PC9 cells were plated on 96-well plates with 10,000 cells per 
well. The next day, the medium was replaced with medium 
containing 100 nM osimertinib, 10 μM AKR1C1-IN-1 (HY-
114009, MedChemExpress), 10 μM Reparixin (HY-15251, Med-
ChemExpress), or in combinations as indicated. Fresh me-
dium containing inhibitor combinations was refreshed after 
2 days. After 4 days of treatment, cell viability was measured 
using the CellTiter Glo Luminescent Cell Viability Assay fol-
lowing the manufacturer’s protocol. 
 
Measuring PC9 viability with RNA interference 
PC9 cells were plated on 96-well plates with 10,000 cells per 
well. The next day, the medium was replaced with medium 
with or without 100 nM osimertinib, and the cells were trans-
fected immediately with a 25 nM final concentration of pre-
designed DsiRNA (IDT) targeting PI3, FN1, and LCN2 using 
TransIT-TKO transfection reagent (MIR 2154, Mirus) follow-
ing the manufacturer’s protocol. Non-targeting siRNA (51-01-
14-03, IDT) was transfected as the negative control. After 4 
days of treatment, cell viability was measured using the 
CellTiter Glo Luminescent Cell Viability Assay following the 
manufacturer’s protocol. Sequences of primers and siRNAs 
are shown in table S3 and table S8. 
 
Measuring PC9 knock-down efficiency with RNA inter-
ference 
PC9 cells were plated on 24-well plates with 50,000 cells per 
well. Cells were transfected with predesigned DsiRNA target-
ing PI3, FN1, and LCN2 using TransIT-TKO transfection rea-
gent following the manufacturer’s protocol. Non-targeting 
siRNA was transfected as a control. The total RNA was ex-
tracted 48 hours post-transfection with RNeasy mini kit ac-
cording to the manufacturer’s instructions and eluted in 50 
μL. The knock-down efficiency of each target was then quan-
tified by RT-qPCR and normalized to the Non-targeting 
siRNA control. Sequences of primers and siRNAs are shown 
in table S3 and table S8. 
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Fig. 1. Overview and characteristics of the TimeVault system. (A) Schematic of native vault components. 
Vault poly(ADP-ribose) polymerase (vPARP), a native vault cargo, binds to the major vault protein (MVP) 
through the vault-interacting (INT) domain. Other components include telomerase-associated protein 1 
(TEP1) and vault RNA (vRNA). (B) TimeVault design for mRNA storage. Poly(A)-binding protein (PABP, 
green) was fused to the INT domain (PABP-INT) and co-expressed with MVP (blue) under a doxycycline 
(Dox) inducible promoter, enabling temporal capture of cellular mRNA via PABP’s affinity for poly(A) tails. 
(C) Fluorescence microscopy of superfolder GFP (sfGFP) fused to the INT domain, with (right) and 
without (left) coexpression with MVP (Scale bar, 20 μm). (D) Capture efficiency of GAPDH mRNA as 
measured by RT-qPCR normalized to cell lysate for MVP + PABP-INT, MVP alone, PABP-INT alone, and 
no transfection. Mean ± SD (n = 3 independent culture replicates). (E) ACTB mRNA abundance in cell 
lysate at 37 °C related to day 0 post lysis for TimeVault with RNase treatment, and non-transfected cells 
with and without RNase treatment. (n = 3 independent culture replicates). Solid lines represent one-phase 
exponential decay fitted curves. (F) 4sU labeling fraction in TimeVault-captured transcriptome and lysate 
transcriptome normalized to 0 hour post-4sU removal. (n = 3 independent culture replicates). Solid lines 
represent one-phase exponential decay fitted curves. (half life: t½Lysate = 17.1 hours; t½Captured = 132.5 
hours). (G) Cell viability of HEK293T cells transfected with Tet-On TimeVault construct with and without 
Dox induction (TV, TV+Dox), and two transfection controls (PmaxGFP, PUC19). Mean ± SD (n = 3 
independent culture replicates). (H) Volcano plot of differentially expressed genes in HEK293T cells 
transfected with the Tet-On TimeVault construct under expressing (Dox+) and non-expressing (Dox−) 
conditions [n = 3 independent culture replicates, adjusted P < 0.01, Log2Fold change(log2FC) > 1]. (I) 
Scatter plot of gene expression levels across TimeVault-captured replicates. Expression values were log-
transformed as log(TPM + 1). Pearson’s r = 0.99. The red dashed line indicates the identity line y = x. (J) 
Scatter plot of gene expression levels between TimeVault-captured transcriptome and paired lysate 
transcriptome. Expression values were log-transformed as log(TPM + 1). Pearson’s r = 0.93. The red 
dashed line indicates the identity line y = x. (K) Volcano plot of differentially expressed genes between the 
TimeVault-captured transcriptome and the lysate transcriptome. (n = 3 independent culture replicates, 
adjusted P < 1×10−20, log2FC > 1). (L) Heatmap of selected mitochondrial encoded and long non-coding 
RNAs expression in TimeVault-captured and lysate transcriptomes in HEK293T cells. Expression levels 
are Z-score standardized across samples. (M) Scatter plot showing the relationship between transcript 
length and log2FC in expression between TimeVault-captured and lysate transcriptome. The red dashed 
line indicates y = 0 [Best linear fit, Slope = 2.68×10−4, y = -0.439+(2.68×10−4)x, Pearson’s r = 0.18]. 
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Fig. 2. TimeVault records stress responses in living cells. (A) Schematic of the experimental design for 
recording heat shock (HS)–induced transcriptional state. (B) Volcano plot of differentially expressed 
genes between the HSpast and HSpresent conditions in the Recorded transcriptomes. (n = 3 independent 
culture replicates, adjusted P < 1×10−20, log2FC > 1). (C) Volcano plot of differentially expressed genes 
between the HSpast and HSpresent conditions in the Present transcriptomes. (n = 3 independent culture 
replicates, adjusted P < 1×10−20, log2FC > 1). (D) Heatmap of selected heat shock–responsive genes in 
HSpast and HSpresent conditions. Expression levels are Z-score standardized across samples. (E) Gene 
Ontology (GO) enrichment analysis across all three experimental conditions (HSpast, HSpresent, and NC) in 
the Recorded and Present transcriptomes (adjusted P < 0.05). (F) Schematic of the experimental design 
for recording hypoxia-induced transcriptional state. (G) Volcano plot of differentially expressed genes 
between the Dpast and Dpresent conditions in the Recorded transcriptomes. (n = 3 independent culture 
replicates, adjusted P < 0.01, log2FC > 0.25). (H) Volcano plot of differentially expressed genes between 
the Dpast and Dpresent conditions in the Present transcriptomes. (n = 3 independent culture replicates, 
adjusted P < 1×10−5, log2FC > 0.5). (I) Heatmap of selected hypoxia–responsive genes in the Dpast and 
Dpresent conditions. Expression levels are Z-score standardized across samples. (J) Gene set enrichment 
analysis across all three experimental conditions (Dpast, Dpresent, and NC) in the Recorded and Present 
transcriptomes (adjusted P < 0.05). 
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Fig. 3. TimeVault uncovers transcriptional heterogeneity underlying osimertinib resistance in PC9 cells. 
(A) Schematic of the experimental design for recording PC9 cell state prior to drug treatment. (B) Cell 
viability of PC9 cells treated with the indicated concentrations of osimertinib. (n = 3 independent culture 
replicates). (C) Volcano plot of differentially expressed genes between the Recorded persister (drug-
treated) and non-treated cell transcriptome. (n = 3 independent culture replicates, adjusted P < 1×10−5, 
log2FC > 0.5). (D) Gene set enrichment analysis of the Recorded transcriptome between drug-treated 
persister cells and non-treated cells (adjusted P < 0.05). (E) Heatmap of selected genes in the oxidative 
phosphorylation (OXPHOS), mitotic spindle, and G2M checkpoint pathways. Expression levels are Z-score 
standardized across samples. (F) RNA expression levels of select pre-drug persister genes in the 
Recorded (top) and Present (bottom) transcriptome, normalized using DEseq2. Mean ± SD (n = 3 
independent culture replicates). 
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Fig. 4. TimeVaults reveal subpopulations and specific pathways of osimertinib resistance in PC9 cells. (A) 
Representative immunofluorescence images of PC9 cells stained for PI3 (green), FN1 (red), and nuclei (DAPI, 
blue) with or without 100 nM osimertinib treatment. (Scale bar: 50 μm). (B and C) Quantification of FN1 and 
PI3 protein expression from immunofluorescence images. Total fluorescence intensity was normalized to total 
DAPI intensity in each image. Mean ± SD (n = 3 images). Statistical significance was determined by unpaired 
two-tailed t test. (D) Schematic of single-cell RNA sequencing (scRNA-seq) on drug-naive PC9 cells. (E) 
Uniform manifold approximation and projection (UMAP) visualization of PC9 scRNA-seq of 19057 cells. Cells 
colored by Leiden clustering (Materials and methods). (F) UMAP representing the expression of metagenes 
using the TimeVault-identified top 50 persister marker genes ranked by fold change (adjusted P < 1×10−5, 
log2FC > 0.5), Hallmark oxidative phosphorylation (OXPHOS) gene set (N = 199 genes), and Hallmark G2M 
checkpoint gene set (N = 199 genes). The red dotted circles highlighting the overlap between top 50 persister 
marker genes and OXPHOS compared to G2M checkpoint gene sets. (G) Expression plots of selected persister 
marker genes, including FN1, PI3, LCN2, AKR1C1, and CXCL8. (H) Cell viability of PC9 cells following treatment 
with 10 μM AKR1C1-IN-1 (AKRi), 10 μM reparixin (Rep), a combination of AKRi and Rep, or 100 nM osimertinib 
(Osi) alone. Data are presented as mean ± SEM (n = 3 independent culture replicates). Statistical significance 
was determined by one-way ANOVA with Tukey’s multiple comparisons test. (I) Cell viability of PC9 cells 
following treatment with combinations of 10 μM AKRi, 10 μM Rep, and 100 nM osimertinib normalized to 
viability after osimertinib alone. Mean ± SEM (n = 3 independent culture replicates). Statistical significance 
was determined by one-way ANOVA with Tukey’s multiple comparisons test. (J) Cell viability of PC9 cells 
following treatment with either PI3-targeting siRNA, FN1-targeting siRNA, non-targeting (NT) siRNA, or NT 
siRNA+100 nM osimertinib. Mean ± SEM (n = 3 independent culture replicates). Statistical significance was 
determined by one-way ANOVA with Tukey’s multiple comparisons test. (K) Cell viability of PC9 cells following 
treatment with either PI3-targeting siRNA, FN1-targeting siRNA, or NT siRNA in the presence of 100 nM 
osimertinib, normalized to NT siRNA+osimertinib. Mean ± SEM (n = 3 independent culture replicates). 
Statistical significance was assessed using one-way ANOVA with Tukey’s multiple comparisons test. 
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