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Polyamines are abundant and evolutionarily conserved metabolites that are
essential for life. Dietary polyamine supplementation extends life-span and
health-span. Dysregulation of polyamine homeostasis is linked to Parkinson’s
disease and cancer, driving interest in therapeutically targeting this pathway.
However, measuring cellular polyamine levels, which vary across cell types and
states, remains challenging. We introduce a genetically encoded polyamine
reporter for real-time measurement of polyamine concentrations in single
living cells. This reporter utilizes the polyamine-responsive ribosomal frame-
shift motif from the OAZ1 gene. We demonstrate broad applicability of this
approach and reveal dynamic changes in polyamine levels in response to
genetic and pharmacological perturbations. Using this reporter, we conduct a
genome-wide CRISPR screen and uncover an unexpected link between mito-
chondrial respiration and polyamine import, which are both risk factors for
Parkinson’s disease. By offering a lens to examine polyamine biology, this
reporter may advance our understanding of these ubiquitous metabolites and

accelerate therapy development.

Polyamines are small aliphatic compounds with two or more amine
groups. These abundant and evolutionarily ancient metabolites are
found in nearly all living organisms'. The major polyamines in mam-
mals are putrescine, spermidine, and spermine (Fig. 1a), which are
present at multimillimolar concentrations within cells®. Cells obtain
polyamines through both de novo synthesis from the amino acids
ornithine and methionine, as well as from dietary sources and cellular
uptake’. These metabolites are essential for cell survival and polyamine
depletion, either via genetic mutations or drugs, results in cytostasis
and eventually cell death’.

At physiological pH, the amine groups of polyamines are proto-
nated, enabling them to interact with and neutralize charge on various
negatively charged molecules in the cell. Their distributed charge

density allows polyamines to preferentially bind to nucleic acids, and a
majority of the cellular polyamine pool is bound to RNA*. Perturbations
to cellular polyamine levels affect numerous cellular processes, includ-
ing chromatin organization, gene regulation, cell differentiation,
autophagy, and immune function, underscoring the far-reaching impact
of these small metabolites on cell physiology®. Polyamines bind to, and
regulate ion channels, particularly inward rectifier potassium channels’
and NMDA receptors®, influencing membrane excitability and synaptic
transmission. Spermidine also provides an amino-butyl group for an
essential and evolutionarily conserved post-translational modification,
hypusination, of the translation elongation factor, elF5A’.

Given their myriad functions, both excess and deficiency of
polyamines can lead to detrimental effects. Their cellular
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concentrations are tightly regulated through a complex network of
feedback mechanisms that operate at the level of biosynthesis, cata-
bolism, and transport®. A rate limiting enzyme in the biosynthesis of
polyamines is ornithine decarboxylase (ODCI), which catalyzes the
formation of putrescine (Fig. 1b). ODCI levels are regulated by OAZ1,
which binds to and promotes rapid ubiquitin-independent proteaso-
mal degradation of ODCI, thus inhibiting polyamine synthesis

(Fig. 1b)°. Increased polyamine levels also stimulate the production of
catabolic enzymes such as SATI1, that acetylates polyamines for
export'®, and polyamine oxidases (PAOX and SMOX), which oxidize
polyamines, generating hydrogen peroxide as a byproduct”. This
production of reactive oxygen species underscores the cellular cost of
polyamine dysregulation, as cells risk oxidative damage to prevent
excess polyamine accumulation. Cells also modulate the polyamine
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Fig. 1| Polyamine sensor design and validation. a Chemical structures of mam-
malian polyamines. b Schematic of the polyamine metabolic pathway in mamma-
lian cells. DFMO: difluoromethylornithine, Sard: Sardomozide. ¢ Schematic of
polyamine-responsive +1 ribosomal frameshifting during translation of OAZ1
mRNA. d Design for the polyamine sensor. e Immunoblot showing production of
the mCherry fusion protein in untreated cells and its reduction following DFMO
treatment. f-g Representative fluorescence micrographs (f) and corresponding
quantification by flow cytometry (g) under indicated treatments. DFMO, 1 mM
(90 h) and Spd: spermidine, 5 uM (18 h). Representative fluorescence micrographs
(h) and corresponding quantification by flow cytometry of U-20S cells (i) upon
genetic knockdown of indicated polyamine biosynthesis enzymes. AG (1 mM) was

included during spermidine supplementation in (e)-(i). Each data point shown in
(g) and (i) represents a single cell. Error bars in (g) and (i) denote the median +
interquartile range. 50 data points are shown. The sample size as follows: (g)
control (n=6095 cells), DFMO (n = 4576 cells) and DFMO/Spd (n = 5874 cells), (i)
control (n = 48638 cells), ODC1KD (n = 47758 cells), SRM KD (n = 42255 cells), ODC1
KD/Spd (n =46829 cells) and SRM KD/Spd (n=40990 cells). Flow cytometry
quantification and the fluorescent micrographs are representative of 2 indepen-
dent experiments. Significance values are calculated using two-sided Student’s ¢
test. ** denotes p < 0.0001. Scale bars, 10 um. Source data is provided as a Source
Data file.

transport pathways in response to intracellular polyamine concentra-
tions, providing an additional level of feedback control™. The intricate
interplay between these regulatory mechanisms ensures that poly-
amine levels are maintained within a narrow range optimal for cellular
functions.

Consistent with the importance of maintaining cellular polyamine
homeostasis, dysregulation of polyamine pathways is observed in
cancer, aging, and neurological disease. Polyamine levels decline with
age, and dietary polyamine supplementation in model organisms
improves memory”, cardiac health™, reproductive aging”, and
lifespan'®. Mutations in enzymes involved in polyamine metabolism are
associated with various diseases. For example, loss-of-function muta-
tions in SMS cause Snyder-Robinson syndrome", while gain-of-
function mutations in ODCI1 lead to Bachmann-Bupp syndrome',
Additionally, mutations in ATP13A2, a lysosomal polyamine transpor-
ter, are linked to juvenile-onset Parkinson’s disease and Kufor-Rakeb
syndrome”. On the other hand, consistent with their roles in cell
proliferation, the key polyamine biosynthetic enzymes as well as
polyamine levels are elevated in many cancers driving cell transfor-
mation and tumor progression®’.

Given the crucial role of polyamines in these pathological condi-
tions, there is substantial interest in developing therapeutic strategies
aimed at restoring polyamine balance®*%. However, although there is
an overwhelming consensus that deviations in polyamine levels dis-
rupt cellular functions, we currently lack technologies that allow us to
measure polyamine concentrations at a cellular resolution. Current
methods for detecting polyamines often rely on chromatography or
mass spectrometry'®*. While such approaches have provided valuable
insights into our understanding of polyamine homeostasis, they also
have several inherent limitations. First, these methods offer only a
snapshot of polyamine content averaged across the sample, losing
information on cell-to-cell and temporal variability. Second, they
require large sample quantities and have limited throughput, pre-
cluding large-scale genetic or pharmacological screens. Third, these
methods require polyamine extraction from their native cellular con-
text using organic solvents and extensive chemical derivatization*.
These procedures introduce variability due to losses during extraction
and labeling®, making it challenging to tease apart subtle differences.

Here we introduce a genetically encoded polyamine reporter that
enables quantification of polyamine levels in living cells with single-cell
resolution. Our reporter exploits the endogenous polyamine-
responsive frameshift motif found in the OAZ1 gene, which plays a
critical role in regulating cellular polyamine concentration. The OAZ1
mRNA contains a premature stop codon, and a programmed +1 ribo-
somal frameshift is required for the production of full-length, cataly-
tically active OAZ1 protein (Fig. 1c). The efficiency of this frameshifting
is dependent on the cellular polyamine levels, constituting an auto-
regulatory feedback mechanism to maintain polyamine
homeostasis®®?. We leveraged the minimal polyamine-responsive
frameshift module from OAZ1 and relayed this frameshifting effi-
ciency to a fluorescent reporter, thereby generating a quantitative and
live-cell readout for intracellular polyamine levels (Fig. 1d). This
reporter allowed us to conduct a genome-wide screen to identify

modulators of polyamine import and revealed an unexpected inter-
action between polyamine import and the mitochondrial respiratory
complex.

Results

Sensor design and validation

We examined various segments of the OAZ1 gene and identified a 170-
nucleotide region that retains polyamine-responsive frameshifting but
lacks the catalytic domain (Supplementary Fig. 1a-h, Supplementary
Note 1). This region was cloned between two fluorescent proteins,
mCherry and eYFP (Fig. 1d). The eYFP sequence lacked an ATG start
codon and was encoded in the +1-frame relative to mCherry. Ribo-
somes translating in the mCherry frame encounter a stop codon, and
eYFP production requires a + 1 frameshift. eYFP was chosen because its
coding sequence lacks in-frame methionine codons within its N-ter-
minus, and translation initiation at the encoded methionines should
not produce a fluorescent protein®, The mCherry fluorescence signal
allows normalization for cell-to-cell variations in transduction effi-
ciency, mRNA stability, and cell’s translational status. The frameshift
efficiency could be monitored via the relative fluorescence (F = eYFP/
mCherry fluorescence) and reports on cellular polyamine levels. To
prevent the accumulation of fluorescent proteins over time, which
could confound the ratiometric readout, we expressed the reporter
under a doxycycline-inducible promoter, ensuring that the fluores-
cence signal reports on the polyamine levels during a brief, well-
defined time window.

Expression of this reporter in U-20S cells resulted in both
mCherry and eYFP proteins (Fig. 1e, f), demonstrating efficient ribo-
somal frameshifting. Western blots confirmed the production of the
mCherry-eYFP fusion protein with a molecular weight consistent with
a+1 ribosomal frameshift event (Fig. le). Insertion of a stop codon
immediately after the mCherry coding region and before the OAZI-
derived frameshifting region effectively eliminated the eYFP fluores-
cence signal (Supplementary Fig. 2a, b). These results confirmed that
eYFP expression is not due to alternative translation initiation within
the eYFP sequence and that the eYFP signal does not arise from
spectral bleed-through from the mCherry fluorescence. RNA sequen-
cing analysis confirmed that the RNA transcribed from the reporter
construct did not exhibit any unexpected transcriptional or post-
transcriptional processing events that could account for eYFP pro-
duction independent of frameshifting (Supplementary Fig. 2c).
Reporter expression did not trigger measurable ODC1 degradation
(Supplementary Fig. 2d) or alter cellular polyamine levels as measured
by an ensemble assay (Supplementary Fig. 2e), ensuring that sensor
expression does not appreciably perturb endogenous polyamine
homeostasis.

Depletion of cellular polyamines using difluoromethylornithine
(DFMO), a polyamine synthesis inhibitor?, reduced both eYFP and
mCherry levels, consistent with the role of polyamines in protein
translation®® (Fig. 1f, g). Notably, the decrease in eYFP signal was sub-
stantially more pronounced than that for mCherry (92% and 54% for
eYFP and mCherry respectively, compared to the corresponding
untreated controls). We quantified frameshifting efficiency as the ratio
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of eYFP to mCherry fluorescence (F), normalized to that for untreated
cells (Fp) to account for variations in fluorescence imaging conditions.
This normalized ratio (F/Fy) decreased five-fold (from 1.00 + 0.11, to
0.18 £ 0.04, mean+s.d., n>5000 cells) following DFMO treatment
(ImM for 90h), but was restored (F/Fg=1.24+0.09, meanzs.d.,
n=5000 cells) upon spermidine supplementation (5 M spermidine
for 18 h, Fig. 1g). Since polyamines can be oxidized by amine oxidases
present in the serum, experiments involving polyamine supple-
mentation and corresponding controls were performed in the pre-
sence of aminoguanidine (AG), which potently inhibits amine oxidase
activity”. Importantly, the stimulatory effect of polyamines on fra-
meshifting was specific to the OAZ1 sequence. A control construct
harboring the -1 ribosomal frameshift motif derived from SARS-CoV-2*
exhibited pronounced frameshifting under basal conditions, but its
frameshifting efficiency was refractory to polyamine depletion (Sup-
plementary Fig. 2f). Since polyamine depletion can also affect trans-
lation, we assessed the robustness of F/Fy to translation changes
independent of polyamine levels. We treated cells with Torinl, a potent
mTOR inhibitor. While Torinl treatment reduced both mCherry and
eYFP fluorescence, the ratio F/F, remained unchanged (Supplemen-
tary Fig. 2g), indicating that the reporter is unaffected by translation
inhibition alone. Both control and treatment groups were supple-
mented with exogenous polyamines to mitigate any effects of mTOR
inhibition on polyamine levels®. Similar to DFMO treatment, genetic
perturbations to the polyamine biosynthetic pathway, such as by ODC1
or SRM knockdown (Supplementary Fig. 2h) also reduced F/F for our
reporter (from 1.00 +0.11 to 0.306 +0.19 for ODC1 knockdown and
0.66 = 0.14 for SRM knockdown, mean + s.d., n >40,000 cells), which
could be reversed by spermidine supplementation (Fig. 1h, i, Supple-
mentary Fig. 2i). Notably, in the absence of biosynthesis inhibition by
DFMO, polyamine supplementation alone resulted in only a modest
increase in F/Fy (Supplementary Fig. 2j), even at high concentrations
(increasing from 1.00 + 0.15 to 1.15+ 0.17, mean = s.d., n >19,000 cells
with 1000 pM spermidine for 18 h), suggesting that polyamine uptake
activity is relatively low under basal conditions compared to DFMO-
treated cells. This polyamine-dependent frameshifting (F/Fo) was
observed in other human cell lines (HEK293T, SH-SY5Y, and RPE1) as
well as primary intestinal organoids derived from C57BL/6 mice
(Supplementary Fig. 3a-e), demonstrating the versatility of our
reporter and its potential for investigating polyamine biology across
diverse cellular contexts. Taken together, these results demonstrate
that our reporter system is sensitive to perturbations in cellular poly-
amine levels and can be used to monitor changes in endogenous
polyamine homeostasis.

Reporter calibration for polyamine quantification in live cells

Next, we calibrated the fluorescence readout against liquid
chromatography-mass spectrometry (LC-MS) based polyamine quan-
tification (see Reporter Calibration in Methods). We modulated the
polyamine levels by titrating DFMO and compared the fluorescence
readout from individual cells to ensemble polyamine measurements
using LC-MS under equivalent treatments (Fig. 2a). This analysis
showed that our reporter readout (F/Fp), measured at single-cell
resolution, correlated strongly with the average polyamine con-
centration measured by mass spectrometry (coefficient of determi-
nation, r*=0.79) (Supplementary Fig. 4a). Interestingly, F/Fo, showed
striking correspondence with the cellular spermidine concentration
(r’=0.96) (Fig. 2b-d), but not with putrescine or spermine (Supple-
mentary Fig. 4b). Similar results were obtained when cellular poly-
amine levels were changed by titrating sardomozide*, a polyamine
biosynthesis inhibitor that targets AMDI (Supplementary Fig. 4c, d).
These observations are consistent with previous studies showing that
the frameshifting in OAZ1 mRNA in cells is primarily stimulated by
spermidine®. Although putrescine may also induce OAZ1 frameshift-
ing, it requires ~10-20-fold higher concentrations*® which are unlikely

to be encountered under normal growth conditions (also see Supple-
mentary Note 2). Likewise, while spermine can also promote OAZ1
frameshifting®, its biochemically available concentration is sub-
stantially lower (about 5-10 fold) than that of spermidine®*"*, In
agreement with this notion, prolonged treatment with a high dose of
DFMO (500 pM for 3 days) reduced F/Fq to background levels (F/Fq
decreased from 1.00+0.14 to 0.02+0.06, mean +s.d., n>9000 in
each condition) representing a 50-fold decrease, despite unchanged
spermine levels, as measured by mass spectrometry (Fig. 2c, Supple-
mentary Fig. 4b). Collectively, these results emphasize that under
normal physiological conditions, this sensor primarily reports on
spermidine, which is the most abundant polyamine in mammalian
cells'.

The frameshift efficiency (F/Fo) monotonically increased with
cellular spermidine concentration, spanning from -40 uM to 3 mM
(Fig. 2d), underscoring the high sensitivity and large dynamic range of
the reporter. To demonstrate that our reporter can effectively measure
polyamine concentrations in live cells, we treated cells with ribavirin, a
drug that was recently shown to deplete cellular polyamines by acti-
vating SAT1”. Remarkably, the cellular polyamine concentration esti-
mated using our reporter (change from 1.00+0.14 for control to
0.66 £ 0.12 for ribavirin-treated, mean + s.d., n >30,000) closely mat-
ched those determined by conventional mass spectrometry-based
analysis (Fig. 2e). Notably, while mass spectrometry required over
~1 million cells, our reporter enabled measurements at single-cell
resolution. Moreover, our reporter exhibited low technical variability,
with a coefficient of variation of only ~3% across multiple independent
experiments (Fig. 2f, Supplementary Fig. 4e).

Our reporter system relies on fluorescent protein translation and
maturation, which introduces a delay between changes in intracellular
polyamine levels and the fluorescence readout. Assessing the repor-
ter’s response kinetics is challenging, as methods to perturb cellular
polyamine levels (e.g., DFMO treatment) are relatively slow. Thus, the
reporter readout would represent a convolution of its intrinsic
response kinetics and the dynamics of the perturbation itself. To
mitigate this confounding factor, we synchronized polyamine
restoration by first treating cells with DFMO for four days, reducing
spermidine levels by >95% (Supplementary Fig. 4f, g), and then
simultaneously supplementing spermidine and inducing reporter
expression with doxycycline. Spermidine supplementation rapidly
restores cellular polyamine levels within minutes® providing a defined
temporal starting point to assess the reporter’s response time.

LC-MS analysis confirmed rapid polyamine restoration upon
supplementation in DFMO-treated cells (Supplementary Fig. 4g). In
comparison, our reporter showed a partial recovery (-80% of baseline)
within 2 h post-supplementation (Fig. 2g). F/Fo showed a clear over-
shoot -4 h post-supplementation, reaching a peak level approximately
1.9-fold higher than basal levels (cells without DFMO or spermidine
treatment). LC-MS measurements also revealed an overshoot of sper-
midine levels (Supplementary Fig. 4g), though with a greater
magnitude*’. This observation is consistent with recent observations
that DFMO-treated cells are primed for polyamine import*** and
underscores the role of feedback mechanisms in the regulation of
polyamine homeostasis. Differences between the LC-MS and reporter
readouts likely reflect delays from fluorescent protein maturation and
the distinction between total (measured by LC-MS) versus free, sensor-
accessible polyamines. Overall, these experiments demonstrate that
the reporter effectively captures transient fluctuations in polyamine
levels in living cells, albeit with a modest temporal delay of
several hours.

Long-term tracking of polyamine dynamics in single cells

In the next steps, we sought to perform real-time monitoring of
polyamine levels in individual cells over a longer duration. The
doxycycline-inducible reporter system used in Figs. 1-2 results in
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Fig. 2 | Reporter calibration and reproducibility. a Schematic of LC/MS protocol
for polyamine quantification. Intracellular spermidine concentration measured
using LC/MS (b) and F/Fq (c) in response to various concentrations of DFMO.

d Linear regression of the cellular spermidine concentration with F/F, (calculated
from (c)). e F/Fo and the spermidine concentration measured using LC/MS upon
treatment with ribavirin (100 uM for 72 h; SAT1 activator). The sensor value was
calculated using the fit from (d). f Coefficient of variation (CV) was calculated for
intra-assay and inter-day variability. CV is calculated as the ratio of standard
deviation to the average value. g Intracellular spermidine concentration measured
using F/Fo in response to DFMO and subsequent rescue with spermidine supple-
mentation over time. Cells were treated with 2 mM DFMO for four days followed by
simultaneous spermidine supplementation (100 pM) and reporter induction with
doxycycline. AG (1 mM) was added with spermidine. Error bars in (b) and (e, left)

denote the mean + standard deviation. Error bars in (c), (e, right) and (g) denote the
median + interquartile range. 50 data points are shown. The sample size as follows:
b 0 tM DFMO (n = 5 samples), 50-250 uM DFMO (n = 4 samples) and 400-500 uM
DFMO (n =3 samples), ¢ 0 uM DFMO (n = 43696 cells), 50 uM DFMO (n = 43417
cells), 75 puM DFMO (n = 45531 cells), 100 puM DFMO (n = 49477 cells), 125 uM DFMO
(n=51808 cells), 150 pM DFMO (n = 54552 cells), 175 uM DFMO (n = 57358 cells),
200 pM DFMO (n = 57842 cells), 250 pM DFMO (n = 61712 cells), 300 yM DFMO
(n = 64135 cells), 400 uM DFMO (n = 63264 cells) and 500 uM DFMO (n = 63353
cells), e control (n=5 samples) and ribavirin (n =3 samples), g control (n=364
cells), DFMO (n =358 cells), 2 h DFMO/Spd (n =557 cells), 4 h DFMO/Spd (n =248
cells), 6 h DFMO/Spd (n =233 cells) and 8 h DFMO/Spd (n =463 cells). Source data
are provided as a Source Data file.

fluorescent protein accumulation over time, which reduces dynamic
range and requires doxycycline addition prior to measurements. To
further enhance the reporter’s performance for these longitudinal
studies, we incorporated a degron tag* to ensure rapid protein turn-
over, thus mitigating the reduction in dynamic range associated with
the accumulation of fluorescent proteins (Fig. 3a). We also replaced
eYFP with a near-infrared fluorescent protein, miRFP670-2*, to reduce
the phototoxicity associated with long-term live-cell imaging. These
modifications allowed us to track polyamine levels in cultured cells for
>7 days with single-cell resolution (see Supplementary Note 3). Using
this modified reporter, we examined the dynamics of polyamine
depletion upon DFMO treatment and observed a gradual 50 +10%
reduction in F/Fq over 3.5 days (from 1.00 + 0.23, n=25to 0.49 + 0.10,
meants.d.,, n=115) (Fig. 3b-d). Notably, there was considerable
variability in how individual cells responded to DFMO, with some cells
entirely evading its effects (Supplementary Fig. 4h), corroborating
previous observations in clonal cells*’. The reporter also enabled us to
probe the kinetics of polyamine import. The addition of spermidine to
DFMO-treated cells led to the restoration of F/F, over a 2-day period
(0.99+0.19, meants.d.,, n=85, t=162h) (Fig. 3b-d). Notably, this

reporter design also captured the initial overshoot of F/Fq (1.19 + 0.28,
mean +s.d., n=98, t =134 h) relative to the baseline upon spermidine
supplementation, which persisted for ~40 h. Some cells showed an
extended delay in transitioning out of the polyamine-low state upon
spermidine addition (Supplementary Fig. 4i). Temporal resolution
could be further improved through degron optimization or by using
luminescent reporters with faster folding kinetics. Nonetheless, these
results demonstrate that the reporter provides a quantitative, near-
continuous measure of cellular polyamine concentration in single liv-
ing cells. Its ability to capture dynamic changes at the single-cell level
enables the study of heterogeneity in drug response and provides a
powerful tool for investigating molecular mechanisms of resistance
and evasion.

Genetic modifiers of polyamine import

Besides synthesis, mammalian cells can regulate their polyamine
content by modulating transport but this pathway remains poorly
understood*®. One proposed polyamine import mechanism involves
endosomal/lysosomal P5B-ATPases, ATP13A2 and/or ATP13A3", that
release lysosomal polyamines into the cytoplasm. Several other
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Fig. 3 | Live-cell longitudinal imaging of polyamine dynamics. a Schematic of
sensor design for real-time tracking of polyamines. b Representative fluorescence
images of U-20S cells expressing the degron-based sensor under indicated treat-
ments. DFMO (2 mM), Spd (spermidine, 100 pM) and TMP (trimethoprim,

0.05 pM). AG (1 mM) was included during spermidine supplementation in (b)-(d).
U-20S cells were grown in TMP starting 3 days before DFMO treatment to allow
steady-state levels of the reporter expression. Media was replaced every two days

with fresh reagents. ¢ Single-cell traces of F/Fo upon indicated treatments. F is the
miRFP670-2 to mCherry fluorescence. F is the average frameshifting efficiency in
untreated cells (at the time, ¢=0). Arrows indicate the time-point of treatment.

d Mean F/Fq over time from the single-cell traces shown in (c). Shaded bands depict
the 95% confidence intervals. The sample size as follows: n =122 cells in (c) and (d).
Fluorescent micrographs are representative of 1 independent experiment. Scale
bars, 10 um. Source data are provided as a Source Data file.

proteins have also been proposed to participate in polyamine uptake
but their precise roles remain to be established*’~". Polyamine trans-
port is also subject to elaborate feedback regulation, but the molecular
factors involved in this process are not entirely elucidated. We uti-
lized our reporter to develop a polyamine import assay (Fig. 4a). In
brief, cells were treated with DFMO to block polyamine biosynthesis,
rendering them dependent on exogenously supplied spermidine.
Polyamine import from the extracellular medium is expected to
restore cellular polyamine concentration, which can be quantitatively
read out using our reporter. As a proof-of-concept, we examined the
effect of the drug AMXT-1501, a lipophilic polyamine mimetic that
potently blocks polyamine transport’>. Treatment with AMXT-1501
alone did not affect cellular polyamine levels (F/Fo) indicating that
under normal growth conditions, de novo polyamine synthesis is suf-
ficient to maintain homeostatic levels (Fig. 4b, c). However, co-
treatment of cells with AMXT-1501 and DFMO led to a striking 20-fold
reduction in F/Fg (to 0.05 +0.04, mean +s.d., n>7000), which could
not be rescued by exogenous spermidine supplementation (Fig. 4b, c).
These results indicate that our assay allows us to monitor polyamine
import in single cells, and can potentially help identify genetic and
pharmacological modulators of this process.

Leveraging this assay, we performed a genome-wide CRISPR-Cas9
knockout screen to identify factors that influence polyamine uptake
(Fig. 5a). We generated clonal K562 cells that express our polyamine
sensor and transduced them with a pooled lentiviral library encoding
Cas9 and single guide RNAs (sgRNAs) targeting 20,000 protein-coding
genes with an average of 5 sgRNAs per target™. Following library

transduction, cells were co-treated with DFMO and spermidine.
Fluorescence-activated cell sorting (FACS) was used to isolate cells
based on eYFP/mCherry fluorescence ratio. We expected that in the
presence of DFMO and spermidine, import-competent cells would
maintain their polyamine levels, while genetic knockouts that result in
deficient spermidine import would have reduced polyamine con-
tent (Fig. 5a).

ATP13A3, one of the known endosome-localized modulators of
polyamine uptake, emerged as the top hit from the screen (Fig. Sb,
Supplementary Data 1, Supplementary Fig. 5a, b). Strikingly, knockout
of ATP13A2, another P-type ATPase associated with polyamine import
and Parkinson’s disease’*, did not decrease polyamine import
(Fig. 5c), even though ATP13A2 is expressed in these cells (Supple-
mentary Fig. 5¢). Moreover, knockout of other proposed polyamine
transporters (for example, SLC3A2, SLCI2A8, SLC7A2, and GPC1) had
no discernible effect on polyamine import in our screen (Fig. 5c).
Interestingly, ATP13A3 knockout was sufficient to completely abrogate
spermidine uptake, phenocopying the effects of AMXT-1501 across
multiple cell lines, including K562, U-20S, and RPE1 cells (Fig. 5d-g,
Supplementary Fig. 5d, e). The complete cessation of uptake upon
ATP13A3 knockout demonstrates that it is an indispensable compo-
nent of the spermidine import pathway in these cell types, and sug-
gests that the release of polyamines stored in the endosomes may be
the limiting step in controlling biochemically accessible polyamine
levels in these cells. This observation aligns with a previous study
demonstrating that pancreatic cancer cells with non-functional
ATP13A3 are incapable of importing spermidine and spermine*’.
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Fig. 4 | Single-cell polyamine import assay. a Schematic of single-cell polyamine
import assay. b Representative fluorescence images of cells upon indicated treat-
ments. AMXT-1501 (0.5 pM; polyamine import inhibitor), DFMO (1 mM), and sper-
midine (5puM). AG (1mM) was included during spermidine supplementation in (b)
and (c). ¢ Quantification of frameshift efficiency using flow cytometry for treat-
ments in (b). Error bars in (c) denote the median + interquartile range. 50 data

saulweAjod
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AMXT-1501
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points are shown. Flow cytometry quantification and the fluorescent micrographs
are representative of 2 independent experiments. The sample size as follows: (c)
control (n=8089 cells), AMXT (n=25727 cells), AMXT/DFMO (n = 8439 cells) and
AMXT/DFMO/Spd (n=9262 cells). Significance values are calculated using two-
sided Student’s ¢ test. Scale bars, 10 um.

Our screen also identified ~-180 putative modifiers of spermidine
uptake (median log, fold change >0.75 with FDR < 0.05, Supplemen-
tary Data 1). These hits included known genes related to polyamine
metabolism (Fig. 5h), including AZIN1 (antizyme inhibitor 1) and SMS
(spermine synthase). Supporting these findings, AZIN1 knockout and
pharmacological inhibition of SMS with APCHA independently con-
firmed their involvement in polyamine import regulation (Supple-
mentary Fig. 5f-h). The inhibition of polyamine import upon AZIN1
knockout is consistent with the known feedback repression of poly-
amine uptake caused by the stabilization of the antizyme family pro-
teins upon AZIN1 depletion®®. Likewise, SMS converts spermidine to
spermine, and its loss leads to spermidine accumulation, which inhi-
bits polyamine import”. Interestingly, several components of the
mitochondrial electron transport chain (ETC) emerged as pre-
dominant modifiers of polyamine import (Supplementary Fig. 5i). To
validate the effects of ETC inhibition on polyamine import, we treated
U-20S cells with pharmacological ETC inhibitors. Treatment with
rotenone, a plant metabolite that potently inhibits complex I of the
ETC, significantly decreased cellular polyamine levels (Fig. 5i). A similar
decrease was observed following treatment with antimycin A, an
inhibitor of complex Il (Fig. 5i). Notably, reductions in polyamine
levels due to rotenone or antimycin A treatment could not be com-
pensated by exogenous spermidine supplementation, confirming
import deficits (Fig. 5i, Supplementary Fig. 5j). This reduction in
polyamine levels and deficient import was further verified using
ensemble polyamine measurements (Fig. 5j). The effects of ETC inhi-
bition on polyamine uptake were independent of cell cycle arrest since
treatment with a CDK4/6 inhibitor, palbociclib, induced cell cycle
arrest (Supplementary Fig. 5k) but did not impair spermidine uptake
(Supplementary Fig. 51). Other genes whose knockout reduced sper-
midine uptake included the subunits of the endoplasmic reticulum
signal recognition particle (SRP) receptor (SRPRA and SRPRB), the
retromer complex (VPS35, VPS26A, and VPS29), CARNMT1 (anserine
synthase), PUS3 (a tRNA pseudouridine synthase), and UFM1 (involved

in the UFMylation pathway) (Fig. 5h). Altogether, the ability to quan-
titatively monitor polyamines at single-cell resolution facilitated the
identification of polyamine uptake modifiers and raises questions
about the potential mechanisms linking mitochondrial respiration to
polyamine transport.

Discussion
We have established a genetically encoded fluorescent reporter that
enables quantitative measurement of polyamine levels in living cells at
single-cell resolution. This reporter system, based on the endogenous
polyamine-responsive frameshift motif found in the OAZ1 gene, pro-
vides a real-time readout of intracellular polyamine concentrations
with high sensitivity and a wide dynamic range. The simplicity of the
assay greatly accelerates the measurement process, eliminating the
need for extraction from native cellular context and extensive che-
mical derivatization. The single-cell resolution of the sensor enables
high-throughput screens and may help identify modulators of poly-
amine homeostasis. Moreover, the ability to track polyamine levels
within the same sample could allow direct pharmacokinetic studies of
polyamine-targeting therapies, including potentially in live animals.
Abnormalities in polyamine transport are implicated in several
devastating diseases, including, Kufor-Rakeb syndrome (juvenile-
onset parkinsonism with dementia)*, early-onset Parkinson’s disease®,
amyotrophic lateral sclerosis (ALS)*®, and pulmonary arterial
hypertension®. Additionally, as rapidly proliferating cells exhibit high
polyamine levels, there has been longstanding interest in developing
polyamine inhibitors as cancer therapeutics®®®’. Cancer cells can cir-
cumvent polyamine synthesis inhibition by increasing their uptake
from the extracellular environment?, and there is a growing interest in
targeting the polyamine import pathway via combination
therapies®® % Efforts to identify modulators of polyamine transport
have been hampered by the lack of methods that provide a quantita-
tive readout for polyamine uptake. Our sensor overcomes these
technical limitations and may help elucidate the molecular details of
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polyamine transport and its regulation, potentially advancing therapy
development.

Our genome-wide CRISPR knock-out screen established an
essential role of ATP13A3 in polyamine import across different cell
types and uncovered several regulators of spermidine uptake. Strik-
ingly, several of these polyamine import modifiers, such as VPS35 and
subunits of ETC complex 1 (e.g., NDUFSI), are associated with

Parkinson’s disease® . Likewise, rotenone exposure, which recapitu-
lates key pathological and clinical features of the disease in animal
models®®, also affects polyamine uptake. Interestingly, ATP13A2
knockout resulted in increased spermidine uptake (Fig. 5c), potentially
due to upregulation of compensatory mechanisms, though this
requires further investigation. These findings, along with the fact that
loss of function mutations in ATP13A2, cause juvenile-onset
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Fig. 5 | Genome-wide CRISPR screen identifies modifiers of polyamine import.
a Schematic of the CRISPR-Cas9 FACS-based genome-wide screen to identify
modulators of polyamine import. b -logl0 (MaGeCK score) versus median log2
(fold enrichment) for all genes from the spermidine import screen. The horizontal
line indicates FDR < 0.05 and the vertical line indicates fold change >1.5. ¢ Graph
depicting the fold enrichment for sgRNAs targeting indicated genes. Each data
point is for a distinct sgRNA sequence. d Representative images of U-20S cells
corresponding to treatment with DFMO: 1 mM and spermidine: 5 pM. Comparison
of polyamine levels in wild-type and upon ATP13A3 knock-out in K562 (e), U-20S (f),
and RPEI (g) cells under indicated treatments. h Heatmap of mean log2 fold
changes for individual sgRNAs targeting genes previously proposed to be involved
in polyamine import (n =2 technical replicates). i Comparison of polyamine levels
in U-20S cells under indicated treatments. Rotenone (1 uM; complex I inhibitor)
and antimycin (1 uM; complex Ill inhibitor) were added 24 h before reporter
induction and spermidine addition (5 uM, 18 h). j Total polyamine levels (see
enzymatic total polyamine assay in Methods) for the indicated samples (relative
abundance). Rotenone (1M, 48 h) and spermidine (5 pM, 16 h). 2 mM DFMO (48 h)
was used as a positive control. AG (1mM) was included during spermidine

supplementation in (a)-(j). Error bars in (c) denote the mean + standard deviation
(5 independent sgRNAs). Error bars in (e-g, i) denote the median + interquartile
range. 50 data points are shown. Error bars in (j) denote the mean + standard
deviation from 3 independent experiments. Significance values are calculated using
two-sided Student’s ¢ test. *** denotes p < 0.0001. Flow cytometry quantification
and the fluorescent micrographs are representative of 1 independent experiment.
Scale bars, 10 um. The sample size as follows: e K562 WT (n =10449 cells), WT/
DFMO (n=30804 cells), WT/DFMO/Spd (n=9964 cells), ATP13A3 KO (n=10097
cells), ATP13A3 KO/DFMO (42214 cells), ATP13A3 KO/DFMO/Spd (n =40848 cells),
fU-20S WT (n=43369 cells), WT/DFMO (n =39870 cells), WT/DFMO/Spd
(n=41357 cells), ATP13A3 KO (n = 45404 cells), ATP13A3 KO/DFMO (n = 5741 cells),
ATP13A3 KO/DFMO/Spd (n=5960 cells), (g) RPE-1 WT (n=9623 cells), WT/DFMO
(n=38437 cells), WT/DFMO/Spd (n =9437 cells), ATP13A3 KO (n =9297 cells),
ATP13A3 KO/DFMO (n = 9814 cells), ATP13A3 KO/DFMO/Spd (n = 9564 cells) and

i control (n=18636 cells), rotenone (n=17673 cells), antimycin (n=18100 cells),
rotenone/Spd (n =17311 cells) and antimycin/Spd (n =17758 cells). Source data are
provided as a Source Data file. Created in BioRender. Sharma, P. (2025) https://
BioRender.com/jewt37i.

Parkinson’s disease', reinforce the link between polyamine home-
ostasis and the pathogenesis of this neurodegenerative disorder.
Notably, recent work has shown that polyamine deprivation inhibits
the synthesis of several mitochondrial proteins involved in oxidative
phosphorylation®’, suggesting that polyamine levels can influence
mitochondrial function. Our work demonstrates the converse,
that mitochondrial respiration, in turn, regulates polyamine home-
ostasis, highlighting a bidirectional cross-talk between these two
processes.

One possible explanation for the inhibitory effects of ETC block-
ade on polyamine levels is the disruption of one-carbon metabolism.
ETC inhibition impairs the tricarboxylic acid (TCA) cycle and leads to
the depletion of aspartate®®®, This aspartate deficiency may activate
ATF4° and redirect one-carbon  metabolism  towards
transsulfuration”,  thereby limiting the  availability  of
S-adenosylmethionine (SAM) for polyamine synthesis. ETC inhibition
also suppresses de novo purine synthesis”>. AMDI1, a rate-limiting
enzyme in polyamine synthesis, shares a strong co-dependency with
both purine synthesis and oxidative phosphorylation enzymes (the
Cancer Dependency Map”), suggesting a significant metabolic cou-
pling between these pathways. We speculate that inhibition of poly-
amine biosynthesis in response to compromised ETC function is an
adaptive response to suppress protein synthesis*® under energetically
demanding conditions. We note that other indirect mechanisms may
also contribute to reduced polyamine transport upon ETC inhibition.
Interestingly, ETC inhibitors (antimycin A) have also been reported to
induce degradation of c-Myc’*, the major transcriptional activator of
ODCI. Further studies are needed to tease apart the effects of ETC
blockade on polyamine homeostasis.

Polyamines are central to a multitude of cellular processes
including gene expression, protein synthesis, cell proliferation, and
cell death. There is growing interest in therapeutically harnessing this
pathway but these efforts are hindered by gaps in our understanding
of the molecular mechanisms involved in maintaining polyamine
homeostasis. Polyamine regulatory pathways are also replete with
intriguing biochemical regulations that defy common principles such
as stop codon readthrough and frameshifting (in OAZ1)*, translation
repression (of SAT1)”, ubiquitin-independent proteasomal degrada-
tion (of ODCI1)?, and essential posttranslational modification, hypusi-
nation, unique to a single protein, elF5SA’. While this manuscript was
under review, a related genetically encoded polyamine sensor,
iPASnFR’®, was reported. This sensor leverages a bacterial polyamine-
binding protein (PotD) fused to a circularly permuted fluorescent
protein, resulting in fluorescence intensity changes upon polyamine
binding. Both sensors exhibit comparable sensitivity, covering the
physiological range of polyamine levels (uM to mM). iPASnFR allows

faster, more direct detection due to its immediate fluorescence
response upon polyamine binding, making it well-suited for capturing
rapid fluctuations in polyamine levels. Additionally, it can be geneti-
cally targeted to specific compartments, such as mitochondria,
allowing localized measurements of organelle-specific polyamine
dynamics. Because iPASnFR readout is based on changes in fluores-
cence intensity, it is more susceptible to variations in sensor expres-
sion and environmental fluctuations, which can complicate
quantitative measurements and necessitate careful calibration. In
contrast, the OAZ1-based reporter in our study, while indirect and
slower compared to iPASnFR, provides a quantitative, ratiometric
readout that inherently normalizes for such variations, ensuring more
robust quantification. Additionally, while iPASnFR detects spermidine,
spermine, and acetylated polyamines, our sensor is primarily respon-
sive to intracellular spermidine, offering a more targeted measure of
its physiological regulation. Together, these approaches offer com-
plementary strengths, with iPASnFR optimized for real-time spatial
resolution and our OAZI-based reporter designed for stable, quanti-
tative tracking of polyamine dynamics. Overall, the availability of these
live-cell polyamine measurement reporters will provide a powerful
platform to facilitate future discoveries into the biology of these
abundant yet mysterious metabolites, advancing our understanding of
disease mechanisms and potentially providing strategies for therapy
development.

Methods

Cloning and plasmid preparation

Complete plasmid sequences are provided in Supplementary Data 2.
The sequence encoding the full-length human OAZ1 was obtained as
double-stranded DNA fragments (IDT) and its various segments were
cloned between Pacl and BamHI sites in a doxycycline-inducible len-
tiviral transfer plasmid (pHR-Tre3G-mCherry-MCS-eYFP). pHR-Tre3G-
mCherry-MCS-eYFP vector is derived by Gibson cloning from pHR-
Tre3G-29xGGGGCC-12xMS2, a gift from Ron Vale (Addgene plasmid #
99149”"). CRISPR-dCas9-mediated knockdown of ODC1 and SRM was
performed using the plasmid pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-
Puro (Addgene plasmid # 712367%), a gift from Charles Gersbach.
Single-guide RNAs (sgRNAs) with high on-target efficiency to target
ODC1 and SRM were designed as described previously”. The sgRNA
sequences were as follows: ODC1 (GGGCGGCGGCGGCTACAGGA) and
SRM (GGTAGCGCGAGCGCCGGTGG). CRISPR-Cas9 mediated knock-
out of ATP13A3 was performed using pLenti-EF1-SpCas9-FLAG-P2A-
Puro-WPRE (a gift from Heather Keys) with sgRNA sequence
TGGGTGAAATAACGAATCTG. For the live tracking experiments in
Fig. 1, the sequence encoding ecDHFR and miRFP670-2 were incor-
porated using Gibson cloning into a constitutive SFFV promoter-
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driven lentiviral transfer plasmid, pHR-tdMS2CP-YFP-WPRE (Addgene
991517), a gift from Ron Vale. A plasmid containing ecDHFR sequence
was a gift from lain Cheeseman and miRFP670-2 was amplified from
pTubulin-miRFP670-2 (Addgene 197238*), a gift from Kiryl Piatkevich.
All cloning and plasmid preparations were performed in Stbl3
Escherichia coli cells (Invitrogen, C7373-03) grown at 30 °C. All plas-
mids were sequence verified by Sanger or Oxford Nanopore sequen-
cing (Plasmidsaurus or Quintara Bioscience).

Chemicals

The following reagents were purchased from Sigma-Aldrich: per-
chloric acid (244252), 1,7-diamino heptane (D17408), acetone
(270725), toluene (34866), L-proline (P0380), acetonitrile (34851),
sodium carbonate, dansyl chloride (311155), spermidine trihy-
drochloride (S2501), DMSO (276855), and aminoguanidine hydro-
chloride (396494). DL-a-difluoromethylornithine (DFMO; 16889),
rotenone (13995), antimycin A complex (34799), and ribavirin (16757)
were obtained from Cayman Chemicals. Sardomozide dihydrochloride
(HY-13746B) and AMXT-1501 (HY-124617A) were ordered from
MedChemExpress.

Preparation of compounds and inhibitors. Fresh stocks were pre-
pared for all the amine compounds from powder before the experi-
ments. Polyamines and aminoguanidine hydrochloride stocks were
prepared to a final concentration of 100 mg/mL in PBS for each
experiment. Sardomozide was dissolved in DMSO to final concentra-
tions of 10 mM. DFMO (55mM) and ribavirin (100 mM) stocks were
prepared in water. All stocks were filtered through a 0.45um filter
upon preparation and stored at —20 °C until use.

Cell culture

U-20S (ATCC, HTB-96), HEK 293 T (ATCC, CRL-3216), K562 (ATCC,
CCL-243) and SH-SY5Y (ATCC, CRL-2266) were purchased from ATCC
and authenticated by short tandem repeat profiling. RPE-1 (immorta-
lized) was a gift from lain Cheeseman. U-20S, HEK 293 T, and RPE1
were propagated in DMEM (Gibco 11965126). Suspension cultures of
K562 cells were cultured in RPMI-1640 (Gibco 11875093). SH-SY5Y cells
were grown in EMEM (ATCC 30-2003)/F12 (Gibco 11765054). All media
were supplemented with penicillin/streptomycin/glutamine (Gibco
10378016) and 10% (v/v) tetracycline-free fetal bovine serum (FBS)
(Gibco, 26140079), except for SH-SY5Y cells which had additional FBS
(15% v/v). Cells were maintained at 37 °C with 5% CO, in a humidified
incubator. Cells were tested for mycoplasma contamination every
2 months.

Lentivirus preparation and transduction

We first generated cell lines stably expressing reverse tetracycline
transactivator (rtTA) protein (Clontech) via lentiviral transduc-
tion. These stable cell lines were then transduced with the poly-
amine reporter under a tetracycline-inducible promoter.
Lentivirus was generated as follows. The lentivirus transfer plas-
mids (2 pg), the packaging plasmid psPAX2 (1ug), and the envel-
ope plasmid pCMV-VSV-G (0.5pug) were mixed with 8ulL of
lipofectamine LTX (Invitrogen, 15338-100) in 500 uL of Opti-MEM
reduced serum media (Gibco, 31985-070) for transfection of
HEK293T cells according to the manufacturer’s recommended
protocol. After two days, the lentiviral particles were collected by
passing the supernatant through a 0.45-pm filter and used to
transduce cells supplemented with 10 pg/mL polybrene (Millipore
Sigma TR1003G). Polybrene was excluded during the transduc-
tion of SH-SY5Y cells due to toxicity. Transgene expression of the
polyamine sensor was induced by adding 1000 ng/mL doxycy-
cline (Sigma-Aldrich) for 18 h except where otherwise specified.
The various indicated treatments (DFMO, rotenone, etc.) were
retained during this induction period.

Crypt isolation and intestinal organoid culture

As previously reported®® and briefly summarized here, small intestines
were removed, washed with cold PBS, opened longitudinally, and then
incubated on a shaker at 4 °C with PBS plus EDTA (10 mM) for 45 min.
Tissues were then moved to PBS. Crypts were mechanically separated
from the connective tissue by shaking and then filtered through a
70-pum mesh into a 50 mL conical tube to remove villus material and
tissue fragments. Isolated crypts for cultures were embedded in
Matrigel (Corning 356231, growth factor reduced) and cultured in a
modified form of the medium as described previously®*2. Crypt cul-
ture media consists of Advanced DMEM (Gibco 12491015) that was
supplemented with EGF 40ngml? (PeproTech 315-09), Noggin
200 ng ml™ (PeproTech 250-38), R-spondin 500 ngml™ (Peprotech
315-32), B27 1X (Life Technologies 17504044), CHIR99021 3uM
(LC laboratories C-6556), and Y-27632 dihydrochloride monohydrate
10 uM (Sigma-Aldrich Y0503). Matrigel was allowed to solidify for
20-30 minin a 37 °C incubator. The culture medium was then overlaid
onto the Matrigel, changed every three days, and maintained at 37 °C
in fully humidified chambers containing 5% CO,.

To generate the polyamine sensor-organoids, organoids derived
from mouse intestines were dissociated by Triton-X at 37 °C for 2 min,
mixed with virus supernatant (prepared as described above) and
polybrene at 9 ug/mL, and then transferred to 48 well plates. The plate
was centrifuged at 600 x g at 30 °C for 1 h, and incubated in chambers
for 3 h. Collected samples were embedded in Matrigel and incubated
with crypt medium plus 5% FBS for 7 days. 1000 ng/mL of doxycycline
was added into the medium and organoids were incubated for 24 h to
express the fluorescent protein, and then fluorescent-positive orga-
noids were picked up under the fluorescent scope. For DFMO and
spermidine treatment, organoids were treated after passaging. 1mM
DFMO with or without 50 uM spermidine was added to the culture
medium, and were imaged 3 days after treatment. AG (1 mM) was
added to the cells when supplemented with spermidine. The com-
monly used organoid medium supplement B27 contains polyamines,
and thus differences in the polyamine levels upon DFMO treatment
become apparent only in its absence.

Enzymatic polyamine assay

For Supplementary Fig. 2e and Fig. 5j, measurements were performed
using the fluorescent quantification assays (abcam239728) as per the
manufacturer’s instructions. The polyamine assay buffer (no added
polyamine standard) was used as the background.

Microscopy and image analysis

Cells were seeded on a glass-bottom 96-well plate (Brooks, MGB096-1-
2-LG-L) and imaged on a Dragonfly 505 spinning-disk confocal micro-
scope (Andor Technologies) with a piezo Z-stage (ASI), an iXon Ultra
888 EMCCD camera and appropriate filter sets. Organoids were cul-
tured in polymer-coated chamber slides (ibidi 80286). Pin-hole size
was kept at 40 pm. Z-stacks were acquired with a step size of 0.3-1 um
depending on the thickness of the sample using a 100x oil immersion
objective NA 1.45 (Nikon, MRD01905, pixel size 121 nm x 121 nm).
During the imaging, cells were kept in a humidified chamber (OKO
labs) maintained at 37 °C and 5% (v/v) CO,. The following laser exci-
tation and bandpass emission filters were used: YFP (488 nm, 521/
38 nm), mCherry (561 nm, 594/43 nm), and miRFP670-2 (637 nm, 620/
60 nm). For each experimental condition, at least 40 randomly chosen
cells were imaged in at least two independent replicates. Representa-
tive images were generated by taking an average projection of three
slices centered at the focused plane.

For the live-cell polyamine tracking in Fig. 3, we quantified the
fluorescence signal in the microscopy images at each time point. Fy is
miRFP670-2/mCherry at t=0, before DFMO treatment A custom
FUI script was used to find the focal plane of Z-stacks using a normal-
ized variance algorithm (https://imagejdocu.list.lu/macro/autofocus_
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hyperstack). Background fluorescence was computed from the aver-
age signal of 10 regions devoid of any cells. This background was
calculated for each channel and subtracted before intensity quantifi-
cation. Cells were segmented from background-corrected mCherry
fluorescence images using Cellpose®’, a deep learning-based segmen-
tation algorithm (a pre-trained “cyto” model was directly applied
without additional training). Segmented objects with a diameter less
than 25 pixels were excluded from downstream analysis. TrackMate®*
was used to perform tracking of segmented cells employing a Linear
Assignment Problem (LAP) framework which uses a Jonker-Volgenant
solver. In brief, a cost matrix was generated for frame-to-frame linking
using a maximal allowed frame-to-frame linking distance of 75 pixels
and with linking cost as the distance squared. Next, the built track
segments are linked using the LAP framework again, allowing the
branching of a track into two sub-tracks to account for mitosis events
with a maximal distance of 75 pixels. Gap-closing was also included to
create a link over two spots separated by a missed Cellpose detection
with a maximal distance of 150 pixels over 2 frames. These parameters
were optimized by manually benchmarking the predicted cell tracks
on a subset of the data. Only the longest track was retained for each
identified trajectory. Cells entering or leaving the field of view were
retained for analysis. Lineages with frames less than half of the total
number of frames during the entire experiment duration were exclu-
ded. Incorrect segmentation or tracking events were manually filtered
out. Custom MATLAB scripts were used to process the single-cell
integrated intensity data. For the images shown in Fig. 3, we cropped
regions containing a particular tracked single-cell and used the back-
ground corrected image. The raw intensity values for miRFP60-2/
mCherry were normalized using an exponential fit derived from a
control, untreated sample imaged under similar conditions to account
for the loss in fluorescence signal due to photobleaching.

Flow cytometry

Cells were harvested by trypsinization when necessary, centrifuged at
500 g for 4 minutes, and resuspended in ice-cold suspension buffer
(PBS with 5% fetal calf serum). Fluorescence quantification was per-
formed using a BD LSR Il flow cytometer (BD FACSDiva). The instru-
ment was configured as follows: GFP (excitation: 488 nm, 530/30 nm
bandpass filter), mCherry (excitation: 561 nm, 610/20 nm bandpass
filter), and DAPI (excitation: 355 nm, 450/50 nm bandpass filter). The
gating strategy is presented in Supplementary Fig. 6. A minimum of
5000 cells per condition were analyzed across at least two indepen-
dent replicates, unless otherwise specified. The genome-wide knock-
out pool maintained diversity comparable to the control, and internal
consistency was ensured by collecting the bottom 30% of the popu-
lation in each run. Flow cytometry data were analyzed using FlowJo
software (TreeStar). Background fluorescence for each channel was
determined from the average signal of uninduced samples and sub-
tracted before intensity quantification. Statistical analysis and data
visualization were performed using GraphPad Prism. Cells were trea-
ted under identical conditions for microscopy experiments.

Western blotting

Cells were washed with ice-cold PBS and lysed with RIPA lysis buffer
(25 mM Tris-HCI pH 7.5 (Invitrogen 15567027), 150 mM NaCl (Invitro-
gen AM9760G), 1% (v/v) NP-40 (Fisher Scientific AAJ19628AP), 1% (w/v)
sodium deoxycholate (Sigma-Aldrich D6750), 0.1% (w/v) SDS (Bio-Rad
1610302)) supplemented with 1% (v/v) HALT protease and phospha-
tase inhibitors (Thermo Scientific 78429) and 125U/mL Benzonase
nuclease (EMD Millipore E1014). The lysate was homogenized and
incubated on ice for 30 min with vortexing every 10 min. Cell debris
was removed by centrifugation at 21,000 x g for 10 min at 4 °C and
lysates were mixed with 4x Bolt lithium dodecyl sulfate (LDS) sample
buffer (Invitrogen B0007) with 100 mM DTT (Thermo Scientific
R0861) and heated at 70 °C for 5min. Samples were separated on a

Bolt 4-12% Bis-tris polyacrylamide gel (Invitrogen, NW04122) and then
transferred to a PVDF membrane (Invitrogen IB24002) using an iBlot 2
dry blotting system (Invitrogen IB21001). Membranes were blocked in
5% (w/v) nonfat dry skim milk (BD Biosciences 232100) in TBST (tris-
buffered saline (Fisher Scientific AAJ60764K3) with 0.1% (v/v) Tween-
20 (Fisher Scientific BP337) for 1 h at room temperature. Membranes
were incubated with primary antibodies diluted in 1% (w/v) skim milk in
TBST at 4°C overnight. After 4X TBST washes, membranes were
incubated with appropriate secondary antibodies in 1% (w/v) skim milk
in TBST for 1 h at room temperature. Membranes were washed 4X with
TBST, and chemiluminescence signals were detected using Super-
Signal West Femto Maximum Sensitivity Substrate (Thermo Scientific
34095) with a ChemiDoc XRS+ imager (Bio-Rad). The antibody details
are as follows: rabbit anti-mCherry (Rockland, 600-406-379, 1:5000),
mouse HRP anti-beta-actin (ab20272, 1:50,000), anti-ODC1 (ab193338,
1:1000) and goat anti-rabbit HRP conjugate (Sigma A0545, 1:5000).

RNA sequencing and splicing analysis

Total RNA was extracted with PureLink RNA Mini Kit (Invitrogen) per
the manufacturer’s instruction. PolyA selection and RNA library con-
struction were performed by Novogene with sequencing as 150 x 150
base paired-end libraries using an lllumina NovaSeq 6000 (Novogene),
to a depth of >20 M reads. Reads were aligned to the human genome
(hg38, annotation file GRCh GTF 38.93) and plasmid map for the
reporter plasmid using the short-read alignment tool STAR (version
2.7.1a)® with the default options. Sashimi plots for splicing analysis of
the reporter were generated with ggsashimi®® (version 1.1.5).

Polyamine extraction for LC/MS

This protocol was adapted from previous work?*. In brief, two million
K562 cells were washed twice with ice-cold PBS, pelleted, and then
liquid nitrogen was used to quench metabolism. The samples were
transferred temporarily to dry ice before being stored in a sealed
container at —-80°C. The tubes were then thawed in 400 uL 0.2M
perchloric acid (PCA) and resuspended. 10 pL of 0.1 mg/mL 1,7 dia-
mino heptane (in PCA, prepared fresh) was spiked in as a non-
biological polyamine internal standard. After a brief incubation on ice
(15min) and intermediate vortexing, the cell lysate was cleared by
centrifugation at 21,000 x g for 10 min at 4°C, and 100 puL of the
supernatant was neutralized with 200 pL of 3 M sodium carbonate (in
water). Finally, 400 pL of 7mg/mL dansyl chloride (in acetone) was
added. The solution was mixed by vortexing and incubated at 60 °C for
30 min (protected from light from now on). To quench the excess
dansyl chloride, 100 pL of 100 mg/mL L-proline (in water) was added
to the tube and mixed by vortexing. After 10 min of incubation at room
temperature in the dark, the top phase (acetone solution) was com-
pletely removed and discarded. Next, 500 pL of toluene was added to
the tube, and the solution was mixed by vortexing. We extracted
dansylated polyamines into toluene because, in the aqueous phase,
they stick to the walls of the polypropylene microtubes and do not
efficiently get transferred. After a brief incubation at room tempera-
ture (15 min), the tube was cleared by centrifugation at 11,000 x g for
1min, and 200 pL of the toluene phase (top) was aliquoted into a9 mm
wide autosampler glass vial, and then dried using a Mulitvap nitrogen
evaporator under dark conditions. Needles were continuously adjus-
ted to expedite the drying process. The samples were stored at —80 °C
until the day of analysis. Standard solutions of polyamines (all three
mixed together) were prepared at the concentrations of 0.0002,
0.0004, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05,0.1,0.2,0.5,1, 2, 5,10,
20, 50, 100, 200, 500 and 1000 pM and were treated with the same
procedure as the sample. All reagents were prepared fresh immedi-
ately before use, and all the experiments were performed in at least
three replicates. Due to the large number of samples, we performed
metabolite extractions in multiple batches (16 individual samples at a
time). To mitigate analytical bias in downstream analysis, the replicates
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of an experimental condition were distributed in different batches.
Toluene was used for the extraction of dansylated polyamines, as it is
highly effective for spermidine derivatives. However, due to differ-
ences in solubility among dansylated polyamines, some protocols
utilize chloroform as the extraction solvent. In such cases, the
chloroform extracts are evaporated to dryness and reconstituted in
methanol before analysis.

Polyamine LC/MS analysis and quantification

On the analysis day, the dried samples were centrifuged to collect all
samples to the bottom of the tube, resuspended in 20 pL acetonitrile,
vortexed for 5 min, and then spun down again before placing theminto
the autosampler. All the steps were performed at 4 °C, and exposure to
light was avoided. Liquid chromatography was conducted on a Van-
quish Flex Binary UHPLC system (Thermo Fisher Scientific) using water
with 0.1% formic acid as solvent A and acetonitrile with 0.1% formic
acid as solvent B. Reverse phase separation of analytes was performed
on a ZORBAX RRHT Eclipse XDB-C18 column, 4.6 x 50 mm, 80 A pore
size, 1.8 um particle size (Agilent, No. 927975-902; guard column,
Agilent, No. 820750-903). The column oven was held at 25 °C, and the
injection volume was 2 pL. All injections were eluted with 70% B for
2.0 min, a gradient of 70-90% B for 1.0 min, 90-95% B for 1.0 min,
95-97.5% B for 2.0 min, 97.5-70% B for 1.0 min and 70% B for 5.0 min,
with a flow rate of 1 mL/min. All mass spectrometry analyses were
performed on a high-resolution Orbitrap Exploris 120 benchtop mass
spectrometer (Thermo Fischer Scientific) operated in positive ioniza-
tion mode with a full scan range of 550-1150 m/z and top four data-
dependent MS/MS scans. The orbitrap resolution is 120,000 with RF
lens of 70% and static spray voltage of 3500 V. Single-ion monitoring
scans were also collected along with each method for targeted
detection of the following compounds- 597.2565m/z [M+H]" at
3.3 min; di-dansylated 1,7-heptane diamine, 555.2126 m/z [M+H]" at
2.0 min; dansyl putrescine, 845.3163 m/z [M +H]" at 4.0 min; dansyl
spermidine, and 1135.427 m/z [M+H]" at 5.0 min; dansyl spermine-
with a scan width of 5.0 m/z and RT window of 1.0 min. All MS data
were collected under the profile data type. Multiple acetonitrile blank
and polyamine standards were interspersed throughout the run to
track any technical drifts in MS signal quality.

Chromeleon 7.2.10 ES, TSQ Tune 3.1.279.9, and XCalibur 4.5
(Thermo Fisher Scientific) were used for deconvolution, peak align-
ment, identification, and quantitation of the raw file peaks. The.raw
files were imported onto MZmine 3 for quantitative analysis of di-
dansylated 1,7-heptane diamine, dansyl putrescine, dansyl spermidine,
and dansyl spermine. The following MZmine 3 modules were used:
Mass detection, FTMS shoulder peak filter, ADAP chromatogram
builder, Local minimum feature resolver, 13C isotope filter, Join
aligner, and Same RT and m/z range gap filter. The MZmine 3 batch
analysis file containing all processing parameters is attached as a.xml
file in Source Data. The peak area for each polyamine was normalized
by the peak area of the internal standard to represent the feature
(polyamine) abundance before visualization and statistical analysis on
GraphPad Prism (v9.5.1).

Reporter calibration

In brief, we determined the polyamine concentrations in cells by
quantifying the moles of polyamines using LC/MS-based analysis and
the cell volume by confocal microscopy. To estimate the cell volume,
cells were mounted and imaged in the mCherry channel. Z-stacks with
a step size of 0.25 pm were acquired and the total cell volume was
estimated using a custom CellProfiler pipeline, as has been previously
reported  (https://github.com/CellProfiler/tutorials/tree/master/3d_
monolayer). At least 50 cells were analyzed and the cell culture con-
ditions were kept identical to those used for LC/MS analysis. The mean
cell volume within each condition was then used. For LC/MS analysis, a
standard curve was prepared using individual polyamines. The

metabolite abundances in extracts were obtained by comparing the
LC/MS data against standards fit to a linear equation. The total number
of moles of a polyamine in the cell extract was then calculated from the
sample concentration and the corresponding sample volume. Cellular
polyamine concentrations were calculated using the total moles of a
metabolite in a sample, the total number of cells per sample, and the
average volume of each cell.

The exact value of eYFP/mCherry is dependent on the laser set-
tings of the flow cytometer, and thus we opted to calibrate the poly-
amine concentrations using the fold change (F/Fo) rather than the
absolute value (F). To estimate the absolute cellular spermidine con-
centrations (mM) from fluorescence (F/F,), we interpolated the data
from DFMO titration to create a regression curve where the x-value is
the F/Fo and the y-value is the absolute spermidine concentration
(mM). Fluorescence was then used to determine the approximate
spermidine for ribavirin treatment. Polyamines are commonly added
to commercial kits for RNA transcription and translation and hence, it
was not feasible to perform these calibrations using in vitro translation
of the sensor mRNA.

Lentivirus production for CRISPR-Cas9 screen

15x10° HEK-293T cells were seeded in T175cm? flasks in DMEM
(Thermo Fisher Scientific #12430054) supplemented with 10% fetal
bovine serum (GeminiBio #100-106). After 24 h, the media was chan-
ged to 20 mL viral production medium: IMDM (Thermo Fisher Scien-
tific #1244053) supplemented with 20% inactivated fetal serum
(GeminiBio #100-106). At 32h post-seeding, cells were transfected
with a mix containing 76.8 uL Xtremegene-9 transfection reagent
(Sigma Aldrich #06365779001), 3.62 uyg pCMV-VSV-G (Addgene plas-
mid # 8454)%, 8.28 ug psPAX2 (a gift from Didier Trono; Addgene
plasmid # 12260), and 20 ug sgRNA/Cas9 plasmid and Opti-MEM
(Thermo Fisher Scientific #11058021) to a final volume of 1 mL. Media
was changed 16 hours later to 55mL fresh viral production medium.
The virus was collected at 48 hours post-transfection and filtered
through a 0.45 um filter, aliquoted, and stored at —80 °C until use.

CRISPR-Cas9 screen

A genome-wide lentiviral sgRNA library™ in a Cas9-containing vector
comprising 97,888 unique sgRNA sequences with ~5 sgRNAs per target
(Supplementary Data 3) was used to transduce 600 x10° K562 cells to
achieve an MOI <1 (30-50% transduction efficiency) and ~1000-fold
library coverage. Briefly, polybrene (10 ug/mL final concentration) and
virus were mixed with cells (2.5 x10° cells/mL final density) and dis-
tributed into individual wells in 6-well plates. Plates were centrifuged
at 1126 g for 45 min at 37 °C and transferred to an incubator. After 8 h,
cells were pelleted, the virus was removed, cells were resuspended in
the fresh growth medium, and transferred to T225 cm? flasks (250,000
cells/mL final density). After 36 h, cells were collected and reseeded in
fresh growth medium (200,000 cells/mL final density) and puromycin
was added (3 ug/mL final concentration). After 3 days, cells were col-
lected and transduction efficiency was determined by comparison of
cell survival of transduced cells relative to control cells (untransduced
and unselected). Cells were passaged every 2 days (0.2 x 10° cells/mL)
for 3 days before reporter induction using doxycycline for 24 h. At the
screen endpoint, cell pellets were collected from flasks representing
1000-fold library coverage of unsorted cells and frozen at -80 °C.
Induced cells were sorted and cell pellets were collected.

Sequencing library preparation

Genomic DNA (gDNA) was extracted from cell pellets of 40-50 x 10°
cells using the QIAamp DNA Blood Maxiprep Kit (Qiagen # 51192)
according to manufacturer’s instructions with minor modifications:
QIAGEN Protease was replaced with 500 uL of a 10 mg/mL solution of
ProteinaseK (MilliporeSigma # 3115879001) in water; cells were lysed
overnight; centrifugation steps after Buffer AW1 and AW2 were
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performed for 2 min and 5 min, respectively; 1 mL of water preheated
to 70°C was used to elute gDNA (5-min incubation), followed by
centrifugation for 5 min. gDNA was quantified using the Qubit dsDNA
HS Assay kit (Thermo Fisher Scientific #Q32851).

All PCR reactions were performed in 50 uL reactions using ExTaq
Polymerase (Takara Bio #RR001B) using the following primers:

Forward: 5- AATGATACGGCGACCACCGAGATCTACACCCCA
CTGACGGGCACCGGA -3

Reverse: 5- CAAGCAGAAGACGGCATACGAGATCnnnnnnTTTC
TTGGTAGTTTGCAGTTTT -3

Where “nnnnnn” denotes the barcode used for multiplexing.

For all samples, 1, 3, or 6 pg of gDNA was initially amplified for 28
cycles in 50 pL test PCR reactions. Subsequently, an additional 23.33 x
50 L reactions were performed using 6 pg per reaction (140 ug gDNA).
Reactions were pooled and 100 pL of each sample was purified using
Select-a-Size DNA Clean and Concentrator (Zymo Research #D4080),
eluted with 15 L water, and quantified using the Qubit dsDNA HS Assay
kit before sequencing for 50 cycles on an lllumina Hiseq 2500 using the
following primers:

Read 1 sequencing primer: 5- GTTGATAACGGACTAGCCTT
ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC -3

Index sequencing primer: 5- TTTCAAGTTACGGTAAGCATATGA-
TAGTCCATTTTAAAACATAATTTTAAAACTGCAAACTACCCAAGAAA -3

CRISPR screen data analysis

Sequencing reads were trimmed and mapped to the sgRNA library
using Bowtie version 1.0.0%® and counted. Data was analyzed using
MAGeCK version 0.5.9.5% with the following parameters: gene test
false discovery rate (FDR) threshold of 0.05; FDR method for p-value
adjustment; median as the gene-level scoring metric; sgRNAs targeting
intergenic regions as control sgRNAs. Pre-ranked gene set enrichment
analysis (GSEA)° was performed with version 4.1.0 using the
Human_Gene_Symbol_with_Remapping_MSigDB.v2023.1.Hs chip and
the c2.cp.wikipathways.v2023.2.Hs.symbols® gene set. The enrich-
ment statistic was set to classic, normalization was set to meandiv, and
the maximum score was used as the collapsing mode. Data was
visualized using R version 4.2.1 corrplot package version 0.92° and
base graphics, and GraphPad Prism version 10. A one-sided Kolmo-
gorov-Smirnov test was used to assess depletion of sgRNAs targeting a
list of core essential genes” relative to sgRNAs targeting intergenic
regions or nonessential genes’, or relative to nontargeting sgRNAs.
The Pearson correlation coefficient was calculated between two tech-
nical replicates collected in parallel from two separate cell sorters.

CRISPR screen quality control

Sequencing read metrics were evaluated for each cell population,
including the one unsorted sample (cells transduced with genome-
wide KO library) and two technical replicates of FACS sorted cells (low
eYFP/mCherry). The average sequencing depth was approximately
400 reads per sgRNA. The distribution of reads per sgRNA is sum-
marized in Table 1.

Depletion analysis of core essential genes. To assess the integrity of
the CRISPR screen, the representation of sgRNAs targeting core
essential genes was compared to sgRNAs targeting intergenic regions,
nonessential genes, and nontargeting controls in the unsorted cell
population. Core essential sgRNAs were significantly depleted relative
to other sgRNA categories, as demonstrated by a Kolmogorov-
Smirnov test (p-value<2.2 x107). These results are presented in
Supplementary Fig. 5a.

Summary metrics across sgRNA Categories. Sequencing read dis-
tributions were also analyzed for the initial plasmid library and
unsorted cell populations, showing similar (intergenic- and non-
essential gene-targeting) (Tables 2 and 3), increased (nontargeting)

Table 1| Distribution of reads per sgRNA

Statistic Unsorted Sorted (Replicate 1) Sorted (Replicate 2)
cells Low eYFP/mCherry Low eYFP/mCherry

1 Quartile 214.0 226.0 218

Median 347.0 367.0 354

Mean 390.6 313.4 399

3" Quartile 520.0 551.0 531

Table 2 | Intergenic sgRNAs

Statistic Initial plasmid library Unsorted cells
1** Quartile 307.8 29119

Median 413.3 457.03

Mean 434.9 451.41

3 Quartile 538.7 601.97

Table 3 | Nonessential genes

Statistic Initial plasmid library Unsorted cells
1** Quartile 356.3 301.3
Median 47.8 474.0
Mean 492.4 525.4
3 Quartile 603.4 688.2

Table 4 | Nontargeting sgRNAs

Statistic Initial plasmid library Unsorted cells
1* Quartile 327.45 362.4
Median 430.19 540.6
Mean 465.59 612.6
3" Quartile 578.34 804.0

Table 5 | Core essential genes

Statistic Initial plasmid library Unsorted cells
1t Quartile 351.7 74.43

Median 473.7 166.49

Mean 495.8 235.37

3 Quartile 615.7 331.67

(Table 4), or decreased (core essential gene-targeting) (Table 5)
reads/sgRNA.

Statistics and reproducibility

Details of statistical analyses are provided in the figure legends. Some
cell tracking trajectories were excluded for experiments in Fig. 3 due to
cell segmentation errors made by TrackMate and are not expected to
introduce any bias. The experiments were not randomized. The
investigators were not blinded to allocation during experiments and
outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data generated in this study is provided in the Source Data file.
Sequencing data have been deposited at the NCBI Sequence Read
Archive and are publicly available (accession number: PRINA1185204).
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Mass spectrometry data are publicly via Figshare (DOI: 10.6084/
m9.figshare.28941812)%. The doxycycline inducible polyamine sensor
plasmid is available through Addgene [https://www.addgene.org/
232356] and can be used together with a TetOn system. Source data
are provided with this paper.

Code availability

Custom scripts and CellProfiler pipelines used in this study are avail-
able via github (https://github.com/pushkal777/Genetically-encoded-
fluorescent-reporter-for-polyamines) and Zenodo (DOI: 10.5281/
zenodo.15334832)%.

References

1

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

Tabor, C. W. & Tabor, H. Polyamines. Annu. Rev. Biochem. 53,
749-790 (1984).

Pegg, A. E. Functions of polyamines in mammals. J. Biol. Chem. 291,
14904-14912 (2016).

Mandal, S., Mandal, A., Johansson, H. E., Orjalo, A. V. & Park, M. H.
Depletion of cellular polyamines, spermidine and spermine, causes
a total arrest in translation and growth in mammalian cells. Proc.
Natl Acad. Sci. USA 110, 2169-2174 (2013).

Watanabe, S., Kusama-Eguchi, K., Kobayashi, H. & Igarashi, K. Esti-
mation of polyamine binding to macromolecules and ATP in bovine
lymphocytes and rat liver. J. Biol. Chem. 266, 20803-20809 (1991).
Nichols, C. G. & Lee, S.-J. Polyamines and potassium channels: a 25-
year romance. J. Biol. Chem. 293, 18779-18788 (2018).

Williams, K., Romano, C., Dichter, M. A. & Molinoff, P. B. Modulation
of the NMDA receptor by polyamines. Life Sci. 48, 469-498 (1991).
Park, M. H. & Wolff, E. C. Hypusine, a polyamine-derived amino acid
critical for eukaryotic translation. J. Biol. Chem. 293,

18710-18718 (2018).

Coffino, P. Regulation of cellular polyamines by antizyme. Nat. Rev.
Mol. Cell Biol. 2, 188-194 (2001).

Fong, W. F., Heller, J. S. & Canellakis, E. S. The appearance of an
ornithine decarboxylase inhibitory protein upon the addition of
putrescine to cell cultures. Biochim. Biophys. Acta 428,

456-465 (1976).

Pegg, A. E. Spermidine/spermine-N(1)-acetyltransferase: a key
metabolic regulator. Am. J. Physiol. Endocrinol. Metab. 294,
E995-E1010 (2008).

Murray Stewart, T., Dunston, T. T., Woster, P. M. & Casero, R. A.
Polyamine catabolism and oxidative damage. J. Biol. Chem. 293,
18736-18745 (2018).

Azfar, M. et al. P5B-ATPases in the mammalian polyamine transport
system and their role in disease. Biochim. Biophys. Acta Mol. Cell
Res. 1869, 119354 (2022).

Gupta, V. K. et al. Restoring polyamines protects from age-induced
memory impairment in an autophagy-dependent manner. Nat.
Neurosci. 16, 1453-1460 (2013).

Eisenberg, T. et al. Cardioprotection and lifespan extension by the
natural polyamine spermidine. Nat. Med. 22, 1428-1438 (2016).
Zhang, Y. et al. Polyamine metabolite spermidine rejuvenates
oocyte quality by enhancing mitophagy during female reproduc-
tive aging. Nat. Aging 3, 1372-1386 (2023).

Eisenberg, T. et al. Induction of autophagy by spermidine promotes
longevity. Nat. Cell Biol. 11, 1305-1314 (2009).

Schwartz, C. E., Wang, X., Stevenson, R. E. & Pegg, A. E. Spermine
synthase deficiency resulting in X-linked intellectual disability
(Snyder-Robinson syndrome). Methods Mol. Biol. Clifton NJ 720,
437-445 (201).

Bachmann, A. S., VanSickle, E. A., Michael, J., Vipond, M. & Bupp, C.
P. Bachmann-Bupp syndrome and treatment. Dev. Med. Child
Neurol. 66, 445-455 (2024).

van Veen, S. et al. ATP13A2 deficiency disrupts lysosomal poly-
amine export. Nature 578, 419-424 (2020).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Casero, R. A., Murray Stewart, T. & Pegg, A. E. Polyamine metabo-
lism and cancer: treatments, challenges and opportunities. Nat.
Rev. Cancer 18, 681-695 (2018).

Casero, R. A. & Marton, L. J. Targeting polyamine metabolism and
function in cancer and other hyperproliferative diseases. Nat. Rev.
Drug Discov. 6, 373-390 (2007).

Madeo, F., Eisenberg, T., Pietrocola, F. & Kroemer, G. Spermidine in
health and disease. Science 359, eaan2788 (2018).

Tate, P. M., Mastrodomenico, V. & Mounce, B. C. Ribavirin Induces
Polyamine Depletion via Nucleotide Depletion to Limit Virus Repli-
cation. Cell Rep. 28, 2620-2633.e4 (2019).

Minocha, S. C., Minocha, R. & Robie, C. A. High-performance liquid
chromatographic method for the determination of dansyl-
polyammines. J. Chromatogr. A 511, 177-183 (1990).

Seiler, N. Use of the dansyl reaction in biochemical analysis.
Methods Biochem. Anal. 18, 259-337 (1970).

Matsufuji, S. et al. Autoregulatory frameshifting in decoding mam-
malian ornithine decarboxylase antizyme. Cell 80, 51-60 (1995).
Rom, E. & Kahana, C. Polyamines regulate the expression of orni-
thine decarboxylase antizyme in vitro by inducing ribosomal frame-
shifting. Proc. Natl Acad. Sci. USA 91, 3959-3963 (1994).
Fages-Lartaud, M., Tietze, L., Elie, F., Lale, R. & Hohmann-Marriott,
M. F. mCherry contains a fluorescent protein isoform that interferes
with its reporter function. Front. Bioeng. Biotechnol. 10,

892138 (2022).

McCann, P. P. & Pegg, A. E. Ornithine decarboxylase as an enzyme
target for therapy. Pharmacol. Ther. 54, 195-215 (1992).

Dever, T. E. & lvanov, I. P. Roles of polyamines in translation. J. Biol.
Chem. 293, 18719-18729 (2018).

Holbert, C. E. et al. Autophagy induction by exogenous polyamines
is an artifact of bovine serum amine oxidase activity in culture
serum. J. Biol. Chem. 295, 9061-9068 (2020).

Bhatt, P. R. et al. Structural basis of ribosomal frameshifting during
translation of the SARS-CoV-2 RNA genome. Science 372,
1306-1313 (2021).

Zabala-Letona, A. et al. mMTORC1-dependent AMD1 regulation sus-
tains polyamine metabolism in prostate cancer. Nature 547,
109-113 (2017).

Regenass, U. et al. CGP 48664, a new S-adenosylmethionine dec-
arboxylase inhibitor with broad spectrum antiproliferative and
antitumor activity. Cancer Res. 54, 3210-3217 (1994).

Ray, R. M., Bhattacharya, S., Bavaria, M. N., Viar, M. J. & John-
son, L. R. Spermidine, a sensor for antizyme 1 expression reg-
ulates intracellular polyamine homeostasis. Amino Acids 46,
2005-2013 (2014).

Rato, C., Amirova, S. R., Bates, D. G., Stansfield, I. & Wallace, H. M.
Translational recoding as a feedback controller: systems approa-
ches reveal polyamine-specific effects on the antizyme ribosomal
frameshift. Nucleic Acids Res. 39, 4587-4597 (2011).

Al-Habsi, M. et al. Spermidine activates mitochondrial trifunctional
protein and improves antitumor immunity in mice. Science 378,
eabj3510 (2022).

Marton, L. J. & Pegg, A. E. Polyamines as Targets for Therapeutic
Intervention. Annu. Rev. Pharmacol. Toxicol. 35, 55-91 (1995).
Corral, M. & Wallace, H. M. Upregulation of polyamine transport in
human colorectal cancer cells. Biomolecules 10, 499 (2020).
Rondeau, V. et al. Spermidine metabolism regulates leukemia stem
and progenitor cell function through KAT7 expression in patient-
derived mouse models. Sci. Transl. Med. 16, eadn1285 (2024).
Stewart, T. M. et al. Difluoromethylornithine rebalances aberrant
polyamine ratios in Snyder-Robinson syndrome. EMBO Mol. Med.
15, 17833 (2023).

Sekhar, V., Andl, T. & Phanstiel, O. ATP13A3 facilitates polyamine
transport in human pancreatic cancer cells. Sci. Rep. 12,

4045 (2022).

Nature Communications | (2025)16:4921

14


https://www.addgene.org/232356
https://www.addgene.org/232356
https://github.com/pushkal777/Genetically-encoded-fluorescent-reporter-for-polyamines
https://github.com/pushkal777/Genetically-encoded-fluorescent-reporter-for-polyamines
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60147-z

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Iwamoto, M., Bjérklund, T., Lundberg, C., Kirik, D. & Wandless, T. J. A
general chemical method to regulate protein stability in the mam-
malian central nervous system. Chem. Biol. 17, 981-988 (2010).
Zhang, H. et al. Quantitative assessment of near-infrared fluor-
escent proteins. Nat. Methods 20, 1605-1616 (2023).

Barranco, S. C., Ford, P. J. & Townsend, C. M. Heterogeneous sur-
vival responses of human gastric cancer clones to alpha difluor-
omethylornithine in vitro. Invest. N. Drugs 4, 337-345 (1986).
Miller-Fleming, L., Olin-Sandoval, V., Campbell, K. & Ralser, M.
Remaining Mysteries of Molecular Biology: The Role of Polyamines
in the Cell. J. Mol. Biol. 427, 3389-3406 (2015).

Eom, J., Choi, J., Suh, S.-S. & Seo, J. B. SLC3A2 and SLC7A2 mediate
the exogenous putrescine-induced adipocyte differentiation. Mol.
Cells 45, 963-975 (2022).

Daigle, N. D. et al. Molecular characterization of a human cation-Cl-
cotransporter (SLC12A8A, CCC9A) that promotes polyamine and
amino acid transport. J. Cell. Physiol. 220, 680-689 (2009).
Aouida, M., Poulin, R. & Ramotar, D. The human carnitine transporter
SLC22A16 mediates high affinity uptake of the anticancer poly-
amine analogue bleomycin-A5*. J. Biol. Chem. 285,

6275-6284 (2010).

Uemura, T., Stringer, D. E., Blohm-Mangone, K. A. & Gerner, E. W.
Polyamine transport is mediated by both endocytic and solute
carrier transport mechanisms in the gastrointestinal tract. Am. J.
Physiol. Gastrointest. Liver Physiol. 299, G517-G522 (2010).
Belting, M. et al. Glypican-1is a vehicle for polyamine uptake in
mammalian cells: a pivital role for nitrosothiol-derived nitric oxide.
J. Biol. Chem. 278, 47181-47189 (2003).

Burns, M. R., Graminski, G. F., Weeks, R. S., Chen, Y. & O'Brien, T. G.
Lipophilic lysine-spermine conjugates are potent polyamine trans-
port inhibitors for use in combination with a polyamine biosynthesis
inhibitor. J. Med. Chem. 52, 1983-1993 (2009).

Inglis, A. J. et al. Coupled protein quality control during nonsense-
mediated mRNA decay. J. Cell Sci. 136, jcs261216 (2023).

Ramirez, A. et al. Hereditary parkinsonism with dementia is caused
by mutations in ATP13A2, encoding a lysosomal type 5 P-type
ATPase. Nat. Genet. 38, 1184-1191 (2006).

Lin, C. H. et al. Novel ATP13A2 variant associated with Parkinson
disease in Taiwan and Singapore. Neurology 71, 1727-1732 (2008).
Keren-Paz, A. et al. Overexpression of antizyme-inhibitor in NIH3T3
fibroblasts provides growth advantage through neutralization of
antizyme functions. Oncogene 25, 5163-5172 (2006).

Kaouass, M., Gamache, I., Ramotar, D., Audette, M. & Poulin, R. The
spermidine transport system is regulated by ligand inactivation,
endocytosis, and by the Nprlp Ser/Thr protein kinase in Sacchar-
omyces cerevisiae *. J. Biol. Chem. 273, 2109-2117 (1998).
Spataro, R. et al. Mutations in ATP13A2 (PARK9) are associated with
an amyotrophic lateral sclerosis-like phenotype, implicating this
locus in further phenotypic expansion. Hum. Genomics 13,

19 (2019).

Gréf, S. et al. Identification of rare sequence variation underlying
heritable pulmonary arterial hypertension. Nat. Commun. 9,

1416 (2018).

Burns, T. Intratumoral extracellular metabolic impact of DFMO and
AMXT 1501. https://clinicaltrials.gov/study/NCT05717153 (2023).
Gitto, S. B. et al. Difluoromethylornithine combined with a poly-
amine transport inhibitor is effective against gemcitabine resistant
pancreatic cancer. Mol. Pharm. 15, 369-376 (2018).

Phanstiel IV, O. & Julian Archer, J. Design of polyamine transport
inhibitors as therapeutics. https://doi.org/10.1039/9781849733090-
00162 (2011).

Williams, E. T., Chen, X. & Moore, D. J. VPS35, the retromer complex
and Parkinson’s disease. J. Park. Dis. 7, 219-233 (2017).
Gonzalez-Rodriguez, P. et al. Disruption of mitochondrial complex |
induces progressive parkinsonism. Nature 599, 650-656 (2021).

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Small, S. A. & Petsko, G. A. Retromer in Alzheimer disease, Parkin-
son disease and other neurological disorders. Nat. Rev. Neurosci.
16, 126-132 (2015).

Tanner, C. M. et al. Rotenone, Paraquat, and Parkinson'’s Disease.
Environ. Health Perspect. 119, 866-872 (2011).

Puleston, D. J. et al. Polyamines and elF5A hypusination modulate
mitochondrial respiration and macrophage activation. Cell Metab.
30, 352-363.e8 (2019).

Birsoy, K. et al. An Essential role of the mitochondrial electron
transport chain in cell proliferation is to enable aspartate synthesis.
Cell 162, 540-551 (2015).

Sullivan, L. B. et al. Supporting aspartate biosynthesis is an essential
function of respiration in proliferating cells. Cell 162, 552-563
(2015).

Krall, A. S. et al. Asparagine couples mitochondrial respiration to
ATF4 activity and tumor growth. Cell Metab. 33, 1013-1026.e6
(2021).

Bao, X. R. et al. Mitochondrial dysfunction remodels one-carbon
metabolism in human cells. eLife 5, e10575 (2016).

Wu, Z. et al. Electron transport chain inhibition increases cellular
dependence on purine transport and salvage. Cell Metab. https://
doi.org/10.1016/j.cmet.2024.05.014 (2024).

Ghandi, M. et al. Next-generation characterization of the Cancer
Cell Line Encyclopedia. Nature 569, 503-508 (2019).

Liu, Z. et al. Identification of antimycin A as a c-Myc degradation
accelerator via high-throughput screening. J. Biol. Chem. 299,
105083 (2023).

Perez-Leal, O., Barrero, C. A., Clarkson, A. B., Casero, R. A. & Merali,
S. Polyamine-regulated translation of spermidine/spermine-N1-
acetyltransferase. Mol. Cell. Biol. 32, 1453-1467 (2012).

Tamura, R. et al. Genetically encoded fluorescent sensors for
visualizing polyamine levels, uptake, and distribution. BioRxiv Prepr.
Serv. Biol. https://doi.org/10.1101/2024.08.21.609037 (2024).

Jain, A. & Vale, R. D. RNA phase transitions in repeat expansion
disorders. Nature 546, 243-247 (2017).

Thakore, P. I. et al. Highly specific epigenome editing by CRISPR-
Cas9 repressors for silencing of distal regulatory elements. Nat.
Methods 12, 1143-1149 (2015).

Horlbeck, M. A. et al. Compact and highly active next-generation
libraries for CRISPR-mediated gene repression and activation. eLife
5, €19760 (2016).

Mihaylova, M. M. et al. Fasting activates fatty acid oxidation to
enhance intestinal stem cell function during homeostasis and
aging. Cell Stem Cell 22, 769-778.e4 (2018).

Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures
in vitro without a mesenchymal niche. Nature 459, 262-265 (2009).
Yilmaz, OH. et al. mTORCT in the Paneth cell niche couples intest-
inal stem-cell function to calorie intake. Nature 486,

490-495 (2012).

Stringer, C., Wang, T., Michaelos, M. & Pachitariu, M. Cellpose: a
generalist algorithm for cellular segmentation. Nat. Methods 18,
100-106 (2021).

Ershov, D. et al. TrackMate 7: integrating state-of-the-art segmen-
tation algorithms into tracking pipelines. Nat. Methods 19,
829-832 (2022).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioin-
forma. Oxf. Engl. 29, 15-21 (2013).

Garrido-Martin, D., Palumbo, E., Guigd, R. & Breschi, A. ggsashimi:
Sashimi plot revised for browser- and annotation-independent
splicing visualization. PLoS Comput. Biol. 14, 1006360 (2018).
Stewart, S. A. et al. Lentivirus-delivered stable gene silencing by
RNAI in primary cells. RNA N. Y. N. 9, 493-501 (2003).

Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and
memory-efficient alignment of short DNA sequences to the human
genome. Genome Biol. 10, R25 (2009).

Nature Communications | (2025)16:4921

15


https://clinicaltrials.gov/study/NCT05717153
https://doi.org/10.1039/9781849733090-00162
https://doi.org/10.1039/9781849733090-00162
https://doi.org/10.1016/j.cmet.2024.05.014
https://doi.org/10.1016/j.cmet.2024.05.014
https://doi.org/10.1101/2024.08.21.609037
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60147-z

89. Li, W.etal. MAGeCK enables robust identification of essential genes
from genome-scale CRISPR/Cas9 knockout screens. Genome Biol.
15, 554 (2014).

90. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles.
Proc. Natl Acad. Sci. USA 102, 15545-15550 (2005).

91. Agrawal, A. et al. WikiPathways 2024: next generation pathway
database. Nucleic Acids Res. 52, D679-D689 (2024).

92. Wei, T. & Simko, V. R package 'corrplot': Visualization of a Correlation
Matrix. (Version 0.95), https://github.com/taiyun/corrplot (2024).

93. Hart, T. et al. Evaluation and design of genome-wide CRISPR/
SpCas9 knockout screens. G3 Bethesda Md. 7, 2719-2727 (2017).

94. Hart, T., Brown, K. R., Sircoulomb, F., Rottapel, R. & Moffat, J.
Measuring error rates in genomic perturbation screens: gold stan-
dards for human functional genomics. Mol. Syst. Biol. 10,

733 (2014).

95. LC-MS data for ‘Genetically encoded fluorescent reporter for
polyamines'. Figshare, https://doi.org/10.6084/m9.figshare.
28941812 (2025).

96. Code for Genetically-encoded-fluorescent-reporter-for-poly-
amines: (Version v1). Zenodo, https://doi.org/10.5281/zenodo.
15334832 (2025).

Acknowledgements

We thank Miram Meziane, Kehui Xiang, Jimmy Ly, Mohamed El-Brolosy,
Marine Krzisch, Norihiro Goto, Troy Whitfield, and the Jain lab mem-
bers for helpful discussions. We are grateful to Chiara Alquati for
assistance with organoid culture, Stephanie Long (USDA), Rakesh
Minocha (USDA), and Subhash Minocha (UNH) for discussions on
polyamine extraction, Keya Vishwanathan for help with CRISPR-Cas9
screen lentivirus preparation, and the Genome Technology Core at the
Whitehead Institute for sequencing the libraries. We acknowledge the
Whitehead Flow Cytometry Core Facility (Patrick Autissier, Aditya
Rathee, and Kenji Goto-Hardy) for their assistance and Beverly Dobson
for administrative support. This work is supported by grants from the
NIH R35GM151111 (A.J.), Bumpus Foundation (A.J.), Pew Charitable
Trusts (A.J.), and Chan Zuckerberg Initiative Collaborative Pairs Award
(J.K.W. and A.J.).

Author contributions

P.S. and A.J. conceived the project. P.S. designed, performed, analyzed,
and interpreted all the experiments. C.Y.K. and Y.S. helped with the LC/
MS instrument and analyzing related data with guidance from J.K.W.
H.R.K. helped with the CRISPR-Cas9 screen and analyzing related data.
S.1. generated and provided sensor-expressing organoids with guidance
from O.H.Y. A.B.J. helped with plasmid preparation. L.F. and T.K.
established and optimized the protocol for LC/MS quantitation of

polyamines in the lab. R.A. performed RNA sequencing analysis. A.J.
supervised the project. P.S. wrote the manuscript with edits from A.J. All
authors reviewed the manuscript.

Competing interests

P.S.and A.J. have submitted a patent application to the U.S. patent office
pertaining to the polyamine reporter (application number 63/686,522).
J.K.W. is a member of the Scientific Advisory Board and a shareholder of
DoubleRainbow Biosciences, Galixir, and Inari Agriculture, which
develop biotechnologies related to natural products, drug discovery,
and agriculture. All other authors have no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-60147-z.

Correspondence and requests for materials should be addressed to
Ankur Jain.

Peer review information Nature Communications thanks Otto Phanstiel
IV, and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:4921

16


https://github.com/taiyun/corrplot
https://doi.org/10.6084/m9.figshare.28941812
https://doi.org/10.6084/m9.figshare.28941812
https://doi.org/10.5281/zenodo.15334832
https://doi.org/10.5281/zenodo.15334832
https://doi.org/10.1038/s41467-025-60147-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Genetically encoded fluorescent reporter for polyamines
	Results
	Sensor design and validation
	Reporter calibration for polyamine quantification in live cells
	Long-term tracking of polyamine dynamics in single cells
	Genetic modifiers of polyamine import

	Discussion
	Methods
	Cloning and plasmid preparation
	Chemicals
	Preparation of compounds and inhibitors

	Cell culture
	Lentivirus preparation and transduction
	Crypt isolation and intestinal organoid culture
	Enzymatic polyamine assay
	Microscopy and image analysis
	Flow cytometry
	Western blotting
	RNA sequencing and splicing analysis
	Polyamine extraction for LC/MS
	Polyamine LC/MS analysis and quantification
	Reporter calibration
	Lentivirus production for CRISPR-Cas9 screen
	CRISPR-Cas9 screen
	Sequencing library preparation
	CRISPR screen data analysis
	CRISPR screen quality control
	Depletion analysis of core essential genes
	Summary metrics across sgRNA Categories

	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




